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ABSTRACT.

This thesis describes the early aetiology of experimental diabetic
cataractogenesis, in particular, perturbations of lenticular metabolism conducive to
protein post-translational modification and the resulting subtle modifications
evident in each of the lens crystallin types.
Reported here is a study of the lenticular antioxidant status, principally the
NADPH and glutathione systems, in vitro, under conditions of hyperglycaemia and
oxidative stress, and in wVoin the first 21 days of streptozocin diabetes.
Detailed studies have also been made of crystallin post-translational modification
in the early aetiology of experimental diabetes and the effect of these
modifications on the crystallin susceptibility to further metal-catalysed oxidative
insult. To clarify the in v/Voobservations, the effect of in wYro crystallin
glycation, by carbohydrates elevated in diabetes, on crystallin modification and
crystallin susceptibility to oxidative stress was also studied.
Evidence presented here supports the view that cataractogenesis is a multi
farious process, with protein post-translational modification central to many
possible routes. Cataract occurs in conjunction with diminished antioxidant status,
increased oxidative stress and increased crystallin glycation. Before the
occurrence of lenticular opacification, significant post-translational modification
of lens crystallins was observed and the susceptibility of the lens crystallins to
oxidative stress was increased. In vitro, this increased modification and increased
susceptibility to modification was seen to be concomitant with crystallin glycation
by both fructose and glucose, supporting the proposal that crystallin glycation and
oxidation are inexorably linked in the cataractogenic process.
Intervention in the cataractogenic process was attempted using dietary
supplementation with an antioxidant, ascorbate, and a glycation inhibiting compound,
acetylsalicylic acid. The effect of these agents was shown to be beneficial,
preventing not only the post-translational modification of lens crystallin in vivo
but also the increase in susceptibility to oxidative stress evident in the non
supplemented diabetic. The possible mechanisms by which these supplements may
provide protection are discussed
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INTRODUCTION.

The gift of sight is one of our most valuable possessions, it enables the
interpretation of, and interaction with, our environment both physically and
emotionally. The loss of sight is probably the most frightening and debilitating
disability, greatly reducing our perception and quality of life. The importance of
the eye as a sensory organ is dramatically underlined by the observations of Pine
and van Heyningen that over one third of nerve fibres entering or leaving the
central nervous system are carried by the optic nerve.

1. Cataract: The problem.

Cataract, an opacification of the ocular lens sufficient to impair vision by
preventing light from reaching the retina, is the major cause of blindness
worldwide, responsible for 4 0% of the estimated 42 million blind. Of this 40% , 13
million are found in developing countries and 4 million in developed countries. The
incidence of cataract as a proportion the populations blind varies dramatically
between countries. In India cataract is responsible for 81 % of blindness, while in
Tanzania and England it accounts for 59% and 12% respectively. In Iceland where
cataractogenesis accounts for only 5%, a result of an aggressive surgical policy,
cataract remains the most common cause of blindness.
Cataract occurs principally in the elderly, however, diabetes, once defined by
John Lundbeck as 'a spot in the eye"', is a major risk factor, with diabetic patients
four to six times more likely to develop cataract compared with non diabetics
(Harding and van Heyningen, 1 98 7 ). The average age and life expectancy of the
world's population is increasing, this is due to a number of factors including
improved health care, improved working conditions and improved sanitation. The
incidence of diabetes is also increasing, particularly juvenile diabetes which
carries the most risk of developing cataract. Cataractogenesis is, therefore,
becoming an increasingly important problem, it has been predicted by Kupfer (1 9 8 4 )
that 4 0 million people will be blind as a result of cataract by the year 2 0 2 5 . But
cataract has been described as a 'potentially curable disease' as a 'cure' exists,
so why is it such a problem? The cure which has been known to exist for some 5 0 0 0
years, is the surgical removal of the cataractous lens. 5 0 0 0 years later surgical
removal is still the only treatment and although it is a highly successful
procedure, it has certain limitations and is far from the perfect solution. The
cost of cataract surgery is high and with two-thirds of patients tested for eye

surgery requiring cataract operations this represents a considerable drain on public
health care funds. Surgery also carries the risk of incurring other, possibly sight
threatening, damage or complications. Often perfect vision is not restored, 1 2% of
patients receiving an intraocular lens implant suffer complications within one year
(Davies eta!., 198 6 ). One year later 24% of patients had a visual acuity such that
they could not qualify as drivers in the United Kingdom, similar figures were found
in a study In Denmark (Bernth-Peterson, 198 2 ), while in the United States the figure
is 16%. In 50% of patients posterior capsular opacification occurs (Sawasch and
McDonnell, 1 99 0 ) and in 20% (rising to 30% in seven years) secondary capsulotomies
are required (Percival, 1985). Bullous Keratopathy, which has a poor visual
prognosis occurs more frequently as time since surgery grows. Lens removal is
carried out when lens opacification has developed to the stage where vision is
severely impaired. It may thus be many years before surgery is available and then
this is restricted to one eye leaving the other blind. It may be considerable time
before the second eye is rectified, if indeed the patient is placed on a waiting
list for the second eye operation. This is despite studies which reveal that
binocular vision with one poor eye is worse than monocular vision (Harding, 199 1 ).
The expense of this visual impairment before lens removal is high, not only
financially, but in terms of human suffering. This delay occurs in relatively
wealthy countries such as England, as well as poorer ones. In some parts of England
the waiting list, as long as 4 years, leaves some 2 0 ,0 0 0 requiring cataract surgery
at any one time. But most significantly, not enough cataract removal operations are
being performed annually to keep pace with demand. However, even if the number of
cataract operations was increased, it has been suggested that it would not be
possible to achieve a rate at which blindness from cataract was decreased. For
example, in India, it is estimated some five million extractions per annum wouid be
required to reduce the backlog when only some 1.2 million are performed annually at
this time. The limitations of cataract surgery worldwide has provided the impetus
for research to find either an alternative cure, or a method of prevention. This is
being done by the use of laboratory studies to provide a greater understanding of
the structure and metabolism or the lens, its strength and weakness, and most
importantly to develop an understanding of the changes that occur in cataract
formation. By gaining an insight into the aetiology of cataractogenesis, we can
provide a possible platform on which therapy can be built.

A thorough understanding and knowledge of the normal lens is required before we
attempt to understand cataract. With this knowledge, we can attempt to identify and
understand the changes that occur during cataractogenesis from here we may gain an
insight into the possible methods of preventing or delaying the disease process. It
is therefore appropriate at the outset of this thesis to give a brief initial
account of the anatomy, functions, abilities, metabolism, biochemistry
and protective mechanisms of the eye in general and the lens in particular.

2. The Eve.

The eye is a highly complex sensory organ combining optics with
computerization. The function of the eye is to collect light transmitted from
external sources and project a clear optical image onto the light sensitive cells of
the retina, this is then transmitted to the brain via the optic nerve.
The eyeball (Figure 1 ) is a hollow sphere, the periphery of which is composed
of a tough outer fibrous layer (sclera and cornea). Within this is, a middle layer,
comprising the vascular choroid, the muscular ciliary body and the iris, and a inner
neural layer, the retina. The two inner chambers contain the aqueous and vitreous
humour and suspended between them is the lens. The shape of the eye is maintained
by an intraocular pressure of around 1 SmmHg. The retina is the light sensitive
portion of the eye, containing the rods and cones. These receive incoming light and
then transmit a stimulus via the optic nerve fibre to the cerebral cortex. While
the correct functioning of the retina is vital to sight, all the tissues in front of
the retina, the cornea, aqueous humour, lens and vitreous body must be, and remain,
transparent to visible light if good vision is to be maintained.

2.1 The lens: Structure and function.

It is over one thousand and eight hundred years since Celsius referred to
lenses as "crystalloides', meaning 'ice-like", in recognition of their transparent
properties. The lens is a transparent body, held within an elastic collagenous
capsule, it is suspended in the eye between the aqueous humour and the vitreous
humour by the zonular fibres (Figure 1 ). These fibres are anchored to the ciliary
body and together they give the lens its ability to provide an adjustable focus,
called lens accommodation, which enables the lens to focus a sharp image onto the
retinal receptors. When focused to infinity the eye has a total converging power
of about 6 0 dioptres (power in dioptres = focal length in m"^). This power is

Figure 1.
Horizontal section of the right Human Eyeball.
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achieved by the refraction of light rays at the curved air/cornea interface, with
the lens, due to the increase in refractive index from the capsule to the centre,
providing further converging power as well reducing spherical aberrations.
Accommodation provides the increase in power required for focusing objects closer
than infinity. This is achieved by increasing the curvature of the lenticular
anterior and posterior surfaces. When focused for infinity, the lens is pulled
flat by tension in the zonular fibres. Accommodation is achieved by relaxation of
the ciliary muscles which causes slackening of the zonular fibres, releasing the
lens from tension and allowing it to become spherical due to its own elasticity.
The lens receives no vascular supply and therefore the supply of nutrients
(glucose and amino acids) and oxygen to the lens is maintained by diffusion across
the lens capsule from the mobile aqueous humour. The aqueous also removes the end
products of lenticular and corneal metabolism. The aqueous humour is continually
produced in the ciliary body from which it flows into the posterior chamber, over
the anterior surface of the lens capsule, through the pupil and into the anterior
chamber. It exits the eye through the trabecular meshwork (humans) or venous plexus
(lower mammals). The concentration of substrates of lenticular metabolism in the
aqueous humour are usually in equilibrium with the plasma, however uptake of glucose
into the lens can lower the concentration of glucose in the humour (anterior and
posterior) to below that of the plasma.
The lens capsule is a thin transparent membrane which maintains the shape of
the lens while allowing the entry of small molecules (Figure 2). Immediately behind
the anterior capsule is a single layer of epithelial cells which divide and move
towards the equator, where they elongate to form fibres and in the process lose cell
organelles such as nuclei, mitochondria and ribosomes. The long fibre cells finally
to rest so that their final orientation is such that each cell extends from a
position at the front of the lens, near the anterior pole, curving round to a
symmetry related position at the posterior pole of the lens. The fibre cells meet
in a region called the lens sutures. These sutures can beVisible to the naked eye.
Under more detailed examination using a microscope, the cells can be seen turning in
to join at the suture line. The cells are continually buried beneath new layers of
elongating cells as the lens grows, building up layers or 'shells' of new cells from
the equator which overlay the earlier ones such that the foetal lens becomes the
core of the adult lens. This process leaves the central lens increasingly remote
from the nutrient supply or possibly, as Harding (1991 ) has suggested, increasingly
protected by the surrounding cells.

Figure 2.
Diagrammatic section through the lens.
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The absence of mitochondria and chromophores from the inner cells allows the
unrestricted transmission of light through the cell but makes these cells dependent
on glycolysis for energy production, while the absence of cell nuclei from the
central cells, means they are unable to renew their proteins. These limitations on
metabolism in the centre of the lens leave it vulnerable to certain changes, it
cannot respond to demand for extra energy (ATP) production or replace damaged
proteins.
The lens like the cornea, aqueous humour and vitreous body is by necessity
transparent, whereas the transparency of the last 3 can be attributed to their low
macromolecular content, the clarity of the lens cannot. In humans, the concentration
of protein within the lens is 35% (w /w ) while in the rat it is 5 0 % (w/w ), concentrations at
which, if the protein molecules acted as independent scatters of light, the result
would be a scattering of 70% of visible light and concomitant lens turbidity.
Instead the scattering of light is reduced to just 2 .5% (Raza and Harding, 1991).
Delaye and Tardieu (1 9 8 3 ), also Tardieu and Delaye, (1 9 8 6 ) reported that this was due
to the lens protein being not in a crystallin array but relatively free in a dense
liquid. Veretout et al. ( 1989) reported that the short-range order and critical
spacial correlation between the crystallin molecules is sufficient to reduce
scattered light intensity to only 2 .5 % of that of independent crystallin and thus
ensure transparency. Any factor that interferes with this short range order would
induce opacification. The cell membranes do scatter light but their regular
positioning through the lens causes them to act as a diffraction grating rather than
cause turbidity (Betteheim, 1985). Interestingly not all lenses are transparent to
all light frequencies, the human lens for example is coloured due to its absorption
of light in the visible region.

2 .2 The lens: Metabolism.

Most metabolic processes that occur in other tissues are thought to occur in
lens, although not always throughout the lens. For the purposes of this thesis
only those areas of metabolism thought to be related to the formation of cataract
are discussed. A detailed review of lens metabolism can be found in a review by
Cheng and Chylark (1 9 8 5 ).
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2.2.1 Glucose metabolism in the lens.

Glucose is the major source of energy for the lens, and therefore essential for
its function, while a deficiency of glucose can damage the lens, an excess of
glucose is more relevant to the formation of cataract.
Glucose enters the lens principally from the aqueous humour. It is taken into
the lens by glucose transporters that have been identified throughout the lens
(Lucas and Zigler, 198 7 ) and therefore does not require insulin for glucose uptake
(Di Mattio, 1 98 4 ). In the lens the majority of glucose is metabolized, and ATP
produced, anaerobically, via glycolysis producing 2 ATP molecules and lactate when
glucose is fully metabolized (Figure 3). There is very little tricarboxylic acid
cycle (TCA) activity (Kinoshita and WachtI, 195 8 ). Glucose is first phosphorylated
to glucose 6-phosphate by the rate limiting enzyme of glycolysis, hexokinase (EC. 2 .7 .1 .1 ).
Glucose 6-phosphate then enters the pentose phosphate pathway or continues through
the glycolytic pathway.
Glycolysis is regulated by the activity of hexokinase, pyruvate kinase (EC. 2 .7 .7 .4 0 )
and phosphofructokinase (EC. 2 .7 .1 .1 1 ) with the concentration of glucose 6-phosphate
and ATP regulating these enzymes. Glucose concentration also has a regulatory role
in glycolysis, at normal glucose concentrations, hexokinase and phosphofructokinase
are at 60% of their maximal activity (Lou and Kinoshita, 1 9 6 7 , van Heyningen, 1965).
Lens pyruvate kinase is inhibited by ATP, an increase in ATP decreases lenticular
lactate and increases the formation of glucose 6-phosphate so at physiological
levels of ATP, glucose 6-phosphate is the major metabolite. A decrease in ATP
increases both pyruvate kinase and phosphofructokinase. (Atkinson, 1970; Wolff et
a/., 1985).
Studies of glucose metabolism by identification of metabolites of P^C] glucose
(Wolff at a/., 198 5 ) showed that little

was produced confirming that oxidative

phosphorylation and the pentose phosphate pathway are relatively unimportant for
glucose metabolism in the lens, although the pathway can be stimulated when there is
a need for NADPH (Varma ef a/., 1 98 7 ). This confirmed the earlier work of Kuck
( 1962) who reported that the pentose phosphate pathway uses

50% of lenticular

uptake of glucose. The first enzyme in the pentose phosphate pathway, glucose 6 phosphate dehydrogenase (EC. 1 .1 .1 .4 9 ), is regulated by the NADP+/NADPH ratio,
which, when increased increases the activity of the pentose phosphate pathway
(Greenbaum efa/., 1 97 1 ), 6-phosphogluconate dehydrogenase (EC. 1 .1 .1 .4 4 ) which
produces ribulose-5-phosphate from glucose 6-phosphate is also responsible for the
CO 2 production of the lens, 6-phosphogluconate measured in v/fro under optimal

Figure 3.
An overview of glucose metabolism in the lens.
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condition appears to be the rate limiting enzyme in the pentose phosphate pathway in
other tissues and it is proposed that this may also be the case in the lens. The
complete cycle of pentose phosphate pathway enzymes are found in the lens, including
transketolase (EC. 2 .2 .1 .1 ) and transaldolase (EC. 2 .2 .1 .2 ) thus ribose 6-phosphate
can be recycled back to glucose 6-phosphate.
Under conditions of hyperglycaemia, there is an increase in the concentration
of glucose 6-phosphate which enters the pentose phosphate pathway increasing the
rate of flux through this pathway. The NADPH produced by the pentose phosphate
pathway being used as a coenzyme for aldose reductase (EC 1 .1 .1 .2 1 ), the first step
in the polyol pathway, or glutathione reductase (EC. 1 .6 .4 .2 ). The carbohydrate
products of the pentose phosphate pathway may enter glycolysis resulting in lactate
production and the pentose phosphates produced are used in part for nucleic acid
synthesis.
Also increased by hyperglycaemia is the activity of the polyol pathway (Figure 3),
this pathway consists of two enzymes aldose reductase (EC. 1 .1 .1 .2 1 ) and polyol
dehydrogenase (EC. 1 .1 .1 .1 4 ) and converts glucose or other sugars to sorbitol or
other polyols. Glucose metabolism by this route during hyperglycaemia results in
production of sorbitol and fructose within the lens, which is unable to leave the
lens cells and thus accumulates. The conversion of glucose to sorbitol and fructose
is of interest in cataract research following the proposal that the osmotic effects
of accumulating sorbitol are responsible for diabetic cataract. The presence of
polyol sugars in the lens was first reported by van Heyningen (1 9 5 9 ), and in 1 9 6 1 ,
Kuck reported the ability of lens homogenates to convert sorbitol into fructose
confirming the presence of the sorbitol pathway in the lens (Kuck, 1 96 1 ). The
polyol pathway was later measured in the lenses of experimental models of diabetes
(Gonzalez efa/., 198 6 ; Cheng e /a /., 1989).

2 .2 .2 Protein metabolism in the lens.

The lens consists predominantly of protein, of which most is the structural
protein called crystallin. Much of the research in cataractogenesis is based on the
study of the changes in the lens proteins on the basis that in the lens protein
turnover is very low, if not non-existent. The proteins will, therefore, accumulate
damage with time and may eventually be modified to such an extent as to cause
lenticular opacification.

a. Protein synthesis.

The lens grows throughout life, synthesizing proteins for the new epithelial
cells as they are added (Harding and Crabbe, 1984). The pattern of crystallin
synthesis within these cells changes during development and growth, a crystallin is
synthesized in epithelial cells with p and r crystallin appearing only after, or
during elongation. There are further changes in the synthesis of individual p and

r

crystallin with F crystallin production being decreased as Fstformally ps)
crystallin production is increased (Slingsby and Croft, 1 973). These changes can be
mimicked in vitro, with the differentiation of rat lens cells being stimulated by
the addition of retinal material to the culture medium. The retinal material
contains eye derived growth factors which, along with insulin-like growth factor,
cause the cells to elongate and commence P and F crystallin production. Of great
significance to the lens and cataract formation is the fact that protein synthesis
in the nucleus is negligible and therefore in this region the ability of the lens to
turnover and replace damaged protein is also negligible. Young and Fulhorst (1 966 )
first revealed this with their experiments, in which they injected rats with
Methionine, one day later the label was in the lens epithelial cells. At 12 weeks
these same cells were still labelled forming a shell, but outside it, the new fibres
were not labelled; the nucleus and inner cortex remaining unlabelled. Some labelled
methionine was incorporated into homocysteine, cysteine, cystine, glutathione,
taurine and sulphate. Thus it was concluded that protein synthesis is restricted to
the outer cortical and epithelial cell layers of the lens. Young and Fulhorst
(1 9 6 6 ) also revealed that the insoluble fraction of the lens homogenate at one day
contained very little label while at 7 weeks it had become labelled leading to the
conclusion, that pre-existing soluble protein is converted into an insoluble form.
Harding and Dilley (1 9 7 6 ) showed that protein synthesis is greater in the epithelium
and cortex in comparison with the nucleus. While Dilley and van Heyningen (1 9 7 6 )
using radiolabelled tyrosine (which is not metabolized by the lens) concluded that
there was no significant protein synthesis in the core of the lens, Ozaki etal.
(1 9 8 5 ) using radiolabelled methionine challenged this view. The latter group
incubated lenses in medium containing ^^S-Methionine and found significant labelling
in the central part of the lens suggesting protein synthesis was occurring.
Particles of DNA and RNA have also been found in lens fibre cells (Harding and
Crabbe, 1 98 4 ), but the claim for de novo synthesis of protein in the nucleus remains
controversial. The methods of determining protein synthesis by the incorporation of
a radiolabelled amino acid are problematic. Amino acids can become associated with
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proteins by mechanisms other than peptide bonds. Labelled amino acids can be used
in glutathione synthesis and then this glutathione can become protein-linked by a
mixed disulphide bond. It is probably this fact that led Ozaki et al. ( 1 98 5 ) to
their controversial conclusions. Thus the general consensus of opinion is that
protein synthesis in the nucleus of the lens is negligible and that the majority of
insoluble protein found in the lens is derived from protein that was originally
soluble but was then subjected to post-translational modification. This is thought
to have significant implications in cataract formation.

b. Protein catabolism.

Proteins in most tissues are, once damaged, degraded by a proteolytic enzyme
system, the lens too, has such systems including, the enzymes neutral endopeptidase
and the calpains, the ubiquitin system and aminopeptidase.
The neutral endopeptidase (EC 3 .4 .2 4 .6 ) has been found in human lenses, it will
digest lens proteins, especially a-crystallin but not r crystallin when purified, it
is activated by calcium and magnesium and inhibited by thiol reagents and
ethylenediaminetetraacetic acid (EDTA). The neutral endopeptidase hydrolyses
carbobenzoxyglycylglycyl-L-leucyl-P-nitroanilide and carbob en zo xy-leu -leu -g lu -2naphthylamide on the carboxyl sides of leucine and glutamic acid respectively.
Calpains I and II (EC 3 .4 .2 2 .1 7) are calcium activated cysteine proteinases,
both have been found in bovine lenses while, calpain II has been found in rat and
human lenses. The calpains will degrade a crystallin, actin and vimentin but not
Ph,

pL or r crystallins when purified. Activated by calcium (Calpain II requires

1 mM Ca2+) it is inhibited by thiol reagents and calpastatin. The calpains cleave aA
chains on the carboxyl sides of Ser^®* and Arg^®® and aB on the carboxyl sides of
Argi®3 and Thr^^o.
Other proteinases found in the mammalian lens include the trypsin-like
proteinases which degrade oA and aB chains of a crystallin, but not p or F
crystallins, a membrane proteinase, cathepsin B and dipeptidyl peptidase.
Ubiquitin is a highly conserved 76 amino acid polypeptide, it exists in two
forms the 76 amino acid active form with the -C O O H terminal sequence Arg^^-Gly^®Gly’ ®and the 74 amino acid inactive form terminating at Arg^^ (Wilkinson and
Audhya, 1 9 8 1 ). It has been found in both the bovine and rabbit lens, in the latter
case throughout the lens.
Ubiquitin is unusual because it is found both as a free molecule and also
covalently linked to other proteins through peptide or isopeptide bonds involving
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its C O O H - terminal glycine residue and the primary s-NHz group of the protein. It
is believed that ubiquitin is covalently attached to obsolete or damaged protein,
and that these ubiquitinated proteins are then substrates for proteases, in effect
ubiquitin 'marks' the proteins for subsequent degradation by proteolysis. The
process of ubiquitination is ATP/Mg^* dependent and while the enzymic steps leading
to the formation of a conjugate are reasonably well known, little is known about the
specificity of ubiquitin-protein conjugation and the subsequent conjugate
degradation (Jahngen-Hodge etaL, 1991). Ubiquitin has also been suggested as
having an intrinsic proteolytic activity (Fried etal., 1987).
Once proteins are broken down by endopeptidase, the resulting peptides are
degraded by a stepwise degradation by the exopeptidases to their constituent amino
acids. The most studied exopeptidase is leucine aminopeptidase, however, another
aminopeptidase has also been isolated from the bovine lens. This aminopeptidase,
given the name aminopeptidase III, differs from leucine aminopeptidase in substrate
specifically, metal activation, pH optimum and in gel chromatography separation
position.

2 .2 .3 Glutathione metabolism.

The lens contains an unusually high level of total glutathione. In the rat
lens the free glutathione accounts for approximately SmM of the total lens thiols of
around 10mM, 1 mM of which is protein bound (Reddy and Han, 197 6 ). Glutathione is
not evenly distributed throughout the lens, there being a higher concentration in
the cortex than the nucleus.
The metabolism of glutathione (Figure 4) is of great interest, since it enables
the detoxification from the lens of hydrogen peroxide and other organo peroxides
(Reddy and Giblin, 1 98 4 ; Reddy, 1 99 0 ) and protects sulphydryl groups, enabling the
maintenance of protein thiols in a reduced state. It is therefore significant in
the maintenance of protein integrity and the prevention of their post-translational
modification.
Glutathione is a tri-peptide (T-glutamyl-cysteinyl-glycine), it is synthesized
from glutamate, cysteine and

glycine, r-glutamylcysteine synthetase (EC. 6 .3 .2 .2 )

catalyses the formation of a peptide link between glutamate and cysteine, then
glutathione synthetase (EG. 6 .3 .2 .3 ) catalyses the addition of glycine

to this

dipeptide. The process consumes 2 ATP molecules for every glutathione molecule
synthesized and is responsible for the consumption of 11 % of lenticular ATP. The
rate of glutathione synthesis in the lens has been estimated by Reddy eta!., (1 9 8 0 )
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Figure 4.
Glutathione metabolism in the lens.
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Glutathione can also scavenge reactive, oxidising free radicals by direct nonenzymatic reaction, e.g.
HO' + G S H

>>H2 O + GS"

2 G S '---- > GSSG
or
GS' + G S H

}>GSSG'”

î> GSSG + O 2 "

The role of GSH in glutathione transferase is the reduction of H2 O 2 and fatty acid
hydroperoxides. The role of glutathione transferase is the reduction of fatty acid
and lipid hydroperoxides and catalysis of the conjugation of xenobiotics with GSH in
the mercapturic pathway.

IS

to be 0.22viM .g lens“^.h“^. Reduced glutathione's role in the detoxification of
harmful free radicals from the lens is as a substrate for glutathione peroxidase
(EC. 1 .1 1 .1 .9 ) and glutathione transferase (EC. 2 .5 .1 .1 8 ), the end product of the
reaction with these enzymes is oxidized glutathione which is able to leave the lens,
the lens capsule being permeable to oxidized glutathione but not reduced
glutathione alternately, the oxidized glutathione is reduced by glutathione
reductase and NADPH.

Also see addition on opposite page.

2 .3 The lens crystallins.

The lens has a high protein content. The function of most of which is
structural. The major lens proteins are the crystallins which, in the mammalian
lens, are divided into 4 different groups defined by gel chromatography, a , 3h, P l
and r crystallins. Eight other crystallin groups have been recorded in other
species including, 5 crystallin in birds and reptiles, Sill crystallin in squid and
Cl crystallin in the octopus. The mammalian crystallins vary in size and structure.
Their size can range from 20KDa to 700KDa, with subunits varying from 20KDa to
49KDa, while their structure can be predominantly p -sheet, a-helix, or a mixture of
both. Thiol or sulphydryl group content varies significantly between groups, while
in some, the N-terminal residue is free, and in others, it is masked. Some
properties of the crystallins are summarized in Table 1.

2.3.1 g Crystallin.

The a crystallin is the largest of the crystallins, and is found in the lenses
of all vertebrates. The crystallin is mainly p sheet protein and consists of up to

40 subunits which are derived from two genetic products aA and aB. Two further
groups of subunits are derived from these parent molecules as a result of posttranslational modification (Harding, 1 99 1 ). The large a crystallin will scatter
light to a greater extent than the smaller crystallins and thus the short range
order of the a crystallin is of particular importance.
The molecular weight of a crystallin is generally accepted to be 7 0 0 KDa
although reports of findings of a crystallins with other (smaller) sizes have been
made. The size of a crystallin isolated from lens has since been found to be
dependent on temperature, ionic strength and pH of the extraction media particularly
its deviation from physiological pH. In light of this the findings of smaller a
crystallin when using an extraction media of pH 8 .0 (lens pH is % 6 .9 ) have been
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rejected. The a crystallin molecule was first reported by Bindels etal., (1 9 7 9 ) as
having a tertiary structure represented by a three layer model capable of holding up
to 61 subunits (Figure 5). This was further supported by the work of Tardieu et
al., ( 1 98 6 ) whose results, using X -ray and quazi-elastic light scattering were
consistent with the 3 layer hypothesis but differed in the distribution of subunits
suggesting a 12, 2 4 , 2 4 format with the possibility some layers have missing
subunits. Stevens and Augusteyn (1 9 8 7 ) and Augusteyn etal. (1 9 8 8 ) subjected
crystallin to urea dissociation. In 2 .6 M urea, intact a crystallin is detectable
but 72% of that present has a molecular weight of 4.8KDa (approximately two thirds
of the complete a crystallin molecule). In 3 .4 M urea, molecules are reduced to
2.5KDa (Approx 1 /3 rd ) and at 4 .2 M urea, subunits of 0.2KDa appear due to the
dissociation and unfolding of the protein. On removal of urea the reaggregation of
a crystallin occurs with time but is usually incomplete. The above results support
the 3 layer hypothesis by suggesting each concentration strips away one layer of the
molecule.
In v/fro solutions of a crystallin at in v/Vo concentrations remain clear,
increasing the protein concentration does not produce a large amount of aggregation
probably because a crystallins have a negative charge (at physiological pH) and
therefore repel each other.
The a crystallin aggregates consist of four major subunits and up to nine other
subunits. Two are original genetic products (oA and aB) the others are derived from
these by post-translational modification (Table 1 ), (Harding and Crabbe, 1 98 4 ). The
oA crystallins are fairly unique in that when the amino acid sequences of aA
crystallin from two completely different species are compared, they show close
homology. This indicates a very slow evolutionary change (30% of residues per 100
million years). Further any changes involving a change in charge are extremely rare
(de Jong etal., 1 982), substituted residues being replaced with ones of the same
charge. This avoidance of changes in charge during evolution suggest it must have
importance in the maintenance of the protein's stability or function.
The aB chain is homologous with the aA chain, while the residues that differ
between the two are not always those that differ in the aA chains from different
species, supporting the view that evolutionary change is slow in crystallin and
suggesting the constraints on the aB chain are different from those on the aA chain.
Interestingly, a strong homology between a crystallin polypeptide sequence and
that of heat shock proteins is seen (de Jong etal., 1989). Heat-shocking rat lens
does not stimulate a crystallin synthesis so if a crystallin is a descendent of heat
shock protein, it has lost it's heat shock function.

Figure 5.
Schematic representation of the three-layer model of a crystallin.

(d)

(e)

(a) First layer seen from a three-fold axis.
(b) First layer seen from a two-fold axis.
(c) First layer of the model proposed by Bindels ef a/. ( 19 79)
(d) First and second layer seen from a three-fold axis.
(e) First and second layer seen from a two-fold axis.
(f) First, second and third layer seen from a three fold axis; only 1 2 equivalent
sites were filled to yield a 48 subunit particle.

From: Tardieu etal. (1986)

Table 1.
Some properties of oc, p and Y crystaBins.

Crystallin

Types
Molecular form
Molecular weight
subunit weight
No of subunits
Secondary structure
Thiol content
N - terminal amino acid
Subunits
acidic
basic
Modifications
phosphorylated
cRphosphorylated
deaminated
Variants
Occurance

'
'
'
(

Alpha (cc)

Aggregate
700 Kda
20Kda
up to 40
Some p sheet
Low
(1 SH per chain)
Masked
OCAa, 0 CB2

oCApi22t oCBp
0 CB2 P
oCAw 101
0CA“®’
AI vertebrates

Selected occurance
A Gamma crystallin with a masked amino terminal
Not found in txrds or reptiles
) indicate former commonly used designation

Beta(p)

Ph or Pi
Aggregate
40 - 200 KDa
2 3 -3 5 KDa
2 o r3
Mostly p sheet
High
Masked

Gamma (Y )

Monomer
20KDa
20KDa
1
Mostly p sheet
High
(7 SH per chain)
Gly or Ala
Y A, YB, YC, y d , y e , YF

PAI, pA2, pA3
PBI, pB2 (pBp), pB3

AI vertebrates

21 KDa, Ys (ps)'
Vertebrates®

Adapted from Harding (1991).
oo
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There are also post-translationally modified a crystallin subunits arising from
the two genetic products aA and aB, modifications include truncation, deamination
and phosphorylation. Deamination used to be thought of as the major modification,
however difficulty in identifying the sites of deamination, the observation that the
charge change is two rather than one and that the conversion never reaches
completion has now led to the belief that phosphorylation is the major modification
(conversion never reaches completion because phosphorylation does not occur in the
inner cortex or nucleus (Sredy and Specter, 1984). Phosphorylation does not alter
the a crystallines ability to aggregate and the function of phosphorylation is still
unknown. Deamination is seen in lens crystallins from birds and lower vertebrates
(charge change is singular). Slow deamination may also occur in human lens.

2 .3 .2 B and r crystallin.

B and r crystallins have, in the past, been discussed as two separate
crystallin groups, however, Harding (1991 ) has pointed out that 3 and T crystallins
although having different properties in terms of isoelectric points or aggregation
properties are indeed very similar when their amino acid sequences, structures and
evolutionary history are compared. Therefore, in this thesis, the approach of
Harding has been adopted and the 3 and F crystallin will be discussed together as
part of a large family.
Of the 3 and F crystallins, the 3 crystallins can be further divided into two
subgroups 3 h and 3 l while F crystallin can also contain a further subgroup Fs
(confusingly this used to be designated 3s). 3 crystallins are aggregates of
subunits of between 2 3 and 35KDa, while F and Fs are monomers of 2 0 and 21 KDa
respectively. All lenses contain 3 crystallin but in birds and reptiles F crystallin
is replaced with 5-crystallin.
The F crystallins have been further divided into 6 subgroups FA, FB, FC, FD, FE
and FF, while the 3 crystallin are further divided into acidic and basic, denoted A
and B respectively.
The first lens protein sequenced was FB crystallin (then called Fll) (Croft,
1 97 2 ) although the initial report was later modified as the x-ray structure was
refined (Slingsby e tal., 1 98 8 ). Other authors have since reported the amino acid
sequences of FB crystallin from other species and a remarkable similarity was seen.
There are, in fact, greater difference between the 6 F crystallin of one species
than between the FB crystallin of 6 species. The FA, FB and FC of one species show
particularly close homology, revealing a single sub-group. The occurrence of the F
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crystallin varies, in rat the TD, TE and TF crystallins are the most common in
young lens, the other r crystallins then become more prominent with the Ts
crystallin appearing last. Ts crystallin is universal, originally reported as ps
crystallin, due to its similarities with p crystallin, it was later shown to be more
closely related to T crystallin than p crystallin (Quax-Jenken efaA, 198 5 ) and
renamed Ts crystallin. Evolutionary studies have revealed its separation from the r
crystallin gene before the ancestors of frogs and mammals diverged.
Studies have shown the relationship of the other p and r crystallins. Driessen
etal. (1 9 8 1 ) revealed the homology of the pB2 crystallin (then termed PBp) with
the rB crystallin (then termed ril) but distinct differences between the two exist.
P crystallins are longer than F crystallin but the homologous sequences are m o re -o rless continuous leaving extra stretches of sequence as terminal extensions. The
basic p crystallin has N -and C-terminal extensions, while the acidic P crystallin
has only a N-terminal extension and more insertions. The PAI and pA3 are identical
except for an additional 1 7 amino acids at the PA3 N-terminus.
Comparison of the p crystallin sequences indicate that the rate of evolutionary
change has, like a crystallin, been slow and that the p and F crystallins were
derived from a common one-domain ancestor.
Like a crystallin two polypeptides of p crystallin are phosphorylated. The
phosphorylation occurs at serine residues in PB2 and PB3 chains in v/frowith double
phosphorylation occurring in vivo.
The three dimensional structure of bovine FB crystallin has been determined
(Blundell etal., 1 9 8 1 , Summers et al. , 19 8 4 a ) and it was revealed to be a two
domain protein with each domain consists of a Greek Key motif. The two domains are
joined by a short connecting peptide (Figure 6). The four motifs are closely similar
consisting of four antiparallel P-strands forming a highly symmetrical protein
molecule. Each motif is stabilized by a folded hairpin structure in which glycine
is essential, the hairpin structure is important to the crystallin stability as
indicated by its conservation between species.
The protein has a core where hydrophobicity is maintained the surface is
characterized by pairs and chains of interacting balanced changes, believed to
contribute to the stability of the protein, enzymes from thermophilic bacteria are
stabilized in this way. The low occurrence of unpaired charges on the surface will
also minimize binding of water to the surface. This property is useful as F
crystallins are generally found in the dehydrated core of animal lenses.
All sulphur atoms of the FB crystallin are near other sulphurs, aromatics or
arginines, this also provides physical stability and resistance to chemical change
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Figure 6.
The three-dimensional structure of TB crystallin.

Motii 4

Motif 2

Motif 1

Motif 3

NHg
COOH

The three-dimensional structure of FB crystallin shows two domains of similiar
structure, related by a pseudo dyad. The motifs of each domain are related by a
pseudo dyad. The motifs are called Greek keys because similiar motifs decorate
Greek pottery.

From: Summers etal. (1 9 84 ).
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{Wistow e tal., 1 9 8 3 , Summers etal., 1984a). Determination of the structure of
other (3 and

r crystallins have revealed that they all retain the TB structure with

four key motifs in two domains. The models for 3 crystallins indicate that most of
their thiol groups are on the surface while those of the r crystallins are mostly in
the core (Slingsby etal., 1988). The charge networks on 3 crystallins are more
extensive than on T crystallin and some 3 crystallins have insertions forming
surface loops. The terminal extension of 3 crystallins may play a role in
aggregation, while the array of charges provides many possibilities for favourable
interactions without providing for specific bonding that could give long range order
(Slingsby etal., 1 98 8 ). The great diversity of crystallins and their subunits has
already been proposed as a means of preventing crystallization (Harding, 1991).
Although the structures of the r crystallins are similar their spectroscopic
properties vary. Far ultraviolet circular dichroism spectra data on TB, TD and TE
crystallins being similar and supporting a 3 -s h ee t structure devoid of a-helix, but
near-ultraviolet circular dichroism and fluorescence emission spectra indicating
differences in the environments of tyrosine and tryptophan residues, with the
tryptophan of TE crystallin and tyrosine of TD crystallin being the most exposed
(Mandai e ta l., 1 9 8 6 , Mandai and Chakrabarti, 1988) both amino acids are least
accessible in TB crystallin.
The above work shows that the r crystallins and other major crystallin groups
are extremely stable, with a crystallin reported by Marti etal. (1 9 8 8 ) as being
the most stable.

3. Cataractogenesis.

3.1 Risk factors associated with cataract.

There are several risk factors associated with cataract, some of which are
shown in Table 2. Age is a well-known and powerful risk factor for cataract and
diabetes has been associated with cataract for many years. Studies have shown that
even a modest elevation in blood glucose in the non-diabetic population may be
cataractogenic (Clayton et al., 198 0 ). While 4 4% of cataract patients have an
abnormal glucose tolerance curve. (AlSamarrai etal., 1 98 9 ). This suggests that
it may be glucose that is responsible for cataract formation rather than diabetes
itself. Factors associated with cataract such as protein aggreagtion, the loss of
sulphydryl groups, disulphide and non disulphide protein cross-linking are seen in
both senile and diabetic cataractous lenses, although at an earlier stage in the

Table 2.
Risk factors for cataract

Risk Factor

Relative risk
(odds ratio)

Europe and North America
Diabetes
Renal failure
Glaucoma
Surgery for glaucoma
Severe dianhoea
Myopia in childhood
Blue eyes
Military work
Steroids
Alcohol consunption
Alcoholic alcohol consunption
smoking

up to 12
12.4
5.9,2.9
14.3
1.6
2.0
1.8
2.2
1.8
2.1
16
2.0

India and Nepal
Severe diarrhoea - one episode
Severe diarrhoea - more than one episode
Living in a slum village
Low caste
Little education
Low protein consunption
Meat free diet
Milk free diet
Eggs free diet
Curd free diet
Low weight
Heatstroke

Adapted from: Harding (1990) Cataract, Chapman and Hall.

4.1
21
1.8
1.9
1.6 to 7.5
2.3
2.1
1.6
2.4
1.7
1.9
1.7
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latter. This supports the proposal that glucose is responsible for cataract and
suggests that diabetic cataract may be a form of accelerated ageing. However, other
environmental and human induced factors are also associated with an increased risk
of cataract including, smoking, alcohol consumption and in the third world
diarrhoea. These risk factors have no obvious links with glucose. We must
therefore keep in mind that cataractogenesis is a truly multi-factoral process,
although different insults may feed into the same network.

4. The aetiology of cataractogenesis.

4.1 The osmotic hypothesis.

The observation that the flux through the polyol pathway was increased in diabetes led to t
proposal that the accumulation of sorbitol may be responsible for diabetic cataract.
The osmotic theory (Kinoshita etaL, 1962; Kador and Kinoshita, 1984) proposes that
the accumulation of polyol within the lens produces an osmotic imbalance between the
lens and the aqueous humour, promoting the entry of water, swelling of lenticular
fibre cells, disruption of membranes and the leakage of amino acids and metabolites.
The ability of aldose reductase inhibitors to prevent experimental cataracts appears
to confirm this as a possible mechanism of cataract. However, van Heyningen (1 9 6 2 )
proposed that the increased formation of sorbitol and other polyols might be a cause
of cataract by decreasing the availability of NADPH for normal lens metabolism, van
Heyningen confirmed that depletion of NADPH deranged the metabolism of the growing
lens and ruled out the direct effect of polyol accumulation by revealing that
despite the accumulation of polyols in the lens, the xylose-fed rat does not develop
cataract.
There are also further problems with the osmotic hypothesis. The extent and
effect of polyol accumulation has been questioned. Levels which would have an
osmotic effect are seen to accumulate in the galactose-fed rat, but in diabetic
rats, the accumulation is insufficient to balance the excess glucose in the blood
(van Heyningen, 1 9 6 2 ). Over 70% of aldose reductase is found in the epithelial
cells and therefore it would be in these cells that we would expect to see the most
damage. However, these are the only cells to retain lens metabolism, in the form of
protein synthesis, in the galactose-fed rat (Williams efa/., 1985) and in human
diabetic cataractogenic lenses, these cells do not exhibit the swelling associated
with polyol accumulation (Brown and Bron, 1 987). Further in the human lens the
activity of aldose reductase is almost below the level of detection, it is
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undetectable using glucose as a substrate and shows no increase in diabetes. The
human lens also has a relatively high level of polyol dehydrogenase suggesting that
sorbitol would be quickly converted to fructose thus preventing the accumulation of
the former. Lastly the unusually slow nature and non-enzymic characteristic of
aldose reductase has led to the aldose reductase assay being discredited and the
suggestion that measured activity may be a manifestation of autoxidation of the
glyceraldehyde used in its assay (Wolff ef a/., 1984).
Although polyol accumulation per se may have a role in cataract formation in
the galactose-fed rat, it seems unlikely that it has a role in diabetic rat or
diabetic human cataract. The work of van Heyningen (1 9 6 2 ) suggested that increased
aldose reductase activity may be of significance in the formation of cataract in the
diabetic rat. To understand human cataractogenesis, alternative pathways leading to
lens opacification have thus been investigated. The longevity of the lens proteins
make them ideal candidates for slow non-enzymic post-translational modification.
The nature of protein post-translational modification, principally its slow
progressive nature, is consistent with the slow development of the human cataract.
Slow post-translational protein modification also plays a role in other diseases and
the long term complications of diabetes. Recent studies have therefore placed the
emphasis on the non-enzymic post-translational modification of lens proteins.

4 .2 Post-translational protein modificaton.

Current evidence supports the view that cataractogenesis is a result of subtle
post-translational modification of the lens structural proteins (crystallins). Such
post-translational protein modifications, even at low levels, are of particular
importance since, due to the negligible turnover of lens protein, they accumulate in
the lens enhancing crystallin aggregation, fragmentation and precipitation (Harding,
1 991). This aggregation disrupts the short range order of crystallin structure,
adversely affecting the transparency of the lens (Crompton, Rixon and Harding,
1986).
Two well documented mediators of protein modification, thought to have an
important role in the aetiology of cataract, are glycation and oxidation.
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Several studies have shown the formation of sugar-protein adducts occurs in
vivo and in increasing amounts with age, with diabetes and with cataract in rat
(Stevens etal., 1978; Monnier etal., 1979; Perry etal., 1987) and human lens
(Pande etal., 1 9 79 ; Ansari etal., 1 9 80; Kasai etal., 1983; Rao and Cotlier, 1986;
Liang etal., 198 6 ). The above studies have suggested that up to one polypeptide in
five may contain glucose-lysine adducts in cataracts from human diabetics and 37% of
the lysine may be modified. No other lens protein modification is as extensive and
must have considerable impact on the structure of the lens proteins.
Diabetes is a powerful risk factor for cataract, it is suggested that the
periods of hyperglycaemia experienced by the diabetic and therefore glucose may be
responsible for the complications of diabetes. This suggestion has been reinforced
by studies revealing that even a modest elevation in blood glucose in the non
diabetic population may be cataractogenic (Clayton etal., 1980). While 44% of
cataract patients have an abnormal glucose tolerance curve (AI Samarrai., 1989). A
study by Grey etal. (1 9 8 6 ), using multivariate analysis, revealed a strong
association between cataract and levels of glycosylated haemoglobin in diabetic
patients. However, this was only observed in juvenile onset diabetes. Plasma
levels of glucose and glycosylated haemoglobin levels were also associated with
diabetic cataract in further studies (Howard-Williams etal., 1984; Janka etal.,
1989). The measurement of glycosylated haemoglobin is, of course, also a
measurement of the severity and duration of diabetes. Studies in the non-diabetic
population have shown that the accumulation of Amadori products on lens proteins
remains essentially constant between the ages of 5 and 80 (Swamy and Abraham, 1987)
suggesting that while there may be a strong and logistical link between glycation
and cataract formation in the diabetic patient this may not be true of the non
diabetic population. Age and duration of diabetes remaining the most powerful risk
factor.
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a. Glycation.

Glycation of proteins, which results in a range of stable and unstable
products, is known to occur over the lifetime of the lens as a normal physiological
event. It is believed to play an important role in diabetic and age related
complications (Cerami, Vlassara and Brownlee, 1 9 8 5 , Stevens etal., 1978; Kamei,
1991 ; Swamy and Abraham, 1991). Glucose and other sugar aldehydes react with the
free amino groups of proteins (a terminal amino acid or s-NHz group of lysine) to
form the S chiff-base adduct which undergoes Amadori rearrangement to form the more
stable Amadori product. The Amadori product can undergo further dehydration and
rearrangement reactions to form, irreversible products, termed advanced glycation
endproducts (AGEPs). These are believed to result in crosslinked, pigmented,
fluorescent carbohydrate complexes that contribute to irreversible crystallin damage
by promoting covalent inter and intra protein-protein cross-links (Kamei, 1991 ; van
Boekel and Hoenders, 1991). Glycation is of particular significance in diabetes,
where transient periods of hyperglycaemia, due to the inability of episodic insulin
injections to mimic the fine control exerted by endogenous insulin secretion,
increase the number of interactions between glucose and the free amino groups of
lens crystallins. However, glycation is also suggested to participate in the
aetiology of senile cataractogenesis on the reasoning that long term exposure to
relatively modest levels of glucose will have the same overall effect as short
period of exposure to high glucose. (Hodge, 1 9 56 ; Njoroge and Monnier, 1 9 8 9 ),
Also see addition opposite page
b. Oxidation.

The ability of oxygen free radicals to damage biological molecules is clearly
established, exposure of molecules to oxidative stress has led to modification of
amino acid residues, the formation of protein aggregates via sulphydryl (by the
oxidation of thiol groups) and non sulphydryl (the formation of bityrosine groups)
protein-protein cross-linking reactions, protein fragmentation by the cleavage of
peptide bonds, the formation of insoluble protein and an increase in non tryptophan
fluorescence (Davies 1987; Hunt and Wolff, 1991 ; Wolff and Dean, 1987)^
A wide variety of active oxygen species are known to exist and most have been
suggested to be capable of biological damage. However, the hydroxy radical (OH*)
superoxide anion radical (O 2 ") and hydrodioxyl radical (HOz*) are considered the
most biologically relevant radicals. Although less than 1% of superoxide is present
as HOz", its reactivity is 10® -10^ greater. Other active oxygen species which are not free radica
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Reactions leading to the formation of superoxide radical and related species,
peroxyl radicals, and singlet molecular oxygen in biological systems;
Transition metals sincve they have unpaired electrons are excellent catalysts
of O 2 reduction
Fe^ + O 2

Fe^ + 0 2 - .

In aqueous, neutral pH solutions 02"- decays to H2 O 2 through disproportionation
producing the hydroperoxyl radical [0 2 "' H +
O 2 "' + O 2 "' + H'*’

HOG-], a far more reactive species.

H2 O 2 + O 2

The decomposition of H2 O 2 can be a source of hydroxyl radical HO- via the Fenton
driven reaction by reaction with Fe^ or Cu* with H2 O 2 .
Fe® + O 2 " -

Fe^ + O 2

Fe^ + H 2 O 2

Fe® + HO" + HO-

These observations are rationalized in terms of the well known reaction sequences
described above and give as net balance (Haber-Weiss reaction)
O 2 "'

H2 O 2

O2

HO" + HO-

A second one-electron transfer that contributes to the formation of oxy-radicals
involves quenching of carbon centred radicals by molecular O 2 leading to the
formation of peroxyl radicals. Hydroperoxides are subsequently formed within a
chain reaction in which the chain carriers are the carbon radical and the peroxyl
radical.
0-

COO^02

is also formed from phagocytosis, photosensitized reactions, and recombination

of peroxyl radicals, in peroxidase catalysed reactions and in various medical
conditions (Cadenas, 1989).

include hydrogen peroxide (H 2 O 2 ) and singlet molecular oxygen (‘ O 2 ). Hydrogen
peroxide is the least reactive form of oxygen other than O 2 and ‘ O 2 may only be
important in photoreactions. Work of others (Davies, 198 7 ) has indicated that OH ■
may be responsible for initiating protein degradation. Superoxide (O 2 "), known to
be generated by several enzymes and the autoxidation of several compounds
(Fridovich, 1 9 8 3 ), is a relatively unreactive radical towards most molecules
(Goldstein and Czapski, 1 98 6 ) and it has therefore been suggested that O 2 - is a
precursor of more toxic radicals, such as OH-, formed through Fenton and Haber-Weiss
reactions involving metal ions. (Haber and Weiss, 1934; Weinstein and Bielski, 1979).
This was verified through the study of the effects of metal ions and ion chelators
on the yeild of OH- in O 2 - experimental systems. It is therefore suggested that OHand O 2 -+ O 2 may best reflect the biological exposure to oxygen radicals /n vivo.
The possibility of oxidative modification of lens crystallins is enhanced in
the lens since the lens is uniquely exposed to oxidative insult, in the form of uv
radiation, oxygen and hydrogen peroxide under normal conditions. The lens has relatively
high levels of antioxidants such as ascorbate and glutathione to counteract this.
However, despite these high antioxidant levels, various oxidative modifications have
of the accumulation of oxidative damage with lens opacity supports the hypothesis
that oxidative stress in an important factor in the aetiology of cataract (Specter,
1 98 6 ; Zigler etaL, 1 989). During ageing, and in diabetes, the lens becomes further
stressed as it accumulates mediators of metal catalysed oxidation, such as Cu^*, and
exhibits a depleted anti-oxidant and energy status. Metal ions, such as Cu^^, are
detrimental to proteins by their ability to mediate the generation of active oxygen
species within the lens, such as O 2 " and OH-, through Fenton-type redox reactions
(Garland e tal., 1986; Hunt and Wolff, 1 99 1 ) or, OH-and hydrogen peroxide, by the
autoxidation of protein-bound glucose (Wolff and Dean, 1987; Hunt and Wolff, 1991).
The role of trace elements, such as Cu^+ and metal catalysed oxidation reactions in
cataractogenesis is becoming increasingly apparent. Derangements in metal ion
metabolism and accumulation of the mediators of metal catalysed oxidation within
tissues have been associated with pathological states and protein damage. Numerous
investigators have reported alterations in trace metal components of the lens
occurring with cataractogenesis. (Wollard etal., 1990; Hunt and Wolff, 1991 ; Young
etal., 1992; Mitton etal., 1 993). See addition opposite page
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c. Glycation and/or oxidation?

It is probable that glycation and oxidation are inexorably linked in the
cataractogenic process, through not only the autoxidation of protein bound glucose
but also the proposal that glycation may be the initiating step in diabetic
cataractogenesis, inducing conformational changes in proteins such as to increase
their susceptibility to oxidative stress (Stevens e tal., 1978; Beswick and Harding,
1 98 7 ; Swamy and Abraham, 1991).
While the aetiology of cataractogenesis is far from understood and further work
is required to establish whether the above proposals represent the true aetiology of
cataractogenesis, it is suggested that they can be associated with a high proportion
of cataract (Table 2). The above proposals are, therfore, of clinical significance
since they imply the possibility of retarding the cataractogenic process by
administration of anti-oxidant, free radical scavenging, or glycation inhibiting
compounds.

5. Cataract therapy.

There are, at present, three approaches to the elimination of cataract. The
surgical removal of the cataractous lens, elimination of causative factors and
administration of anticataract compounds.

5.1 Surgery

The only therapy for cataract is the surgical removal of the cataractous lens.
As yet, there is little to suggest it will be possible to reverse cataract
formation and clarify an opacified lens, a process likened to 'un-boiling' an egg.
Cataract surgery has reportedly been practiced for some 5 0 0 0 years, and although a
successful procedure, cataract remains the major cause of blindness. The reasons
for this are the limit placed on the number of cataract operations performed because
it is expensive and there are insufficient surgeons or resources, especially where the
need is greatest. In 1 9 8 8 , in England and wales alone 6 6 0 0 0 people were on
ophthalmic waiting lists mostly awaiting surgery for cataract (Thomas etal., 1 989).
Inherent with all surgical technique is a risk factor, surgery can damage the eye
and lead to other possible sight threatening complications outlined previously. It
is these limitations and the belief that prevention is better than a
cure that has provided the impetus to develop a means of preventing or inhibiting
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the cataractogenic process.

5 .2 Prevention by elimination of cauygtive factors.

In theory, the elimination of cataract by the removal of causative factors is
possible. However, Table 2, which showed risk factors associated with cataract,
suggests that considerable efforts would be required, considerable difficulties
experienced and considerable expense incurred to eliminate them all. However, major
causes of cataract could be targeted, for instance, in western countries 12% of
cataract is associated with diabetes. Cataract is one of the many long term
complications of diabetes associated with the inability of insulin injections to
mimic the fine control exerted by endogenous secretions of insulin and the resulting
periods of hyperglycaemia. There is a sound and logical scientific base
for believing that if we cannot prevent or eliminate diabetes, the long term
complications of diabetes could be reduced or eliminated by the restoration, to the
diabetic patient, of perfect control of blood glucose, and in support of this,
studies have shown that careful control of blood glucose is able to prevent the
long-term progression of diabetic complications. Such glycaemic control in theory
would eliminate 12% of cataract cases, however, such perfect control would require
the implantation into patients of continous blood glucose monitors and insulin
delivery systems and is, as yet, not a possible answer (Harding, 1991 ).
In third world countries, severe diarrhoea is a powerful risk factor,
associated with 40% of all cataract. The occurrence of diarrhoea is in turn
associated with poor sanitation and the purity of water supplies. Given that only
20% of the rural population receive adequate sanitation and only 4 0% adequate water
supplies, the possibilities for cataract prevention are clear, but again,
implementation is going to be enormous and expensive task.
Research has therefore been directed towards the development of anti-cataract
drugs or agents.

5 .3 Anti cataract agents.

The goal of those in search of anti-cataract agents is the inhibition or
attenuation of the cataractogenic process, there being little prospect, as yet, of
development of a compound able to reverse cataract formation and clarify an opacified
lens. At this time there are no cataract inhibiting compounds available in the
U.K., compounds for the treatment of cataract are available in other countries.
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although none are supported by results from satisfactory clinical trials. There are,
however, agents which have been shown to be positive factors in case control studies
of cataract and/or have prevented opacification of incubated lenses, however, the
precise mechanism of action of these agents is not clear.
The search for a cataract inhibiting compound has centred on the factors
implicated in the aetiology of cataractogenesis principally, the accumulation of
sorbitol, and the glycation and/or oxidation of lenticular proteins.

5.3.1 Polvol pathway inhibiting compounds.

The suggestion that sorbitol accumulation in the lens in diabetes produced an
osmotic imbalance and that this was responsible for cataract formation led to the
development of compounds to prevent such accumulation by inhibiting the aldose
reductase activity of the polyol pathway. A number of compounds were developed and
some interesting results on the effect these agents in models of cataractogenesis
were reported. Some of which are shown in Table 3. The most promising aldose
reductase inhibitors are sorbinil, Statil and ICI 1 0 5 5 5 2 as these have been reported
to delay cataract in diabetic rats. Human studies were initiated with sorbinil and
although it accumulated in the human lens it had no significant effects on sorbitol,
fructose or inositol concentrations in the cataractous lenses of diabetic patients
(Crabbe et a/., 1 98 5 ). It was thought that aldose reductase inhibiting compounds
would be of therapeutic potential in the treatment of other diabetic disorders as
well, therefore, a large clinical trial of sorbinil and Tolrestat was started.
Sorbinil was later withdrawn due to serious side effects probably due to an aldehyde
metabolite of sorbinil forming potentially immunogenic adducts with proteins. E 0 7 2 2 (Table 3) a methyl derivative of sorbinil and AL15 76 structurally based on
sorbinil are now under investigation.
No aldose reductase inhibitors have yet been shown to delay cataractogenesis in
humans, however their abili^to prevent galactose cataract in rat and diabetic
cataract in rat maintains their interest despite the accumulation of information in
opposition to the osmotic hypothesis outlined

previously. Aldose reductase

inhibitors may be beneficial in the prevention of cataract but not, as previously
thought, by the prevention of sorbitol accumulation.
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Table 3
Effects of sorbitol lowering agents.

In vitro lens incubation studies using rat or rabbit lens.
Decreased accumulation of galactitol:
Alrestatin, Querdtrin.
Decreased accumulation of sorbitol:
Alrestatin, Sort)inil, Quercitrin, Quercetin, Tolrestat, SuBndac.
Decreased opacity in higti galactose incubation:
Alrestatin.

In vivo studies using rats.
Decreased galctitol accumulation in lens of galactose fed rat:
Quercitrin, Alrestatin, Sorbinil.
Decreased sorbitol accumulation in lens of diabetic rat
SortJinil, Statil (IC1128436).
Delayed cataractogenesis in galactose fed rat
Alrestatin, Quercitrin, Quercetin, Sorbinil, Sulindac.
Delayed cataractogenesis in diat)etic rat
Sorbinil, IC1105552, Statil (IC1128436).

Adapted from: Harding (1990) Cataract, Chapman and Hafl.
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The glutathione ester used in this study (given by Dr J.S. hothersall,
Unviversity College London) was crude, unpurified glutathione
ethyl ester. The poor purity of this preparation implies that both glutathione
monoester and diester could be present. The monoester of GSH, in which the glycine
carboxyl group is esterified, has properties that are useful for GSH delivery into
the lens, i.e. they are effectively transported and are hydrolysed intracellulary
(Meister, 1988). Transport of GSH ester into human erythrocytes and its
intracellular conversion to GSH have been observed. The facile transport of GSH
monoesters may be ascribed at least in part to absence of the negatively charged
group on the glycine residue but may also be related to its greater hydrophobicity
as compared to GSH. GSH monoethylester (or its disulphide) is not a substrate of
GSSG reductase and Gamma-glutamyl transpeptidase. The transport properties of GSH
monoesters need more study but have serious therapeutic potential.

S2.

5 .3 .2 Antioxidants.

The body has a number of endogenous defences against oxidative stress including
those synthesized in the body such as the antioxidant proteins (catalase, superoxide
dismutase and metal binding proteins) and various small molecules some of which are
end products of metabolic pathways (bilirubin and urate). The levels of these
cannot be manipulated by simple means. However, the levels of antioxidant vitamins
such as ascorbate, a-tocopherol and 3-carotene can be increased easily by dietary
means or supplementation.
As increased oxidative stress, decreased lenticular antioxidant capacity and
increased levels of oxidation products are found in many types of cataract, it is
therefore reasonable to attempt to attenuate or inhibit the cataractogenic process
by enhancing the anti-oxidant capacity of the lens.

a. Glutathione enhancing compounds.
Glutathione levels decrease at an early stage in almost all types of cataract
(Giblin etaL, 1 99 0 ; Reddy and Han, 1976; Reddy etaL, 1980)
both experimental and human. The prevention or delay of cataractogenesis has thus
been attempted by the enhancement of ienticular glutathione levels. This has been
achieved in incubated lenses by addition of glutathione directly to the medium, or
by stimulation of glutathione synthesis by the addition of the component amino acids
or precursors of glutathione to the medium. Glutathione addition increased the
lenticular glutathione by 10%,as did the addition of a synthetic precursor and the
amino acid methionine (Holleschau eta!., 1986; Korte etaL, 1 9 8 6 ),
Globular degeneration of lens fibre cells and opacification can be induced in
rat lenses by incubation in 55.6m M glucose (Ross etaL, 1 98 3 ). These changes are
prevented, without decreasing glucose, fructose or sorbitol level, by the addition
of 0.1 mM reduced glutathione (GSH) to the medium. Similar changes in diabetic rats
in v/Vowere prevented by subcutaneous injections of GSH. GSH has also been
reported to protect against glycation of lens proteins by ascorbate and glucosamine
(Ortwerth and Oleson, 1988; Ajiboye and Harding, 1989). In the present study the
administraton of the ethyl ester of glutathione has been studied. The ethyl ester
is a synthetic precursor of glutathione able to enter the lens more readily since it
does not require r-glutam yl transpeptidase for transport across the epithelial
layer, once in the lens the ethyl group is cleaved enhancing lenticular levels of
reduced glutathione. See addition opposite page

b. Antioxidant vitamins.

The use of vitamins as therapeutic agents in the prevention of cataractogenesis
is based on the suggestion that they may act as free radical scavengers. Several
vitamins have been suggested to posses antioxidant properties including ascorbate
(vitamin C), a-tocopherol (vitamin E), Retinol (vitamin A) as well as the vitamin A
precursor, p-carotene. Clinical trials are currently underway on the anticancer
activity of dietary antioxidants but will be closely studied by those interested in
the prevention, by dietary antioxidant supplementation, of cardiovascular diseases,
infection, inflamatory disorders and diabetic complications including
cataractogenesis. Vitamins are particularly attractive candidates for cataract
prevention as they are freely available, inexpensive, relatively non toxic,
naturally occurring and approved for human consumption therefore avoiding any lengthy
clinical trials.

i. Ascorbate (Vitamin C ).

Ascorbate is well known for its antioxidant properties and is used as an
antioxidant in the food packaging industry. However the use of ascorbate to prevent
free radical-mediated protein damage in pathological condition is controversial.
Ascorbate is a powerful reducing agent and a scavenger for highly reactive oxygenderived free radicals. This has been shown in model systems and also in
experimented animal models. Young etaL (1 9 9 2 ) showed ascorbate supplementation to
enhance the general antioxidant status of the streptozocin diabetic rat. However,
it can, in certain situations, act as a pro-oxidant generating in the presence of
free metal ions OH* radicals via the Fenton reaction. It has also been reported to
be more effective in causing protein precipitation and crosslinking than glucose
(Slight etaL, 1990; Prabhakaram and Ortwerth, 1991). Ascorbate is of particular
interest in the study of cataractogenesis as deficiencies of, or perturbations in,
its metabolism are associated with several types of cataract. Ascorbate is lowered
in some experimental cataracts and deficiency is associated with cataracts induced
by galactose and dinitrophenol. Plasma ascorbate levels are lowered in experimental
streptozocin-induced diabetes to less than 4 0% of control values despite identical
diets and this could be a factor in the development of other diabetic complications
as well as cataractogenesis. In vitro, ascorbate limited the loss of rubidium
uptake into the rat lens induced by active oxygen species (Varma etaL, 1 9 8 6 ) and
the loss of exopeptidase from rabbit lens homogenates exposed to ultraviolet light
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Small molecules such as ascorbic acid and a-tocopherol provide antioxidant
capacity by their ability to react with free radicals and electronically excited
states. Their antioxidant properties believed to be due to their chain breaking or
free radical scavenging properties is well documented (Frei etaL, 1989; McLennan
etaL, 1988; Yue etaL, 198 9 ; Young etaL, 199 2 ). Vitamin E or a-tocopherol is
known to react with a variety of free radicals at fairly high rates, yielding the
corresponding chromanoxyl radical (Vit E -O ). The reaction is formally regarded as
a H-atom transfer, however another possibility regards electron transfer,
particularly in nonpolar media such as lipids and membranes, followed by
deprotonation of the antioxidant radical cation in a reaction with HzO immersed in
the lipid phase. This would give rise to an expected accumulation of lipid
hydroperoxides. However, it has also been proposed (Cadenas, 198 9 ) that free
radical scavengers can function as a molecular channel via which the free radicals
can leave the hydrocarbon zone of the membrane as within the three step mechanism:
i. interuption of the propogation chain in the membrane by scavenging carboncentered or unoxygenated free radicals, ii. the unoxygenated radicals reach the side
chain hydrocarbon chains of the antioxidant by intermolecular H abstraction, and
iii. the aroxyl radicals are formed by the intramolecular rearrangement of the
radical in the antioxidant molecule. The vitamin E chromanoxy radical, formed by
either mechanism is long lived and can react with itself or other antioxidants sush
as vitamin C. Vitamin C may also react directly with peroxyl radicals, in a
predominantly chemical nature. Triplet carbonyls also promote H abstraction from
the enediol groups of ascorbate (Cadenas, 1989).
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(Taylor etaL, 198 7 ). In vivo, it also prevented crystallin crosslinking induced
by photooxidation (Zigler etaL, 1 98 2 ) and decreased the loss of lenticular
exopeptidase from the lens.
Ascorbate is an attractive candidate for therapeutic use in the prevention of
cataract as plasma ascorbate levels decreased in the diabetic rat can be increased
to twice that seen in the control rat by relatively simple dietary supplementation
(Yue etaL, 1 98 9 ). Likewise, lenticular levels of ascorbate have been increased
two-fold in guinea-pigs fed a high ascorbate diet (Bates and Cowen, 1988).
Ascorbate has been investigated in this study by its ability to prevent changes
related to cataract seen in the 21 day streptozocin diabetic rat model.
See addition opposite page.
ii. g-Tocopherol (vitamin E) and B-carotene.

a-Tocopherol or vitamin E is, like ascorbate, a well known antioxidant and has
been described as the primary physiological antioxidant. Its action both in vitro
and in vivoare well documented (Bieri, 1987). a-Tocopherol like ascorbate has also
been attributed pro-oxidant capacity when supplemented such that plasma levels are
increased above the optimal effective concentrations. Elevated intake of a tocopherol in laboratory animals has given rise to increased enzyme generated free
radicals in the lenses of animals exposed to toxic compounds. Prevention of
abnormally high tissue levels is achieved by the poor absorption of a-tocopherol,
5 0% of intake is never absorbed. It is suggested this is due to membrane structure
imposing limits on membrane uptake and deposition, by determination of a-tocopherol
uptake at critical sites. It has been shown using animal studies that in order to
double tissue concentrations, a 10 fold increase in intake is required. This means
that a-tocopherol is unlikely to play a role in cataract prevention unless massive
doses are taken. Further dietary supplementation of a-tocopherol to rabbits did not
affect lenticular levels of a-tocopherol although lenticular GSH was increased by
25% (Costaylida etaL, 198 6 ). Rat lenses showed only small changes in a-tocopherol
content when placed on a-tocopherol supplemented diets (Stephens etaL, 1988).
However, despite the unlikelihood of a-tocopherol supplementation being beneficial
in cataract prevention there are several studies in which a-tocopherol has been
reported to delay cataract formation. Charalampons and Hegsted (1 9 5 0 ) reported a tocopherol supplementation to delay cataract formation in diabetic rats but it did
not prevent cataract in galactose diabetic rats. a-Tocopherol also partially
prevented opacification seen in lenses incubated in high galactose media (Creighton
et ai., 1 98 5 ).

See addition opposite page.
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P-Carotene and other pigments of dietary origin found in blood (a-carotene,
lycopene, cryptoxanthine and lutein) all have the capacity in model systems to
inactivate free radicals and singlet oxygen (Burton, 1984). p-Carotene is found in
high concentration in plants where it is believed to exist to combat
production by the reaction between chlorophyll, light and O 2 . p-Carotene is
unusual as it functions as an antioxidant only at low oxygen pressure and at
atmospheric pressure it is a pro-oxidant. In tissues it is reported to function as
an antioxidant. The study of p-carotene as a cataract preventing agent is not
possible in the laboratory as rat, guinea pig or rabbit models do not absorb intact
carotenoids whereas man absorbs all dietary carotenoids. Therefore investigation of
its potential was not carried out here.

c. The antioxidant trace element Selenium.

Selenium which is found in yeast or as the salt selenite is not itself an
antioxidant. However, in vivo, it is incorporated into the enzyme glutathione
peroxidase which together with glutathione reduces organic hydroperoxides and also
hydrogen peroxide. This selenoprotein is therefore an important part of the body's
antioxidant defences. Glutathione peroxidase levels in the plasma are correlated
with selenium intake when intake is below normal, increased selenium intake will
enhance glutathione peroxidase, reducing plasma levels of thiobarbituric acid
reactive substances and malondialdehyde. When intake is above normal there is no
correlation and high intakes of selenium have a toxic nature. Selenium supplementation can
be pro-oxidant in the long term decreasing intracellular glutathione and increasing
plasma Malondialdehyde, these observations are, however, generally linked to
administration of the chemical form. Selenium supplementation has been shown to be
beneficial in other disorders associated with ageing. Restoration of selenium
levels will increase cerebral blood flow, neurological function, decrease pain and
increase articular index in rheumatoid arthritis, increase muscle strength and in
heart infarct patients decrease the risk of subsequent attack and mortality (Neve,
199 3 ). The association of selenium with pro-oxidant activity and the possibility
of toxic damage from over supplementation makes it not so attractive as an anti
cataract agent since cataract prevention would entail long term administration,
although there may be some hope for the use of selenium supplementation in the form
of yeast. Selenium supplementation was not investigated here.
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The adduct between aminoguanidine and the ketoamine has not been demonstrated,
and although binding of labelled aminoguanidine to lens protein increased after
glycation, more than in the control incubation, a suprising amount of binding was
seen before glycation (Lewis and Harding, 1990). In wfro 200mM aminoguanidine
greatly inhibited the formation of fluorescent products from bovine serum albumin
incubated with 200m M glucose apparently without affecting the initial glycation step
(Brownlee eta!., 1 98 6 ). Later experiments with bovine serum albumin using 20mM
glucose showed a striking decrease in glycation by aminoguanidine at concentrations
as low as Im M (Khatami etaL, 1988). Lewis and Harding (1 9 9 0 ) showed that
aminoguanidine did not inhibit the reaction with cyanate, suggesting the drug reacts
with the open chain form of sugars, a suggestion supported by the observation of a
glucose-aminoguanidine adduct (Khatami eta/., 1988). The relative rates of ring
opening and aminoguanidine are crucial for such an explanation and have not been
investigated.
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5 .3 .3 Glycation inhibiting compounds.

a. Aminoguanidine.

Aminoguanidine is currently under investigation as an agent capable of
preventing diabetic complications by it's ability to react with the ketoamine formed
during the early stages of glycation, preventing the formation of later
intermediates of glycation with cross-linking capabilities. Aminoguanidine has been
shown to inhibit glycation of bovine serum albumin with glucose, in v/fro (Khatami
etaL, 1 98 8 ) and the glycation of lens proteins with galactose (Lewis and Harding,
199 0 ). Aminoguanidine administration in vivo has been reported to prevent the
glucose induced increase in fluorescence of collagen and glomerular basement
thickening in diabetic rats. Short term human toxicity trials have also been
successfully concluded.See additions opposite page.

b. Acetvlsalicvlic acid (Aspirin).

Acetylsalicylic acid's ability to inhibit cataract formation by acting as a
glycation inhibiting compound is far from accepted. However current evidence
suggests that this may be one of it's possible routes of action.
The development of anticataract agents generally follows from a proposal about
the aetiology of cataractogenesis, the search for an inhibitory compound, in vitro,
in v/Voanimal experiments and then human studies or clinical trials. Aspirin did
not follow this conventional route, the first observations suggesting its
therapeutic potential were made by accident in human studies.
Cotlier (1 9 8 0 ) reported that patients receiving acetylsalicylic acid in the
treatment of arthritis were less prone to cataracts than the general population, the
incidence of cataract was reduced from between 6 and 12% to less than 1 %. Among
these arthritic patients cataract was less common in patients taking aspirin (15% )
compared with those not taking aspirin (67% ) (Cotlier and Sharma, 1 9 8 1 ), an
observation that encouraged the authors to administer aspirin (1 300mg.day-^) to
patients with early senile cataractogenesis in an attempt to delay its progress. A
further study revealed that the mean age of diabetic and rheumatoid arthritis
patients reaching any of five stages of cataract was higher in those who had taken
aspirin (Cotlier, 1981). These results suggested aspirin could delay the
progression of cataract by about ten years. However, these studies were criticized
for their non-conventional epidemiological design, particular criticizisms included

the inadequate nature of retrospective examination of medical records to ascertain
aspirin consumption, especially as patients can purchase aspirin without the
knowledge of their doctor, and the failure to match for age since aspirin use may
alter with age. Later, age-m atched, case studies (van Heyningen and Harding, 1986;
Harding and van Heyningen, 198 7 ) set up to identify risk factors for cataract
revealed that the consumption of aspirin as well as other aspirin-like analgesics,
such as ibuprofen and paracetamol, was associated with a 50% protection against
cataract. Subsequent calculations suggested that 43% of cataract could be prevented
if the entire population took aspirin. A correlation

of aspirin dose with

protection showed that there is no evidence of a dose-relationship in the protection
against cataract, the effectiveness of low doses is particularly encouraging since
aspirin is virtually free of side effects in small doses. Further case studies in
Bonn (Chen etaL, 198 8 ), confirming analgesics provided protection; India (Mohan et
a/., 1 989), confirming that any dose of aspirin provided protection, and the USA,
confirming the prevention of visually impairing opacities, all provided further
support for this proposal that aspirin protects against cataract. While these
studies suggest potential for the use of aspirin in the arrest of cataractogenesis
carefully controlled randomized clinical trials need to be instigated.
In v/fro studies added further support to the view that aspirin has therapeutic
potential against cataract. As outlined above the post-translational modification
of lens crystallins has been proposed as a causative factor in cataractogenesis.
Aspirin was subsequently shown, when present in, in vitro, incubations of lens
crystallins, to prevent the reaction of cyanate (Crompton etaL, 1 986), galactose
(Huby and Harding, 1 988), glucose (Swamy and Abraham, 1989) and glucosamine (Ajiboye
and Harding, 1 98 9 ) with proteins. Pre incubation with aspirin also provided
protection against the reaction of proteins with cyanate (Crompton etaL, 1986) and
glucose (Rao and Cotlier, 1988). The same effects have been observed with isolated
crystallin (Crompton et ai., 1986; Rao and Cotlier, 1988). Swamy and Abraham ( 1 98 9 )
showed how aspirin reduced in v/fro glycation, also the subsequent loss of thiol
groups and the aggregation of lens proteins. The above studies suggested possible
routes by which aspirin may protect against cataract. The protection achieved by
pre-incubation with aspirin which was not achieved with salicylate (a molecule with
a similar structure to aspirin but without the acetyl group) led to the view aspirin
protects proteins by acetylating them (Crompton etaL, 1986). Later it was shown
that the acetyl group but not the ring of acetylsalicylic acid is transferred to
lens proteins during incubation, this acétylation probably occurring at the e-amino
group of crystallins. The bond between the two is strong, able to remain bound to
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the protein during dialysis for 26 days indicating that the protection could be long
lasting (Rao etaL, 1 98 5 , Rao and Cotlier, 1 988, Crompton etaL, 1985).
Experiments using animal models have reinforced the value of acetylsalicylic
acid in the delay of cataract, revealing that acetylsalicylic acid delayed cataract
formation in naphthalene-dosed rabbits, galactose fed rats and diabetic rats. (Gupta
etaL, 1 98 4 ; Swamy and Abraham, 1989; Blakytny and Harding, 1 99 2 ). However there
was found to be no dose-enhanced effect, both 50 and 10Omg/ kg body weight/day being
equally effective. Blakytny and Harding (1 9 9 2 ), using the streptozocin-diabetic rat
model, showed, in vivo, the preventative effect against cataract of continuous
acetylsalicylic acid supplementation for up to 160 days of diabetes (the duration of
the experiment).
It is generally believed that acetylsalicylic acid acetylates proteins, so
preventing glycation and other benefits follow from this. The epidemiological
studies, supported by studies using experimental models in vivo and in vitro,
indicate that acetylsalicylic acid is able to protect against cataract. However,
conclusive evidence of the precise role that acetylsalicylic acid plays in the
prevention of cataract remains elusive.

6. Experimental models and procedures.

A laboratory model of cataractogenesis is required to enable the study of the
early aetiology of cataractogenesis, before the onset of lenticular opacification,
on an experimentally acceptable time basis and with full control of all cataract
associated factors.

6.1 The in v/fro model of the hvperglvcaemic lens.

The work of van Heyningen (1 9 6 2 ) suggested that the depletion of NADPH
available for lens metabolism concomitant with increased aldose reductase activity
may play a role in cataract formation in the diabetic rat. Such a perturbation in
lens metabolism may affect the integrity of lenticular protein. Globular
degeneration of lens fibre cells and opacification can be induced in rat lenses by
incubation in 55.6m M glucose (Ross etaL, 1983). Primary investigations in this
thesis were made on the perturbation of lens metabolism induced by hyperglycaemia
using the in v/fromodel in which the lens is incubated in a solution at 37"C for 24
hrs. Factors which would confound lenticular metabolism such as the depletion of
lenticular nutrients and the accumulation of lactate, other acids and toxins are
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It has been known for some time (Sadler etaL, 1 9 8 3 ) that streptozocin
depletes the NAD content of the insulin producing islet cells. Further it has been
demonstrated (Sadler etaL, 1983) that streptozocin induces an increased activity
of polyadenosine diphosphoribose (poly ADP-rib) in islet cells exposed to
streptozocin both in vitro and in vivo. This enzyme uses NAD as a substrate, is
involved in DNA repair and is activated by single strand breaks of DNA. It has
therefore been suggested that activation of poly ADP-rib synthetase after
streptozocin induced DNA-injury is the major cause of NAD depletion which ultimately
leads to 3 -c e ll death. The primary trigger of this sequence is however, unknown.

Streptozocin.

CH2OH
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eliminated by the use of tissue culture media supplemented with nutrients at
physiological concentrations, adequate buffering capacity and the replacement of the
media after 8 hours. It is proposed that the changes that occur in the early stages
of diabetes play a significant role in the aetiology of cataractogenesis. The in
wfro model provides a useful model of the early stages of the diabetic condition.

6 .2 The in v/Vostreptozocin model of diabetic cataractogenesis.

Streptozocin damages the p-cells of the pancreas thereby preventing the
production of insulin and inducing the diabetic state. The diabetic inducing agent
alloxan is thought to act by the production of free radicals (Assayama et a/.,
19 84 a ) since administration increased tissue and plasma levels of malondialdehyde.
Researchers questioned whether alloxan administration is a model of hyperglycaemia
or hyperperoxidaemia and recent emphasis has therefore been placed on the
streptozocin-diabetic rat model. Streptozocin has been suggested to act by DNA
strand breakage. See additions opposite page.
In this model, perturbations of lens metabolism implicated in cataractogenesis
are seen to occur, but lenticular opacities are not yet evident (Mitton eta!.,
199 3 ; Blakytny and Harding, 1992). The 14 and 21 day streptozocin models of
cataractogenesis are therefore particularly valuable in the study of diabetic
cataractogenesis since it allows the study of the early aetiology and prevention of
cataractogenesis, before the onset of major protein modification, aggregation, and
the loss of lenticular clarity.
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PROPOSED INVESTIGATION.

In the lens relatively minor post-translational modifications cannot be
eliminated by protein removal and therefore accumulate. The first insults on
protein integrity may not cause irreversible damage themselves but may increase the
susceptibility of the proteins to further insults. The aim of this thesis was
therefore to investigate the early aetiology of experimental diabetic
cataractogenesis before the initiation of major protein modification, aggregation
and the loss of lenticular clarity. Perturbations of lens metabolism have been
studied using the in vitro 2A hour incubation of whole lens, while crystallin
modification as a result of diabetes, glycation and/or oxidation has been studied
using the streptozocin diabetic rat model of cataractogenesis. Further, the
inhibition of the cataractogenic process has been attempted by dietary
supplementation with an oxidation and a glycation inhibiting compound. From the
observations made an attempt has been made to account for the inhibitory effects of
these compounds on cataract development.
1. Study of perturbations of lens metabolism induced by hyperglycaemia.
This was carried out by incubation of whole lens in hyperglycaemic media for a
period of 24 hours followed by measurement of a range of metabolites chosen to
reflect the state of glutathione, NADPH and polyol metabolism in the lens.
2. Study of crystallin modification in the early aetiology of cataractogenesis.
This was carried out by the direct measurement of a range of characteristic
indicators of protein oxidative and glycation related modification, in crystallins
isolated from the lenses of diabetic and control animals. These
parameters were also determined following the isolation of the crystallins and
application of an oxidative stress in vitro, to determine the effects of diabetes on
the susceptibility of the crystallins to modification.
3. Effects of possible cataract inhibitory compounds.
Following the establishment of a pattern of modifications occuring in diabetes
the effect of oral administration of various compounds was determined by measurement
of the same parameters again after such treatment.

MATERIALS

Coenzymes (NADPH, disodium salt, High purity ca. 98% ; ATP, disodium salt,
special purity; NADP, tetrasodium salt, high purity, ca. 98% ; NAD, highest purity,
grade

1

, ca.

1 0 0

%), purified enzymes (protease, crude type

1

bovine pancreatic,

8

-

1 OU/mg; sorbitol dehydrogenase, sheep liver, analytical grade, 40U /m g; glutathione
reductase, yeast, analytical grade, 1 20U/m g; hexokinase, yeast, analytical grade,
1 40U /m g; glucose

6

-phosphate dehydrogenase, yeast, grade II, 1 40U /m g; phosphoglucosi

isomerase, yeast, analytical, 360U /m g) and streptozocin were purchased from
Boerhinger Corporation Ltd., Lewes, East Sussex, U.K. Medium 199 with Earle's
modified salts (L-glutamine supplemented, without phenol red), foetal calf serum and
the antibiotics. Penicillin G and Streptomycin, were purchased from Gibco Ltd.,
Paisley, Scotland. The ethyl ester of glutathione (crude, unpurified and possibly
containing both mono- and di-ester), prepared by the method of Anderson etal.
(1 9 8 5 ), was given by Dr J.S. Hothersall (University College London).
Gel chromatography columns, fittings and SephacryP S -3 0 0 SF were obtained from
Pharmacia LKB Biotechnology, Uppsala, Sweden.
Radiochemicals were purchased from Amersham International, Amersham,
Buckinghamshire, U.K. Gentamicin was obtained from Sigma Chemical Co. Ltd., Poole,
Dorset, U.K. Cellulose nitrate membrane filters were obtained from Whatman Ltd.,
Maidstone, Kent. U.K. The scintillation fluid, FiltronX, was purchased from
National Diagnostics Ltd., Manville, New Jersey, U.S.A.
HPLC grade solvents and Trifluoroacetic acid were obtained from May and Baker
Ltd., Dagenham, Essex, U.K. HPLC grade salts were purchased from either BDH
Chemicals Ltd., Poole, Dorset, England or Fisons Pic., FSA laboratory supplies,
Loughborough, Leicestershire, U.K. C 4 HPLC columns and Cie HPLC columns were
obtained from J.T. Baker U.K., Reading, Berkshire, U.K. and Phase Sep, Deeside,
Clwyd, Wales, respectively. S-Hydroxymethylfurfural was purchased from Aldrich
Chem. Co., Gillingham, Dorset, U.K.
Standard bityrosine was prepared by a modification of the method of Gross and
Sizer (1 9 5 9 ).
All other chemicals used were of the highest analytical grade available and
purchased from either Sigma Chemical Co., Poole, Dorset, U.K. or BDH Chemicals Ltd.,
Poole, Dorset, England.
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METHODS.

1. Animals.

Male albino rats of the Wistar strain and occasionally Sprague Dawley strain
were used in all experiments. Rats were maintained on 'Quest nutrition R+M diet'
standard laboratory pellet diet, obtained from Grain harvesters, Wingham, Kent, and
water, both ad libitum.

1.1 Streptozocin diabetes.

Male Wistar rats (1 6 0 -2 0 0 g ) were made diabetic by intravenous injection of
streptozocin (60mg.Kg body weight-^) dissolved in 5mM sodium citrate buffer pH 4 .0
or intraperitoneal injection of streptozocin (9 0 mg.kg body weight"^) dissolved in
0 .0 5 M sodium phosphate buffer pH 4 .0 .
The successful induction of the diabetic state was confirmed by the presence of
glucose in the urine and a blood glucose concentration of 16mM or greater. Urinary
glucose was measured using a Diastix ' Urinalysis reagent strip (Ames, Miles
Laboratories Ltd, Slough, U.K.). Blood glucose was determined in 50pl whole blood
taken directly from the heart immediately after sacrifice. This was diluted in
water (1 :5) and vortexed to prevent clotting. The blood samples were then frozen
and thawed to complete haemolysis and centrifuged in an Eppendorf bench top
centrifuge at 12 ,0 0 0 g for 2 .5 minutes. The supernatant was used to determine
glucose concentration by the glucose oxidase method in an automated 'Clandon
glucose machine'.

1.2 In v/Vo dietary supplementation studies.

1.2.1

Ascorbate (vitamin 0 ) supplementation.

Male, Wistar rats were divided into three groups, Streptozocin-diabetes was
induced in two groups as described previously, the third group constituting the age
matched control group. One group of diabetic animals received from the day of
induction of diabetes a diet supplemented with ascorbate. This was given in
drinking water at a concentration that provided a dose of 200m g.kg body weight-^.
“L Water consumption of the diabetic animals was approximately 120ml.day-^.
This dose (4 0 -6 0 m g .d a y -i), is approximately equal to the maximal synthetic rate of
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this substance in Wistar rats, has been reported to increase the decreased plasma
ascorbic acid concentration seen in diabetic rats to approximately twice that seen
in control animals (Yue ef a /.,1 9 89 ). Ascorbate was freshly prepared each day and
standard laboratory pellet diet allowed ad libitum

1 .2 .2 Acetvlsalicvlic acid (Aspirin) supplementation.

Male Wistar rats were divided into three groups, streptozocin-diabetes was
induced in two groups as described previously. One group of diabetic animals
received from the day of induction of diabetes, acetylsalicylic acid (aspirin) in
drinking water at a concentration that provided a dose of 10Omg.kg body weight-^.
Water consumption of the diabetic animals was approximately 200m l.day^
and for control animals it was approximately 40mls.day-^. This dose (20 mg.day"‘ )
was chosen as it is 50% of a dose which has been reported as causing no marked signs
of toxicity after 2 0 0 days administration. Acetylsalicylic acid was freshly prepared
each day and standard laboratory pellet diet allowed ad libitum.

2. Tissue preparation-lens.

Animals were stunned by a blow to the head and sacrificed by cervical
dislocation. Eyes were enucleated and an incision was made in the posterior pole
from the optic nerve to the ciliary body. Taking care to ensure that no damage
occurred to the epithelial cells and with the minimum of manipulation, the lens was
removed by applying gentle pressure on either side of the eye with a pair of curved
forceps. Any vitreous or aqueous humour attached to the lens was removed, and
lenses were placed in incubation media or rapidly freeze stopped in liquid nitrogen,
frozen lenses were stored at -70® C . The whole process taking approximately 10
seconds.

3. Fractionation of lens crvstallins.

Lens soluble proteins were fractionated using the method of Ocken etal.
(1 9 7 7 ). This method uses the principle of gel chromatography to

resolve the

lens soluble proteins into 7 fractions on the basis of their size (Figure 7).
Fractions I, III, IV and V were reported by Ocken etal. (1 9 7 7 ) to correspond to a,
Ph, Pl and r crystallins. This degree of fractionation was considered acceptable
for further studies.
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Figure 7.
Separation of lens crvstallins by SephacrvI S -3 0 0 HR"' Gel Chromatography.
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Column was a Pharmacia 2.6x80cm column packed at room temperature with Sephacryl S3 0 0 HR’" , equilibrated with 0.04M phosphate buffer containing 3mM mercaptoethanol;
the same buffer was used for elution; flow rate through the column was 60ml.hr-^;
eluent was monitored for absorbance at 280nm.
I. High molecular weight aggregates; II. a crystallin; III. &h crystallin; IV. 3 li
crystallin; V. 3 l2 crystallin (IV and V pooled and termed 3 l crystallin); VI. r
crystallin.
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Whole lens either in the freeze stopped condition or immediately after removal
was weighed and homogenized in 0.5m l ice cold Nz purged 0 .0 4 M phosphate buffer pH
6 .8 containing 3mM mercaptoethanol (using a hand held glass on glass homogenizer).
Insoluble protein was removed by centrifugation at 12 00 0 g in an eppendorf bench top
centrifuge for 2 .5 minutes, the pellet was discarded and the supernatant loaded onto
a S ep h acryr S -3 0 0 SF column.
A Pharmacia" column (2.6x80cm ) was packed at room temperature with Sephacryl"
S -3 0 0 HR (supplied pre swollen) and equilibrated at room temperature in 0 .0 4 M
phosphate buffer, pH 6 .8 containing 3mM mercaptoethanol for 72 hours as described by
Pharmacia LKB Biotechnology (1 9 9 1 ). The same buffer was used for elution. The flow
rate was adjusted to approximately 6 0 ml.h~‘ by the adjustment of the difference in
height between the column reservoir and outlet, the eluent was analyzed for
absorbance at 2 8 0 nm. Fractions were collected by a micro fraction collector in 5
minute aliquots. Atypical run was completed in 6 hours. Fractions containing the
same sample peak were pooled and dialyzed in Visking dialysis tubing (previously
boiled in 0.1 M EDTA to remove sulphur present in the tubing as a result of the
manufacturing process) against 5 0 volumes water Nz purged HPLC grade for 2 .5 hours
at 4®C. The water was changed 4 times during this period. The dialyzed protein was
lyophilized and stored, desiccated, under Nz at 4®C until use.

4. In wfro techniques.

4.1 24 hour hvperglvcaemic whole lens incubation.

Changes in the lens metabolism of a diabetic rat seen during the development of
diabetic cataract in vivo, are also found in lenses incubated in wfro in highglucose situations (Hothersall etal., 1 9 8 8 , Cheng eta!., 1 985). Therefore the in
wfro incubation is a suitable model for the study of diabetic cataractogenesis.
In wfro incubation of whole lens tissue was carried out as described by
Hothersall et aL, 1 9 8 8 . Lenses were weighed and placed in flasks containing 4mls
Medium 199 with Earle's modified salts (L-glutamine supplemented, without phenol
red), 10% foetal calf serum and antibiotics (penicillin G, 3 6 0 units and
streptomycin sulfate, 360m cg). All manipulations were carried out under aseptic
conditions and the medium with 'normal' (5.5m M ) glucose or 'high' (35mM) glucose was
pre-gassed with Oz/COz (9 5 % /5 % ) for 3 0 minutes in sealed flasks prior to use. After
addition of the lens to the medium gassing with Oz/COz (9 5 % /5 % ) was continued for a
further ten minutes, whereupon all needles were removed and lenses were incubated at

Additional methodology note.

It is not clear if the technique described in 4 .2 and 4 .3 is measuring only
irreversibly bound glucose (fructosamine and non-fragmented AGEPs). Radioactive
label may be being lost due to the fragmentation of fructosamine. TCA precipitation
of proteins may also change the amount of bound carbohydrate. However, since it was
the intention to investigate comparitive changes this method was considered
acceptable for this study. When evidence of bacterial contamination was found the
results were discarded.
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37®C, without shaking, for 24 hours with media replacement after 8 hours. Hydrogen
peroxide (0 .1 -1 .OmM) and the ethyl ester of glutathione (1 OmM) were added to the
media immediately prior to the addition of the lens and maintained throughout the
incubation. Lenses were removed after 24 hours, rinsed in saline and either used
immediately or freeze stopped in liquid nitrogen and stored at -7 0 " C until required
for metabolite measurements.

4 .2 Incorporation of radioactivelv labelled carbohydrates into lens crvstallins in
vitrobw non-enzvmic glycation.

The formation of adducts from the reactions of lens proteins with glucose and
glucose 6-phosphate in v/frowas first reported by Stevens etal. (1 9 7 8 ). Stevens
etal. (1 9 7 8 ) have also shown that the same adducts form in wVoand in increasing
amounts with age, diabetes and cataract in rat. Therefore the in v/fro incubation
is a suitable model for the study of diabetic cataractogenesis.
Incubation of crystallins was carried out as described by Stevens et ai.
(1 9 7 8 ). Lyophilized a , Pl or r crystallins (2-6m g.m l-^) were resuspended in Nz
purged, sterile, 0 .0 6 M potassium phosphate buffer pH 7 .3 containing Gentamicin
(0.2mg.ml-^) with or without the following additions D-[U-^^C] glucose (6mM or 35mM,
specific activity 1iiC i.m l-i),

d - [ U - i <C]

fructose (0.3m M or 16mM, specific activity

0.4uC i.m l“M, D-[U-^^C] Sorbitol (0.3m M or 20mM, specific activity 0.8mCi.ml~‘ ).
All manipulations were carried out under aseptic conditions and crystallins were
incubated in sterile tubes, sealed under nitrogen, for 0 - 1 4 days at 37®G, without
shaking. The incorporation of carbohydrate into protein (glycation) was determined
by periodic measurement of the incorporation of the radioactive label into an
aliquot of acid precipitable protein. At 0, 7 and 14 days, aliquots of crystallin
solution (50yl) were removed under aseptic conditions, to eppendorf tubes, 1 ml ice
cold 20% TCA was added and the tube cooled in an ice bath for 1 hour to allow
protein precipitation. The precipitated protein was collected on a Whatman
cellulose nitrate membrane filter (0.2vim) by filtration under vacuum. The eppendorf
tube was rinsed three times with 1 ml 20% TCA and this was also placed on the filter.
The filter was then washed with 1 5ml ice cold 20% TCA, then placed in glass
scintillation vials and dissolved by the addition of 10ml Filtron X, scintillation
fluid.
The radioactivity was assayed in a Beckman L S 5000C E liquid scintillation
counter. A further aliquot of crystallin solution was taken for the determination
of protein content by the method described of Lowry ef a/. (1951 ). Radioactive
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incorporation determined at day 0 was taken as the background or blank. Results are
expressed as nmol (carbohydrate incorporation), mg protein-^.

4 .3 In vitro crystallin glycation.

The above method revealed significant glycation of lens crystallins by 7 days
of in wfro incubation which did not increase significantly in many cases by 14
days. Further SEMs were greater at 14 days suggesting the influence of bacterial
contamination. Therefore the 7 day in wfro incubation was used for the production
of glycated crystallins for further studies. Lyophilized a , P l or r crystallins ( 2 6mg.ml-i) were resuspended in Nz purged sterile 0 .0 5 M potassium phosphate buffer
p H 7.3 containing gentamicin (0.2mg.mh^) and incubated in sterile tubes, sealed
under nitrogen, for 7 days without shaking. To remove non-incorporated carbohydrate
the crystallin solutions were then dialyzed in Visking dialysis tubing (previously
boiled in 0 .1 M EDTA to remove sulphur (present in the tubing as a result of the
manufacturing process) against 1 50 volumes Nz purged 0.1 M phosphate buffer pH7.3 for
2 hours at 4®C. The buffer was changed 4 times during this period.

4 .4 Application of in vitro oxidative stress.

A model metal-catalysed oxidation system composed of ascorbate, oxygen,
hydrogen peroxide and copper which is capable of inducing relatively subtle
modifications in the lens proteins was used (Levine, 19 8 3 a , Stadtman, 1990)
This system produces e

hydroxy radical via the Fenton reaction as

shown below:
Ascorbate + cu2+ - - > ascorbyl + Cu+, Cu+ + HzOz — > Cu^* + OH- + O H - (Fenton reaction)
The hydroxyl radical is highly oxidising and reacts with most, if not all, biological
molecules at diffusion-limited rates. Since it reacts with sugars and proteins
indiscrimately, it is not sufficiently long-lived to seek out sites in cell systems which are
critical to preserve viability.

however, if the Cu^+ is bound to a metal binding site

on a protein, or the reaction takes place in close proximity to a protein the
reaction with HzOz generates an active oxygen species which can attack the side
chain of an amino acid at, or near to, the metal binding, or reaction site.
Lyophilized protein was resuspended in 0.1 M phosphate buffer pH 7 .3 (2 -6 m g
soluble protein.ml“‘ ) and divided into 0.5m l fractions. Oxidative stress using the
above model was applied by the addition of freshly prepared ascorbic acid (final
concentration 5mM), CuS04 (final concentration 10OpM) and HzOz (final concentration
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0 .0 5 to 0.5m M ). The degree of oxidative stress was varied by variation of the H2 O 2
concentration this being essential to the rate of flux through the Fenton reaction.
The samples were incubated in air at 3 7 *C for 30 minutes, whereupon they were placed
on ice and immediately analysed for biological damage, as described below. The
addition of catalase to stop the fenton reaction at 30 minutes by removing the H 2 O 2
complicated the measurement of biological damage in lens crystallins by
necessitating the processing of a blank, consisting of an incubation containing
catalase only. Significantly the results obtained from placing the incubations on
ice and immediately assaying for biological damage did not differ significantly from
those obtained using catalase to stop the reaction, in fact the addition of catalase
produced results with a much greater SEM and are thus not reported here.

4 .5 Chemiluminometric assav of oxidative radical reactions.

Evaluation of the oxidative stress applied by the ascorbate, Cu^+, H2 O 2 and O 2
system was carried out by the use of ultra weak chemiluminescence monitoring
equipment as described by Boveris etal. (1 9 8 1 ). Chemiluminescence is associated
with oxidation reactions involving molecular oxygen, indicating the generation of
short-lived free radicals or excited states derived from the free radical process.
The luminescence originates from the relaxation of excited species (singlet oxygen
and carboxyl species) from the free radical termination reactions involving
oxidative free radicals and their decay to the ground state. In particular, the
production of chemiluminescence has been shown (Miller and Fridovich, 1 9 8 6 , Hodgson
and Fridovich, 1 97 3 ) to involve excited carbonyl species derived from both O 2 - and
OH". The use of chemiluminescence and the described apparatus allows the assessment
of oxidative stress, from a definitive start point and for a certain time, by
detection of the free radical process itself.
The detection of chemiluminescence from oxidation reactions requires highly
sensitive single photon detection equipment. Figure 8 shows a scheme of the single
photon counting apparatus used to monitor chemiluminescence. To monitor the
reaction, 0.1 M phosphate buffer pH 7.3 containing ascorbate (final concentration
5mM) was placed in the 35mM quartz giass sample dish, H 2 O 2 (final concentration 0 .0 5
to 0.5m M ) and or CUSO 4 (final concentration 10OuM) was injected simultaneously using
Hamilton syringes through the ports at the top of the apparatus. Light produced by
the free radical reactions was collected by the gallium arsenate photomultiplier
tube (Hamamtsu photonics F.F.). The efficient collection and focusing of light
produced onto the photomultiplier tube was facilitated by the provision within the

49

Figure 8.
Ultra-Weak Chemiluminescence monitoring equipment.

Rotating carousel

Injection ports

Light tight septum

ThermostatBd Hght tight head

Mirror
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Sample dish
Cofxlensing lens
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Thermoelectric cooling unit
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High voltage power supply

Low voltage power supply

High voltage - In
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1
Personal computer
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The sample dish is loaded into the single photon apparatus through the access port
and rotated into position above the photomultiplier tube; additions are made to the
sample dish via the injection ports. Chemiluminescence produced is collected by the
photomultiplier tube and photon emission quantitated and integrated by the amplifier
discriminator, frequency counter and personal computer.
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apparatus of a mirror and tenses above and below the sample dish respectively.
These contribute to the achievement of 4 n optics within the housing (4n optics is
the term given to a 360® system in which light emitted from a source is detected
regardless of the direction of its radiation). The photomultiplier is connected via
a amplifier-discriminator (Thorn EMI), adjusted for single photon counting, to a
frequency counter (Oxtron digital systems), this in turn was connected to a personal
computer which was able to, record, integrate and plot the emission of light using a
specifically written software package. Photon emission was recorded and results are
expressed as total photon emission during time (t) ± SEM.
By virtue of its sensitivity the apparatus is particularly sensitive to
background stray light and electrical 'noise'. To this end measurements using this
apparatus are performed in an air conditioned dark room, the apparatus itself
sitting within a further darkened compartment. All equipment received power from a
dedicated, isolated, current filtered circuit. Inherent within the multiplier tube
is a so called 'electrical dark current' which increases the photon count, this is
reduced to a minimum ( 6 - 8 counts per second) by thermoelectrically cooling the
photomultiplier tube to -20® C using a Thorn EMI Gencom Inc. Fact 60 MK III
thermoelectric cooler.

5.

Determination of biological damage to lens crvstallins.

Lyophilized crystallins were resuspended in 0.1 M potassium phosphate buffer
pH7 .3 and used immediately for determination of the in v/Vo status or after
incubation in wfrowith the metal-catalysed oxidation system.

5.1 Development of opalescence.

Solutions of crystallins subjected to oxidative insult were monitored for
development of opalescence. 0.1 ml of protein solution was diluted with a further
1 ml 0.1 M phosphate buffer pH 7 .3 and the absorbance at 550nm measured using a Pye
Unicam S P -8 2 0 0 spectrophotometer. A steady baseline was determined using phosphate
buffer only. Results are expressed as absorbance units.mg soluble protein-^.
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6 .2 Determination of tryptophan oxidation.

The fluorescence characteristics of aqueous solutions of tryptophan, and the
fluorescence of this aromatic amino acid when combined in the polypeptide chains of
globular proteins, has been described by Teale and Weber (1 9 5 7 ) and Teale (1 9 6 0 )
respectively. Tryptophan when oxidized experiences a loss of fluorescence, it is
thus possible to monitor tryptophan oxidation and therefore protein oxidation by
monitoring the loss of its characteristic, fluorescence spectrum (Davies, 1987).
Tryptophan oxidation was monitored in either total lens soluble protein or
crystallin solution by diluting 35pl of sample with 2mls H2 O and determining the
specific fluorescence at exitation and emission wavelength 2 8 0 and 346nm
respectively (in comparison with non-oxidized aqueous solutions of free tryptophan)
using a Perkin Elmer LS5 fluorescence spectrophotometer. Results are expressed as
nmol tryptophan.mg-isoluble protein.

5 .3 Determination of bitvrosine formation.

Bityrosine (3,3'-bityrosine) is a fluorescent compound and can be assayed by
its characteristic, specific, non-tryptophan fluorescence spectrum (McNamard and
Augusteyn, 1980; Davies, 1987).
Bityrosine formation in crystallin solutions was determined by diluting 35ul of
sample protein with 2ml H 2 O and determining the specific fluorescence with exitation
and emission maxima at 3 2 5 and 41 5nm respectively (in comparison with standard
bityrosine synthesized as described below), using a Perkin-Elmer LS5 fluorescence
spectrophotometer. Results are expressed as nmol (bityrosine).mg soluble protein-^.

5.3.1 Synthesis of Bitvrosine standard.

Bityrosine (3 ,3 ’-dityrosine) was prepared using a modification of the method of
Gross and Sizer (1 9 5 9 ).
0.1 g of tyrosine hydrochloride was dissolved in 91 ml H2 O, to this was added 5ml
0 .1 % H 2 O 2 and 4ml H 2 O containing 0.31 g Horse-Radish peroxidase (EC 1 .1 1 .1 .7 ,
R Z= 3.2, activity = 1 0 0 units). The pH was adjusted to 9 .2 with 6N NaOH and the
solution incubated for 8 hours at 37®C. The solution was then filtered through
Whatman No 1 filter paper, then evaporated under a stream of N2 until the volume was
reduced to approximately 10mis. To this 1g G -6 0 charcoal was added, the solution
was refiltered and again evaporated under a stream of N 2 until approximately 1 ml
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remained. This was then loaded onto a Sephadex G 10 column ( 1x30cm) previously
equilibrated with 0 .0 4 M phosphate buffer pH 6 .8 and eluted isocratically using the
same, eluent was monitored for absorbance at 280nm and peaks collected. A solution
of tyrosine hydrochloride which had not been subjected to oxidation when loaded onto
the Sephadex G 10 column produced a characteristic peak eluting after 150 minutes.
The same quantity of tyrosine hydrochloride when oxidized and subjected to
chromatography produced a much smaller peak eluting at 150 minutes and an additional
large peak eluting at 75 minutes. Sephadex G - 1 0 is a size exclusion chromatography
gel, separation of molecules is thus achieved on the basis of size with the larger
molecules eluted first, it can thus be expected that the new earlier peak in the
sample subjected to oxidation contains the larger bityrosine molecules. To confirm
the presence of bityrosine the peaks were subjected to fluorimetric analysis, the
peaks were subjected to excitation at 325nm and scanned for emission between 3 0 0 and
500nm . The peak eluted at 75 minutes exhibited a typical fluorescence spectrum of
bityrosine with a peak at 4 1 6nm, which is not apparent in the peak eluted at 1 50
minutes, a fluorescence peak at 4 1 6nm conforms with the characteristic fluorescence
peak of bityrosine reported by Davies, (1 9 8 7 ). On the basis of size and
fluorescence, the peak eluted at 75 minutes was thus taken as bityrosine. Each
bityrosine molecule has two free amino groups (Gross and Sizer, 1959) and, thus
bityrosine standard was quantitated by the assay of free amino groups as described
below.

5 .4 Determination of sulphvdrvi group status.

The rapid, simple, analytical procedure to determine the SH group concentration
of a protein described by Simplicio ef a/., (1991 ) was used. This method is based
on the sulphydryl-disulphide exchange reaction with 5 - 5 ' dithiobis (2-nitrobenzoic
acid) (DTNB) and allows both the reactivity and concentration SH groups to be
determined, in this thesis only the latter is reported. Aliquots of crystallins
solution (0.1 ml) containing 0 .2 -0 .6 m g soluble protein from either whole lens or
crystallin incubations was added to 1 .0ml, 0 .1 M potassium phosphate buffer pH 7 .4 in
a cuvette. A constant value for absorbance at 4 1 2nm of this solution was
determined, then 0.1 ml of 10mM of DTNB Ellman's reagent in the same buffer was
rapidly added and quickly mixed with a plastic rod. The change in absorbance at
41 2nm was recorded In comparison with standard GSH. Results are expressed as
nmol(GSH).mg soluble protein"^
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5.5 Determination of free amino groups on lens crystallins.

Bohlen etal. (1 9 7 3 ) reported the use of fiuorescamine (4-phenyis-piro [furan2(3H), 1 '-p h th a la n ]-3 ,3 '-d ro n e ), which reacts with the primary amino groups of
substances to yield highly fluorescent products, in the assay of proteins. Its use
in the quantitation of free amino groups on proteins was suggested by Davies and
Delsignore (1 9 8 7 ). The following method was found to be very reproducible.
Protein solution (1 Ovil) containing 0 .0 2 -0 .0 6 m g soluble protein was added to a
test tube containing 1 .49ml 0 .0 5 M sodium phosphate buffer pH 8 .0 . While the test
tube was being vortexed, 0.5ml fiuorescamine in acetone (0.4m g.m l“^) was rapidly
added by pipette. This rapid mixing is essential for reproducible results as the
reagent is hydrolyzed rapidly (Bohlens e /a /., 197 3 ). The contents of the test tube
were then quickly transfered to a quartz cuvette and fluorescence assayed at
excitation and emission wavelengths 390nm and 475nm respectively using a PerkinElmer LS5 Luminescence spectrometer. A reagent blank was regularly run to
compensate for the reaction of fiuorescamine with trace amines in reagents and
solvents. The fluorescence obtained with lens crystallin increases slowly with time
after transfer of the test tube contents to the cuvette, this fluorescence reached a
plateau at around two minutes at which point the fluorescence level was integrated
and recorded. Results are expressed as absolute fluorescence intensities.mg soluble
protein-1.

5 .6 Determination of the susceptibility of lens proteins to proteolytic enzyme
hydrolysis.

The susceptibility of lens crystallins to proteolysis was determined by the
method described by Riyett and Leyine (1 9 9 0 ). The method is based on the incubation
of protein samples with protease and determination of degradation by fluorescence
assay of acid soluble products. This assay has been reported as giving results
which agreed with the, alternative, competition assay. Protease will degrade only
proteins that have been 'marked' by covalent modification, by oxidation for example,
not the native form. Other proteolytic enzymes such as trypsin (EC 3 .4 .2 1 .4 ) will
degrade proteins whether native or modified.
To 50ul protein solution containing 10 0 -3 0 0 u g protein, 30ug Protease (Type 1
Bovine pancreatic) in 150pl of 50mM HEPES, 1 mM MgCb, 10OmM KOI buffer, pH 7 .5 was
added and incubated for 3 0 minutes at 37*^0. Following incubation 1 ml ice cold 20%
TO A was added and the sample left on ice for 10 minutes to allow precipitation of
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the protein. The samples were then centrifuged In an Eppendorf bench top centrifuge
at 1 2 ,0 0 0 g for 2 .5 minutes. Degradation was then determined by fiuorescamine assay
of acid soluble products as described under assay of free amino groups as described
above. As proteolytic enzymes can digest themselves It was necessary to prepare
blank Incubations consisting of the above but omitting the Inclusion of lens
crystallin. Further, It Is highly likely that the in v/fro oxidative stress will
Induce protein degradation and the release of free amino groups, therefore It was
necessary to prepare a further blank consisting of crystallin but omitting the
addition of proteolytic enzyme. The quantity of acid soluble products released from
these assays were deducted from the assays of lens crystallin.
Degradation as determined by the free amino group assay Is expressed as pg
glycine equivalents released.hour-^.mg soluble protein-^ In original Incubation.
These units can be corrected to nmole peptide bond hydrolysed.hour-^.mg soluble
protein-^ by assuming one glycine equivalent represented one peptide bond
hydrolysed. Thus, 1pg glycine equivalent represented hydrolysis of 13.3nmols.
Acid precipitation and guanidine treatment do not produce 2 ,4 DNPH reactive material
5 .7 Determination of carbonyl group content of lens crvstallins.

Carbonyl groups are Introduced Into the side chains of proteins by metal
catalysed oxidation, this fact provides for a convenient assay of protein oxidative
modification (Levine, 19 8 3 a ). The carbonyl content of total lens protein or
Individual crystallins was determined by the method described by Levine etal.
(1 983b). The method Is based on the reaction of the protein carbonyl groups with
the carbonyl specific reagent 2 ,4 , DInltrophenylhydrazlne. This method requires
more sample (approx >0.5mg) than other well known methods such as the borohydrlde
method since the hydrazone Is quantitated spectrophotometrlcally, however since both
methods produce comparable results (Lenz etal., 198 9 ) and sufficient sample was
available, the non-radlochemlcal method was the method of choice.
To the protein solution 0.8m l 10% TCA was added and the samples left on Ice for
1 hour to precipitate proteins, following centrifugation In a bench top centrifuge
(1 2 ,0 0 0g ), the supernatant was discarded and the pellet resuspended In 0.5m l of 10mM
2 ,4 DNPH In 2M NCI and allowed to stand at room temperature for 1 h, with vortexing
every 1 0 - 1 5mln. 0.5ml of Ice cold 20% TCA was then added and the sample left on Ice
for 15 minutes to allow precipitation of protein. The tubes were centrifuged In a
bench top centrifuge (1 2 ,0 0 0 g for 2.5mlns), the supernatant discarded, and the
pellet washed 3 times with 1 ml ethanol:ethyl acetate (5 0 :5 0 ) to remove free reagent,
allowing the sample to stand 10min before centrifugation and discarding the

-
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supernatant each time. The protein was then redissolved in 1.0ml or 0.6m l 6N
guanidine solution at 37**C (proteins usually redissolved in 1 5 minutes) and the
solution analysed for carbonyl content. Carbonyl content was calculated from the
maximum absorbance (362nm ) as obtained in a Pye Unicam ultraspec, using a molar
extinction coefficient of 2 2 0 0 0 M~^Cm"^. A blank was prepared as above but with the
substitution of 2M HOI instead of 2 ,4 DNPH in HOI. Soluble protein loss was
confirmed to be negligible by the ultraviolet absorption method described by Layne
(1 9 5 7 ) using the calculation:
Protein concentration (mg.mh^) = 1 .5 5 x Abzso- 0 .7 6 x Abzeo
protein concentration was later confirmed by the method of Lowry etaL (1 9 5 1 ) and
results expressed as nmol.mg soluble protein-^.

6. HPLC apparatus.

The work in this thesis involving HPLC was all performed using either a Gilson
HPLC system, consisting of two 3 0 2 pumps, 8 0 2 C Manometric module, 811 dynamic mixer,
116 uv detector and a 2 0 3 micro fraction collector. This system was controlled by
the Gilson 7 1 4 system controller software package via an IBM PS2 PC, or a Beckman
System Gold HPLC system consisting of a 126 programmable solvent module, 166 uv
detector module and a 5 0 7 autosampler. This system was controlled by the Beckman
System Gold personal chromatograph software package via an IBM PS2 PC. All solvents
were degassed with helium and filtered through Whatman 0.2pm filters under vacuum
prior to use.

7. Determination of Glycation.

7.1 Quantitation of early stage glycation products.

Assays for early glycation products primarily detect amadori products since
these are the first stable products of glycation. Some assays detect the earlier
product of glycation, theSchiff base as well as the Amadori giving rise to
inconsistent results due to the dissociation of labile Schiff bases from proteins
during isolation and storage. Therefore in this thesis, methods were chosen that
were specific for only the Amadori product, thus it was not necessary to remove the
schiff bases before assay. Many assays exploit the resemblance of Amadori products
to fructose, the most specific assays being those that determine acid-sugar adducts
isolated from protein hydrolysates.
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The method used was that described by van Boekel and Hoenders (1 9 9 1 ). This
assay is based on the measurement of 5-hydroxymethyl furfural (HMF) release after
mild hydrolysis with oxalic acid. To the protein solution (0.1 -0 .5 m l) containing
0 .2 -1 Omg soluble protein, 0 . 0 5 - 0 . 25ml 1M oxalic acid was added and the samples were
incubated at 95®C for 4 .5 hours. At the end of this period 0 .0 5 - 0 . 25ml ice cold 40%
TCA was added and the samples left on ice for 1 h to allow the precipitation of the
protein. Following centrifugation in an £ppendorf bench top centrifuge at 12 ,0 0 0 g
for 2 .5 minutes, 5 0 -1 OOpI supernatants were analyzed by HPLC for HMF content.
HPLC was carried out using a 4.6x250m m Spherisorb octadecylsidine (CDS) Cie
column connected to the Gilson HPLC system described previously. The column was
pre-equilibrated with 5mM H3PO4 and the same buffer was used for elution in an
isocratic manner at a flow rate of 1 .5ml.min-^, a typical run was complete in 30
minutes. Eluted sample was monitored for absorbance at 280nm . For quantification
of the HMF release, standard samples of HMF in 20% TCA were injected.
HMF is acid-labile and although over 80% of protein bound glucose can be
released as HMF under optimum conditions (Ney et a!., 1981 ) in practice yields are
less than 10% and often 1 / 10 *“ that of furosine, however this method, although not
absolute, was suitable for the comparative determinations required in the in vitro
stress of pure crystallin experiments. A further disadvantage of this method is
that any sugar with 6 or more carbons will give HMF (ie. enzymatically bound) as do
glycoproteins, this is not a problem in the in v/fro incubations of purified
crystallins but would be a problem in the determination of early glycation products
in whole lens.

7 .2 Quantitation of advanced glycation endproducts (AGEPs).

Advanced glycation endproducts (AGEPs) are formed by the condensation (or
dehydration), rearrangement and polymerization of the Amadori products or Early
glycation products to form fluorescent pigments such as imidazolones from a , 3 dicarbonyl
arginine modification. These have aromatic rings and so can be assayed by
its characteristic, specific, non-tryptophan fluorescence spectrum with excitation
and emission maxima at 3 7 0 and 440nm respectively (Pongor etal., 1 98 4 ; Furth, 1988;
Swamy etal., 1 992). These spectral differences can be used to indirectly estimate
differences in AGEP content of proteins, although for specific, sensitive and
absolute qualification of AGEPs, Radioimmunoassay or HPLC methods should be used
(Furth, 1 98 8 ; Radoff etal., 1991).
AGEP formation in either total lens soluble protein or crystallin solutions was

quantitated by diluting 35pl of sample with 2mls H 2 O and determining the specific
fluorescence at exitation and emission wavelengths 3 7 0 and 440nm respectively using
a Perkin-Elmer LS5 fluorescence spectrometer. Results are expressed as fluorescence
Units.mg-^ soluble protein.

8. Evaluation of the lens crystallin subunit profile.

The examination of crystallin distribution and subunit composition was carried
out using HPLC. This method by Perry and Abraham (1 9 8 6 ) utilizes a reverse-phase,
large pore C 4 column in a single-step, rapid and quantitative method for the
separation of lens crystallin subunits.
Whole lens tissue either fresh or in the freeze stopped state was homogenized
in 0.6m l either phosphate buffer saline, pH 7.3, 50mM sodium phosphate buffer pH 6.8,
1 50mM sodium chloride, or water using a hand held glass homogenizer, the homogenate
was then placed in an eppendorf tube and centrifuged in a bench top centrifuge
(1 2 ,0 0 0 g ) for 2 .5 mins and the supernatant containing the water soluble crystallin
was used for the assay.
HPLC analysis of the crystallin subunits was performed using a Bakerbond wide
pore, butyl C< column, connected to the Gilson HPLC system described previously.
80vil of sample was loaded onto the column pre-equilibrated with solvent A (1 % TEA)
and solvent B (1 0 0 % acetronitrile) 7 0 :3 0 and eluted using an increasing
concentration of solvent B as shown in Figure 9, total flow rate through the column
was 1.5ml/min and a typical run including re-equilibration was completed in 53mins.
The eluted sample was analysed for absorbance at 280nm and the results subject
to integration.

9. Assay of the lens protein editing system.

9.1 Sample preparation.

Whole lens was homogenized in 0.5m l ice cold 0 .8 5 % NaCI and the homogenate
centrifuged using a Beckman, Spinco, Ultrafuge at 10 5 0 0 0 g for 30min. The
supernatant was then used for enzyme assay.

Figure 9.
Separation of lens crystallin subunits by reverse phase High Performance Liquid Chromatography.
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Column was a 4.6x250m m Bakerbond wide pore, butyl 04 column with 6uM packing, equilibrated with solvent A (1% TFA)
and solvent B (1 0 0 % acetronitrile) 7 0 :3 0 and eluted using an increasing concentration of B as shown above; flow
rate through the column was 1 .5ml.mln~*; eluent was monitored for absorbance at 280nm .
^3B 2(p B p ), ®3B2, 7 3 B1 , ® rs (3 B s), ®aB, i°a A ,
r , other peaks either undefined or degradation products.
( ) indicate former commonly used designation.
U)
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9 .2 Exopeptidase assay.

Exopeptidase was measured by the method of Blondin et a!. (1 9 8 6 ). The assay
system containing 1.0ml, 2.5mM leucyl-p-nitroanilide in 0 .0 5 M phosphate buffer pH
7 .0 , 0.05m l supernatant from above and 0.2m l H 2 O, was incubated at 37®C in a PYE
Unicam spectrophotometer and the change with respect to time in absorbance at 405nm
was monitored. Using the molar extinction coefficient given for p-nitroaniline of
S40 S 9900M"^cm "^ results were calculated and expressed as nmol.mg-^ tissue.

9 .3 Endopeptidase assay.

Endopeptidase was measured by the method of Blondin etal. (1 9 8 6 ). The assay
system contained 0.05m l 5.0mM Carbobenzoxyglycylglycylleucyl-p-nitroanilide in DMSO,
0.1 ml supernatant from above, 0.1 ml H2 O and 1 .0ml 10mM HEPES pH 7.5 containing 5mM
MgCl2 . This was incubated at 37®C in a Pye Unicam spectrophotometer and the change
with respect to time in absorbance at 405nm was monitored. Using a molar extinction
coefficient for p-nitroaniline of E405 9900M ~icm “^ results were calculated and
expressed as nmol.mg-^ tissue.

10. Metabolite measurements

10.1 Preparation of extracts.

10.1.1 Alkaline extraction for NADPH. sorbitol and glutathione measurement.

The freeze stopped lens (from diabetic rats and hyperglycaemic incubations) was
weighed and homogenised in 0 .5 ml boiling 0.1 25 M sodium hydroxide using a hand held
glass homogeniser. The extract was then heated at 9 5 °C for 1 minute in an eppendorf
tube, 100 yl of 0 .5 M glycylglycine buffer pH 7 .6 was added and the pH of the
homogenate adjusted to 7.5 using 1 N HCI. The extracts were then centrifuged in an
eppendorf bench top centrifuge at 12 ,0 0 0 g for 2 minutes and the supernatant used
for NADPH, sorbitol and glutathione assay.
Slater and Sawyer (1 9 6 2 ) and Greenbaum et ai. (1 9 6 5 ) have previously demonstrated
the stability of NADPH extraction by this method and acceptable recoveries.

Additional methodology note.

Sorbitol dehydrogenase is remarkably non-specific and there are several
substrates for this enzyme including hydroxyacetone and methylglyoxal. This assay
therefore determines the level of polyol dehydrogenase substrates.
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1 0 .1 .2 Acid extraction for ATP, sorbitol and glutathione measurement.

The freeze stopped lens (from diabetic rats and hyperglycaemic incubations) was
weighed and homogenised in 0.5m l ice cold 1 .OM perchloric acid using a hand held
glass homogeniser. The extract was then centrifuged in an eppendorf bench top
centrifuge for 2 minutes and the supernatant used for ATP, sorbitol and glutathione
assay.

1 0 .2 Spectrophotometric metabolite assays.

a. Sorbitol assay.

Sorbitol was measured according to the method described by Bergmeyer (1 9 6 2 )
using sorbitol dehydrogenase (SDH, EC 1 .1 .1 .4 ).
D-Sorbitol + NAD+

> D-Fructose + NADH+H+ (SDH)

The sorbitol assay involved measuring the extent of reduction of NAD* to NADH
by measuring the change in absorbance at 340nm in a LKB Ultrospec spectrophotometer.
Results are expressed as pmol.g-^ of tissue.

b. Glutathione (GSSG) assay.

Glutathione was measured according to the DTNB [5,5'-dithio-bis(2-nitrobenzoic
acid)]/glutathione reductase recycling method described by Akerboom and Sies
(1 9 8 1 ). The rate of recycling is limited by the glutathione reductase (GR, EC
1 .6 .4 .2 ) which in turn is limited by the availability of the substrate GSSG (GSH and
GSSG as the former is rapidly oxidized to GSSG).
2GSH ---------------

»2TN B

GSSG r ; ------------------------ DTNB

2GSH

NADPH concentration

4

DTNB concentration

.5m g/m l

1

mg/ml

in KPO 4 buffer 0 .1 M, Ph7.0

The glutathione assay involved measuring the rate of reduction of DTNB* to
DTNBH by measuring the change with respect to time in absorbance at 4 1 2 nm in a LKB
Ultrospec spectrophotometer. Results are expressed as pmol.g-^ of tissue.
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c. Glucose assay.

Glucose was measured according to the method described by Bergmeyer (1 9 6 2 )
using glucose 6-phosphate dehydrogenase (G 6 -P D H , EC 1 .1 .1 .4 ) and hexokinase (HK,
EG. 2 .7 .1 .1 ).
Glucose + A T P

> G lucose-6 phosphate + ADP (HK)

G lucose-6 phosphate + N A D P*

> 6-phosphogluconate + NADPH + H* (G 6-P D H )

The assay involved measuring the extent of reduction of NADP* to NADPH by
measuring the change with respect to time in absorbance at 340nm in an LKB Ultrospec
spectrophotometer. Results are expressed as umol.g-^ of tissue.

d. Fructose assay.

Fructose was measured according to the method described by Bergmeyer (1 9 6 2 )
using hexokinase (HK, EC 2 .7 .1 .1 ), phosphoglucose isomerase (PI) and glucose 6 phosphate dehydrogenase (G 6 -P D H , EC 1 .1 .1 .4 )
Fructose

> Fructose 6-phosphate (HK)

Fructose 6-p h o s p h a te

> Glucose 6-phosphate (PI)

Glucose 6-phosphate + NADP+

> 6-phosphogluconate + NADPH + H+ (G 6-P D H )

The assay involved measuring the extent of reduction of NADP+ to NADPH by
measuring the change with respect to time in absorbance at 340nm in an LKB Ultrospec
spectrophotometer. Results are expressed as timol.g~‘ of tissue.

1 0 .3

Luminometric metabolite assays.

a. Reduced Nicotinamide Adenine Dinucleotide Phosphate (NADPH) assay.

NADPH was measured using a LKB Wallac 1 2 4 3 -1 0 4 NADPH monitoring kit, the assay
is based on the quantitative measurement of a stable level of light produced as a
result of two coupled enzyme reactions.
NADPH + FMN + H * ------ > NADP* + FMNH 2 (NADPH:FMN Oxidoreductase)
FMNH 2 + RCHO + O 2 ------ > FMN + RCOOH + H 2 O + Light (Luciferase-bacteria)
The light produced is proportional to the NADPH concentration and is measured in
a LKB 1 25 0 luminometer. A standard with a known amount of NADPH is used to
calibrate the assay system. Results are expressed as nmol.g-^ of tissue.
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b. Adenosine Triphosphate (ATP) assay.

ATP was measured using an LKB wallac 1 2 4 3 -1 0 2 ATP monitoring kit. Extract was
diluted 1 :2 0 0 to bring the concentration of ATP to within the range of the kit. The
assay is based on the quantitative measurement of a stable level of light produced
by an enzyme reaction catalysed by firefly luciferase.
ATP + Luciferin + O 2

> Oxyluciferin + AMP + PPi + CO 2 + Light (Luciferase)

The firefly luciferase and luciferin in the ATP monitoring reagent are so
formulated as to provide a time independent light output over the stated
concentration range (10"^^ to 1Q-®). The ATP standard containing a known amount of
ATP is used to calibrate the system. Results are expressed as ymol.g-^ of tissue.

11. Protein determination.

Protein determinations were performed by the method of Lowry ef a/. (1 9 5 1 )
using bovine serum albumin as a standard.

1 2. Statistical methods.

Results are expressed as mean value ± standard error of mean (SEM).
Statistical analysis was performed using Student's t test and considered significant
if Fisher's P value is less than 0 .0 5 .
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RESULTS.

1. In vitro studies of cataractogenesis.

1.1 The effect of oxidative stress and/or glutathione ester on metabolite levels in
24 hour in wYrowhole lens incubations at normal and high glucose levels.

The effects of the addition of oxidative stress, in the form of hydrogen
peroxide at 0 .1 , 0 .2 5 , 0 .5 or 1.0 mM, and/or glutathione ester at 10mM on the
metabolite levels of whole lenses incubated for 24 hours in the presence of 'high'
(35mM) or 'normal' (5mM) glucose are shown in Tables 4 - 6 .

a. Glutathione.

Total lenticular glutathione content at the end of the 24 hour incubation is
shown in Table 4. Comparison with the 'no additions' incubation shows that there is
a small, but significant, fall in the total glutathione level of the lens after
incubation in 35mM glucose for 24 hours. The addition of glutathione ester to the
incubation media does not alter the glutathione level of the 5mM glucose incubation,
while in lenses incubated in 35mM glucose, the addition of glutathione ester
significantly increases the glutathione level to above that evident in the 'no
additions' incubation. The addition to incubations containing 5mM glucose of 1 .OmM
hydrogen peroxide significantly reduces the glutathione levels, while the addition
of hydrogen peroxide at lower concentrations has no effect. At 35mM glucose, the
addition of hydrogen peroxide does not alter the already depleted glutathione
levels. Addition of glutathione ester to 5mM glucose incubations containing
hydrogen peroxide restores the glutathione level in the incubation in which it had
fallen (1 .OmM H2 O 2 ) such that there is no significant difference in total
glutathione content between it and the 'no additions' incubation. In those
incubations where addition of H2 O 2 did not decrease total glutathione levels, the
addition of glutathione ester increased total glutathione content to levels
significantly above those of the 'no additions' incubations. In incubations
containing 35m M glucose, where H2 O 2 did not deplete glutathione, the addition of
glutathione ester increased lenticular glutathione to levels greater than in the 'no
addition' incubation, significantly so in the incubations containing 0 .5 0 and 0.1 OmM
H2 O 2 .
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Table 4.
The effect of oxidative stress and/or glutathione ester on total glutathione levels
in 24 hour lens incubations at normal and high glucose levels.

5mM glucose

Additions to
incubation

35mM glucose

llpl
5 v35mM

No additions
lOmM GSH ester
T 'N v G

(N)
(Q)

1.21 ±0.04
1.29 ±0.06
n.s.

1.02 ±0.03
1.67 ±0.05
**

*
***

I.OmM H2 O 2
"P 'N vH
lOmM ester and H2 O 2
"P 'N vG + H

(H)

0.88 ±0.05
Hc-A*

n.s.

(G + H)

1.57 ±0.21
n.s.

0.93 ±0.09
n.s.
1.48 ±0.09
***

(H)

1.08 ±0.05
n.s.
1.57 ±0.10
**

0.93 ±0.08
n.s.
1.62 ±0.05
***

n.s.

1.05 ±0.10
n.s.
1.52 ±0.05
***

1.06 ±0.06
n.s.
1.22±0.17
n.s.

n.s.

1.35 ±0.09
n.s.
1.97 ±0.12
icic*

1.08 ±0.03
n.s.
1.40±0.13

**

O.SOmM H2 O 2
•F 'N v H
lOmM ester and H2 O,
"P 'N vG + H
0.25mM H2 O 2
"P 'N vH
lOmM ester and H2 O2
"P 'N vG + H
0.10mM H2 O 2
"P 'N vH
lOmM ester and H2 O 2
"P 'N vG + H

(G + H)

(H)
(G + H)

(H)
(G + H)

n.s.

n.s.

n.s.

**

Results are shown as Mean ± SEM of a nmnirnum 12 observations and ejp-essed as
jimoles.g-1 (wet weight). Whole rat lenses were incubated for 24 hours in 4mls of
Medium 199 with 10% foetal calf serum containing 5mM or 35mM glucose with or
v^thout HaOa (0.10 to I.OmM) and/or glutathione ester. Total glutathione content
was assayed as described under Methods.
Statistical analysis was performed using Student’s t test * P<0.05, * * PcO.OI,
* * * P < 0.001, n.s. not significant.
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b. Reduced Nicotinamide Adenine Dinucleotide Phosphate (NADPH).

Comparison with the 'no additions' incubations in Table 5 show that the NADPH
content of lenses incubated in 36mM glucose is significantly lower than those
incubated in 5mM glucose. The NADPH level is consistently lower in the 35mM glucose
incubation in all experimental groups, significantly so in the incubations
containing 0 .1 0mM H 2 O 2 . The addition of glutathione ester with no further additions
does not significantly alter the NADPH content of the lens. However, the modest
elevation in NADPH levels in the 5mM glucose incubation on addition of the
glutathione ester, means that the difference between the 6 and 35m M glucose
incubations however becomes more significant. The addition of 1 .OmM hydrogen
peroxide to the 6mM glucose incubation induces a significant drop in NADPH levels.
However, as the hydrogen peroxide concentration decreases, so does the fall in NADPH
level such that addition of 0 .2 6 and 0 .1 0mM H2 O 2 does not induce a significant drop
in NADPH levels. At 35mM glucose the addition of hydrogen peroxide also induces a
significant drop in NADPH levels but at both 1 .OmM and O.SmM H 2 O 2 , there is again,
no significant NADPH depletion on the addition of hydrogen peroxide at a final
concentration of 0 .2 5 and 0.1 mM.
The addition of glutathione ester to the incubations containing hydrogen
peroxide and 5mM glucose elevates the depletion of NADPH at the three lower
concentrations of hydrogen peroxide ( 0 .1 ,0 .2 5 and 0.5m M ) such that the NADPH in
these incubations is not significantly lower than that seen in the 'no additions'
incubations. At the 1 .OmM level of hydrogen peroxide NADPH loss is eleviated but
the final NADPH level still remains significantly lower than the 'no additions
incubation'.
A similar pattern is seen in incubations containing 35mM glucose, however here,
the addition of glutathione ester is able to eleviate the depletion of NADPH due to
H2 O 2 at 0 .2 5 and 0 .1 0mM. At the higher levels of stress, the addition of
glutathione ester restores NADPH levels towards that evident in the 'no additions'
incubations but a significant difference is still seen.

c. Sorbitol.

Table 6 shows that incubation of lenses in 35mM glucose significantly increases
the sorbitol content of the lens in comparison with those incubated in 5mM glucose,
this observation is seen in every experimental group. The addition of glutathione
ester to the 'no additions' incubation does not alter the sorbitol accumulation
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Tables.
The effect of oxidative stress and/or glutathione ester on NADPH levels in 24 hour
lens incubations at normal and high glucose levels.

Additions to
incubation

SmM glucose

3SmM glucose

iipi
S v35mM

No additions
lOmM GSH ester
"P 'N vG

(N)
(G)

S.26±0.60
6.61 ±0.28
n.s.

3.94±0.11
4.22 ±0.30
n.s.

*
***

I.OmM H2 O2
"P 'N vH
lOmM ester and H2 O2
"P 'N vG + H

(H)

1.81 ±0.28
***

0.82 ±0.06
***

**

(G + H)

3.42±0.S0
*

1.S7±0.21
***

He*

(H)

3.42 ± 0 . 1 s
*

2.29 ±0.26

He* He

(G + H)

3.8S±0.37
n.s.

2.12 ±0.18
***

***

(H)

6.29±0.3S
n.s.
7.83 ±0.76
*

4.06 ±0.30
n.s.
4.44±0.S2
n.s.

***

S.97±0.77
n.s.
S.62±0.94
n.s.

S.20±0.29
***

n.s.

4.S9±0.69
n.s.

n.s.

O.SOmM H2 O2
"P 'N vH
lOmM ester and H2 O 2
•P 'N v G + H
0.25mM H2 O,
'P 'N v H
IGmM ester and H2 O 2
'P 'N v G + H
0.10mM H2 O2
"P 'N vH
lOmM ester and Hj02
•P 'N v G + H

(G + H)

(H)
(G + H)

**

Results are shown as Mean ± SEM of a minlmun 12 observations and e>pressed as
^imoles.g*"* (wet weight). Whole rat lenses were incubated for 24 hours in 4mls of
Medium 199 with 10% foetal calf serum containing SmM or 35mM glucose v # i or
vwthout HgO, (0.10 to I.OmM) and/or glutathione ester. Total NADPH content
was assayed as described under Methods.
Statistical analysis was performed using Student’s t test * P<0.05, * * PcO.OI,
* * * P c 0.001, n.s. not significant
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Tabte6.
The effect of OMdaüve stress and/or giutathione ester on sort>itol levels in 24 hour lens
incubations at normal and high glucose levels.

/Xdditionsto
incubation

5mM glucose

35mM glucose

lipi
5 v35mM

No additions
lOmM GSH ester
"P* N V G

(N)
(G)

0.28 ±0.06
0.35 ±0.05
n.s.

11.4±0.80
14.8 ±1.70
n.s.

***
***

I.OmM HjOj
"P’ N vH
lOmM ester and H2O 2
"P 'N vG + H

(H)

0.09 ±0.01
**

3.03 ±0.70
***

* ★*

(G + H)

0.21 ±0.03
n.s.

7.74 ±1.00
**

***

(H)

0.14 ±0.02
*

5.20 ±0.60
***

HeHe*

(G + H)

0.32 ±0.08
n.s.

13.9 ±1.00
n.s.

***

(H)

0.12 ±0.01
*

8.54 ±0.70
a

(G + H)

0.19 ±0.03
n.s.

13.0 ±1.50
n.s.

***

(H)

0.24 ±0.02
n.s.
0.31 ±0.04
n.s.

16.4±1.40
**

***

17.3 ±2.50
*

***

0.50mM H2 O2
"P 'N v H
lOmM ester and HgO,
"P 'N vG + H
0.25mM H2 O2
"P 'N vH
lOmM ester and HjOj
"P 'N vG + H
O.IOmM H2 O,
"P 'N vH
lOmM ester and H2 O2
"P 'N vG + H

(G + H)

Results are shown as Mean ± SEM of a minimiin 12 observations and expressed as
}imoles.g-^ (wet weight). Whole rat lenses were incubated for 24 hours in 4mls of
Mediun 199 with 10% foetal calf serum containing 5mM or 35mM glucose with or
wthout HzOt (0.10 to I.OmM) and/or glutathione ester. Total sorbitol content
was assayed as described under Methods.
Statistical analysis was performed using Student’s t test * P<0.05, * * P<0.01,
* * * P < 0.001, n.s. not significant
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within the lens. The addition of hydrogen peroxide at 1.0, 0 .5 and 0.25m M to the
5mM glucose incubations significantly reduces the sorbitol accumulation. The
greatest and most significant reduction is seen at the highest level of oxidative
stress (1 .OmM H 2 O 2 ), while at the lowest concentration of hydrogen peroxide there is
no significant difference in sorbitol level. The same is seen when hydrogen
peroxide is added to the 35mM glucose incubations. The greatest and most
significant reduction is seen at the two highest levels of peroxide however addition
of 0.1 mM H 2 O 2 still induces a significant reduction in sorbitol levels in the 35mM
glucose incubation. The addition of glutathione ester to the incubations containing
5mM glucose restores sorbitol levels to those evident in the 'no additions'
incubation at all levels of stress. A similar pattern is seen for the 35mM glucose
incubations. However, while sorbitol levels are restored towards those evident in
the 'no additions' incubation, they remain significantly lower in the presence of
O.SOmM hydrogen peroxide. In the incubation containing 0 .1 0mM H 2 O 2 and 35mM
glucose, the addition of glutathione ester elevates sorbitol levels significantly
above that of the control.

2. In v/Vostudies of cataractogenesis.

2.1 Effect of experimental streptozocin diabetes and dietary supplementation on the
body weight, blood glucose and lens weight of the laboratory rat.

The effects of experimental streptozocin diabetes on the body weight, blood
glucose and lens weight of the Wistar laboratory rat are shown in Table 7. The
decrease in body weight concomitant with diabetes has been previously reported by
Sochor etal. (1 9 7 9 ), because of this decrease in body weight, age matched controls
were used in all experiments. Lens weight does not in general change and the
diabetic does not vary significantly from the control over the 28 day period of the
experimental diabetes. As expected blood glucose is increased in the diabetic
following the induction of diabetes and remains fairly stable for the duration of
the experiment.
The results in Table 8 show that the reduction in body weight and elevation in
blood glucose, characteristic of diabetes, is not altered by dietary supplementation
with ascorbate or acetylsalicylic acid.
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Table 7.
Effect of e>qperrnental streptozocin diat)etes on the body weight, blood glucose and lens weight of
the laboratory rat

Condition

Blood Glucose
(mM)

Body Weight

(g)

Initial

160 - 180

Lens Weight
(mg)

6.2 ± 0.74

(7)

33.1 ± 1.22

(16)

3 days diabetes
Control
"P* D V C

(D)
(C)

169 ± 3
187 ± 20
n.s

(14)
(4)

22.2 ± 2.36
6.0 ± 0.52

(14)
(7)

32.9 ± 1.33
-

(7)

5 days diabetes
Control
"P' D V C

(D)
(C)

170 ± 4
181 ± 5
n.s

(25)
(4)

24.8 ± 1.94
7.5 ± 0.50
** A

(13)
(4)

32.5 ± 1.70
-

(12)

7 days diabetes
Control
"P" D V C

(D)
(C)

198 ± 12
220 ± 1
n.s

(8)
(4)

29.8 ± 2.25
6.5 ± 0.30
***

(2)
(4)

32.8 ± 0.63
-

(4)

14 days diabetes
Control
"P" D V C

(D)
(C)

170 ± 8
280 ± 6
***

(10)
(8)

19.5 ± 0.50
5.5 ± 0.50
•kit*

(10)
(8)

34.9 ± 0.90
33.1 ± 0.68
n.s

(8)
(8)

21 days diatsetes
Control
"P' D V C

(D)
(C)

207 ± 11
309 ± 6
* **

(9)
(8)

37.4 ± 4.32
7.9 ± 0.59
***

(9)
(8)

31.1 ± 0.87
35.8 ± 0.99
**

(9)
(8)

28 days diabetes
Control
"P‘ D V C

(D)
(C)

162 ± 8
298 ± 7
* **

(4)
(4)

29.6 ± 3.06
7.8 ± 0.37
***

(4)
(4)

34.7 ± 1.75
37.4 ± 0.99
n.s

(4)
(4)

Results are shown as Mean ± SEM; nimber of observations are shown in parentheses. Diabetes
was induced by intravenous injection of streptozocin (60mg.Kg body weight-^); blood glucose was
measured by the glucose oxidase method using a Qandon Glucose Machine.
Statistical arialysis was performed using Student's t test, * PcO.05, * * PcO.01, * * * PcO.001,
n.s. not significant.

Table 8.
Effect of streptozocin diabetes, of 21 days duration, and dietaiy supplementation on the body weight and blood glucose
of laboratory rats.

Supplement

Control

Diabetic

(C)

(D)

357±9
(4)
6.75 ±0.83
(4)

300±4
(4)
26.8 ±0.66
(4)

309 ±6
(9)
7.87 ±0.59
(9)

207 ±11
(8)
37.4±1.9
(8)

iipi

(CvD)

Diabetic +
supplement
(D + S)

iipi

iipi

(D V D + S)

(D + SvC )

Acetylsalicylic acid'
(100mg.Kg body weight-i.day-i)
Body weight (g)
Blood glucose (mM)

* *
* * *

296 ±11
(8)
27.0 ±4.21
(8)

n.s.
n.s.

Ascorbate'
(200mg.Kg body weight-i.day-i)
Body weight (g)
Blood glucose (mM)

***
***

212 ±10
(9)
34.7 ±4.5
(9)

n.s.

A* *

n.s.

***

Results are shovwi as Mean ± SEM; number of observations are shown in parentheses. Diabetes was induced by 'intravenous
(60mg.Kg body weight-1 in 5mM sodium citrate buffer) or *intraperitoneal (90mg.Kg body weight-i in 0.05M sodiim phosphate
buffer) Injection of streptozocin and diabetes confirmed as described under Mettwds. Dietary supplements (fresh^
prepared each day) were given in drinking water. Animals were maintained on standard laboratory pellet diet ad litxtLm.
Statistical analysis was performed using Student’s t test * P<0.05, * * PcO.OI, * * * PcO.001, n.s. not significant.

2 .2 Metabolite profile of the lens over 14 days following the induction of diabetes.

Table 9 shows the levels of selected lens metabolites over the 14 days
following the induction of streptozocin diabetes. The levels of glutathione and
NADPH are significantly lower three days after induction of diabetes. The levels
continue to fall until, by the 1

day of diabetes, glutathione and NADPH are 38

and 50% of their control values respectively. Sorbitol levels have also increased
significantly by 3 days, and by the 1 4 ^^ day the increase in sorbitol content is
some 100 fold. ATP levels of the lens were not seen to fall over the first 3 days
of diabetes, a small fall in ATP level at day 5 was seen although this is not
statistically significant. By day 7 a significant fall in lenticular ATP level had
occurred and this level, approximately 70% of the control value, was also observed
at 14 days. It is seen that the fall in total glutathione and NADPH and the
increase in sorbitol levels precede the loss of ATP. By the 14 ‘ “ day of diabetes,
lenticular glucose and fructose are significantly increased both by approximately 16
fold.

2 .3 The effect of streptozocin diabetes of 3. 5. 7 and 14 days duration on the
crystallin sub-unit profile of the rat lens.

Table 10 shows the effect of streptozocin diabetes, of 1 to 14 days duration,
on the crystallin sub-unit profile of the rat lens. The results are expressed in
terms of arbitary units of area.mg lens tissue (wet weight)"^ as produced by the
integration program of the Gilson HPLC software. The table shows that there is no
change in the crystallin sub-unit profile of the lens over this period of diabetes.
The changes in crystallin sub-unit profile of a lens incubated for 1 hour in
phosphate buffer pH 7.3, containing 0.1 mM H 2 O 2 , 100pm CuS04 and 5mM ascorbate are
shown for comparison and to indicate that changes in crystallin sub-unit profile,
induced by factors implicated in cataractogenesis, are not lost when the crystallins
are separated into their constituent sub-units.

2 .4 Effect of streptozocin diabetes of 14 and 21 days duration on the in vivo posttranslational modification of rat lens crvstallins.

The effect of diabetes on the in vivo post-translational modification of lens
crystallins was assayed in crystallins purified from the lens of the streptozocin
diabetic rat and resuspended in 0.1 M phosphate buffer pH 7.3 and are shown in Table

Table 9.
Metabolite profiles of the lens over the 14 days following the induction of streptozocin diabetes.

Duration of diabetes

ATP

Total

NADPH

Glucose

Sorbitol

Fructose

0.460 ±0.030
(12)

Glutathione

Od^

1.88 ±0.12
(14)

1.99 ±0.01
(23)

15.4 ±0.90
(15)

0.320 ±0.010
(12)

0.240 ±0.030
(17)

3 days

1.85 ±0.13
(6)
n.s.

1.44±0.11
(12)
im *

13.1 ±0.43
(15)
*

—

6.40 ±0.86
(13)
***

_

1.51 ±0.13
(7)
n.s.

1.49 ±0.01
(9)
***

11.5 ±0.78
(4)
**

_

12.1 ±0.73
(9)
***

_

1.38 ±0.06
(5)
**

1.50 ±0.09
(10)
fcHcü

8.77 ±0.55
(5)
***

12.6 ±0.03
(7)
***

_

1.36 ±0.03
(4)

0.75 ±0.06
(8)
***

7.82 ±0.05
(4)
***

"P" (3v0 days)
5 days
"P’ (5vO days)
7 days
"P" (7vO days)
14 days
"P' (14vO days)

5.05 ±0.26
(8)
***

22.4 ±1.02
(7)
***

6.94 ±0.52
(8)
***

Results are shown as Mean ± SEM and expressed as >imol.g wet weight-1 except NADPH v\4iich is e)pressed as nmol.g wet weight
nunber of observations are shown in parentheses. Diabetes was induced by intravenous injection of streptozocin
(SOmg.Kg body weight-^) and metabolites detennined as deschbed under Methods.
Statistical analysis was performed using Student’s t test, * P<0.05, * * PcO.OI,
PcO.001, n.s. not significant.
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Table 10.
Effect of streptozocin diabetes of 1, 2, 3, 5, 7 and 14 days duration on the crystallin sub - unit profile of the rat lens

5

1
Duration of
Diabetes

Crystallin
6

pBz

pB2
(pBp)

sub-units
7
PB.

8
Ys
(pBs)

9
oCB

10

11

12

Y

OCA

Control

(C)

10.4 ±0.03 0.60 ± 0.08

0.60 ±0.09 1.45 ±0.19

0.19 ±0.02

6.07 ±0.22

5.19 ±0.51 2.74 ±0.31

12.9 ±1.12

15.2 ±1.43

2.50 ±0.29

13.1 ±1.08

Id ay
"P'Cvl

(1)

11.4 ±0.22 0.58 ±0.07
*
n.s.

0.60 ±0.10 1.23±0.15
n.s.
n.s.

0.19 ±0.04
n.s.

5.98 ±0.41
n.s.

4.83 ±0.51 2.88 ±0.25
n.s.
n.s.

12.8 ±0.14
n.s.

16.0 ±0.21
n.s.

2.48 ±0.25
n.s.

11.1 ±0.51
n.s.

2 days
"P'CV2

(2)

11.1 ±0.42 0.57 ±0.05
n.s.
n.s.

0.59 ± 0.05 1.32 ±0.18
n.s.
n.s.

0.18 ±0.04
n.s.

5.75 ± 0.54
n.s.

5.22 ± 0.48 2.74 ±0.21
n.s.
n.s.

13.9 ±0.82
n.s.

15.5 ±0.34
n.s.

2.36 ±0.18
n.s.

10.2 ±0.23
*

3 days
"P'Cv3

(3)

10.5 ±0.36
n.s.

0.61 ±0.08
n.s.

0.61 ±0.03
n.s.

1.40 ±0.09
n.s.

0.20 ±0.02
n.s.

5.81 ±0.62
n.s.

4.86 ±0.74
n.s.

3.10 ±0.18
n.s.

13.4 ±0.95
n.s.

14.6 ±0.46
n.s.

2.61 ±0.19
n.s.

9.00 ±0.06
**

5 days
"P'CvS

(5)

9.80 ± 0.95
n.s.

0.55 ±0.10
n.s.

0.54 ± 0.05
n.s.

1.48 ±0.12
n.s.

0.21 ±0.03
n.s.

6.10 ±0.35
n.s.

5.73 ± 0.64
n.s.

2.95 ±0.20
n.s.

12.5 ±1.24
n.s.

15.4 ±0.35
n.s.

2.60 ±0.22
n.s.

8.80 ±0.20
**

7 days
"P'Cv7

(7)

10.6 ±0.55 0.65 ±0.06
n.s.
n.s.

0.60 ± 0.06
n.s.

1.50 ± 0.08
n.s.

0.20 ±0.02
n.s.

5.93 ±0.51
n.s.

5.25 ±0.54
n.s.

2.61 ±0.26
n.s.

12.9 ±0.98
n.s.

14.8 ±0.85
n.s.

2.54 ±0.15
n.s.

11.9 ±1.50
n.s.

1 4days
"P'Cv14

(14)

11.4± 0.70 0.65 ±0.04 0.60±0.051
n.s.
n.s.
n.s.

1.47±0.14
n.s.

0.20±0.02
n.s.

5.87±0.45
n.s.

5.00±0.42
n.s.

2.84±0.34
n.s.

11.3±0.75
n.s.

15.2±0.16
n.s.

2.55±0.14
n.s.

15.4±0.37
n.s.

Effect of pre - incubation of whole lens for 1 hour in 0.1 M phosphate buffer pH7.4 containing O.ImM H2 O2 , 5mM ascorbate
and lOOjxM CuSO*.

(I)
"P'Cvl

12.6±0.81
*

3.40±0.17
***

2.34±0.10

2.15±0.26
n.s.

***

6.75±0.28
n.s.

10.2 ± 0.14
***
***

11.0±1.18
n.s.

13.7± 0.65
n.s.

6.43 ±0.36
***

10.2±0.62
*

Results are shown as Mean ± SEM of at least 4 independent observations and expressed in arbitary units of area mg lens
tissue (wet weight)-'*. Whole lens was homogenized, centrifuged and the supematent used for the separation and
quantitation of lens crystallin sub - units by Ngh performance liquid chromatography using a Bakerbond, wide pore, butyl,
C4 column as described under Methods. The effect of pre - incubation of whole lens for 1 hour in the presence of O.ImM H^O
5mM ascorbate, lOOjxM CuSO* on lens crystallin sub - unit profile is included for comparison.
Sub - units indicated by number only are either undefined or decay products ( ) indicates former commonly used designation
Statistical analysis was performed using Student's t test * P<0.05, * * P c 0.01, * * * P c 0.001, n.s. not significant

4^

1 1 - 1 3 . Control values are from animals age-matched with the 21 day diabetic group.

a. g crystallin.

Table 11 reveals that diabetes of either 1 4 or 21 days duration has no effect
of the non-oxidized tryptophan content, carbonyl content, or AGEP fluorescence of
lens a crystallin, however, the carbonyl content of the crystallin at 21 days is
significantly greater than at 14 days. The bityrosine content of the lens
crystallin is significantly greater by the 14**» day of diabetes as is the
opalescence of the resuspended crystallin solution, no further increase in these
parameters occurs by the 21

day of diabetes. The sulphydryl group content of the

a crystallin is significantly decreased to approximately 50% of the control value by
the 14^*» day of diabetes and although a further decrease in the sulphydryl group
content of the a crystallin is seen by the 21

day of diabetes, this value is not

significantly lower than at the 1 4^*» day.

b. Bl crystallin.

The results in Table 1 2 show that by the 14 ‘ *»day after the induction of
diabetes there is no significant change in the pL crystallin content of non-oxidized
tryptophan or bityrosine, the opalescence of the resuspended crystallin solution has
also not changed. There is a possibility that the bityrosine content is increased
by the 14 ‘ *»day however the large SEM of the control value makes this increase
statistically insignificant. By the 21 =* day of diabetes there is a significant
loss of crystallin tryptophan fluorescence, there are also significant increases in
the bityrosine content of the crystallin and the opalescence of the resuspended
crystallin solution. There is however, no difference in bityrosine content of the
crystallin between the 14**» and 21

day of diabetes suggesting that bityrosine

content was indeed increased by the 14**» day. A significant decrease of 34% in the
crystallin sulphydryl groups is seen by the 14^*» day of diabetes. By the 21

day

there is a further decrease to just 21% of the control value. The 2 fold increase
in the AGEP fluorescence of the crystallin seen by the 14^“ day is further increased
by the 21

day. Carbonyl content of the Pl crystallin is decreased by the 14 “ »day

of diabetes, by the 21

day of diabetes there is no significant difference in

carbonyl content of crystallins from 21 day diabetic and control animals. There is
no significant difference in carbonyl content of crystallins from 14 and 21 day
diabetics, suggesting the 14 day value could be inaccurately low.

Table 11.
Effect of expeitnental streptozocin cliat>etes of 14 and 21 days duration on tfie in vivo post - translational modification
of rat lens oc crystaiiin.

Control
(C)

14 days Diabetes
(cr*)

npi
(D" vC)

21 days Diabetes
(D")

iipi

iipi

(D:'VC) (D*’ V D'*)

Tryptophan fluorescence
nmolesmg solutWe protein-'*

124 ± 0.96
(6)

123 ± 5.55
(4)

n.s.

126 ± 2.28
(4)

n.s.

n.s.

Bityrosine content
nmoles.mg soluble protein-1

1.21 ± 0.03
(4)

2.88 ± 0.19
(6)

***

2.61 ± 0.25
(6)

***

n.s.

Carbonyl content
nmoles.mg soluble protein-*

5.62 ± 0.41
(4)

4.93 ± 0.32
(4)

n.s.

6.40 ± 0.12
(4)

n.s.

**

SH group content
nmoles (GSH).mg soluble protein-*

13.0 ± 0.58
(8)

6.52 ± 0.82
(4)

***

4.42 ± 0.43
(4)

*

***

AGEP fluorescence
fluorescence units.mg soluble protein-*

9.95 ± 0.59
(4)

10.5 ± 0.96
(4)

n.s.

10.2 ± 1.45
(4)

n.s.

n.s.

Opacification
AbsomiKIO"" of crystallin solution (6mg.ml-*)

0.75 ± 0.25
(8)

4.33 ± 0.33
(4)

***

4.25 ± 0.25
(4)

***

n.s.

Results are shown as Mean ± SEM; number of observations are shown in parentheses. Diabetes was induced by intravenous
injection of streptozocin (6Qmg.Kg body weight-i in 5mM sodium citrate buffer pH 4.0). Purified lens oc crystallin was
resuspended in 0.1 M Phosphate buffer pH 7.3, post-translational oxidative modification parameters and advanced glycation
endproducts (AGEPs) were determined as described under Methods.
Statistical analysis was performed using Student's t test * P<0.05, * * P<0.01, * * * PcO.OOl, n.s. not significant.

Table 12.
Effect of e>perimental streptozocin diabetes of 14 and 21 days duration on the in vw] post - translational modification
of rat lens pL crystallin.

Control
(C)

14 days Diabetes
([)")

npi
(D "vC )

21 days Diabetes
(D*’)

iipi

iipi

(D*’ V C) (D^'vD'*)

Tryptophan fluorescence
nmoles.mg soluble protein-^

61.0 ± 0.39
(8)

60.5 ± 2.17
(4)

n.s.

53.9 ± 0.65
(12)

***

*

Bityrosine content
nmoles.mg soluble protein-^

0.98 1 0.39
(12)

1.22 ± 0.18
(4)

n.s.

1.58 ± 0.26
(11)

*

n.s.

Carbonyl content
nmoles.mg soluble protein-^

3.65 ± 0.27
(8)

2.94 ± 0.02
(3)

*

3.50 ± 0.32
(8)

n.s.

n.s.

SH group content
nmoles (GSH).mg solut)le protein-"»

13.0 ± 0.40
(8)

8.63 ± 0.25
(3)

***

2.79 ± 0.60
(6)

***

AGEP fluorescence
fluorescence units.mg soluble protein-»

4.30 ± 0.43
(10)

7.45 ± 0.26
(3)

***

9.87 ± 0.43
(8)

***

A* *

Opacification
Aesom^dO-* of crystallin solution (6mg.ml-»)

2.50 ± 0.28
(8)

1.75 ± 0.48
(4)

n.s.

3.44 ± 0.24
(8)

*

A

Results are shown as Mean ± SEM; nunber of observations are shown in parentheses. Diat)etes was induced by intravenous
injection of streptozocin (60mg.Kg body weight-^ in 5mM socBun citrate buffer pH 4.0). Purified lens Pt crystallin was
resuspended in 0.1M Phosphate buffer pH 7.3, post-translational oxidative modification parameters and advanced glycation
endproducts (AGEPs) were determined as descrjk>ed under Methods.
Statistical analysis was performed using Student’s t test * P<0.05, * * PcO.OI, * * * P < 0.001, n.s. not significant.

c. r crystallin.

Table 13 reveals that by the 14**» day of the diabetes there is no significant
change in the r crystallin content of non-oxidized tryptophan, bityrosine or
carbonyl groups. However, by the 21

day of diabetes there is a highly

significant, decrease in the crystallin content of non-oxidized tryptophan and an
increase in the carbonyl content of the crystallin. The bityrosine content remains
unchanged after 21 days of diabetes. There is no change in AGEP content over the 21
days of diabetes. Unchanged by the 14**» day of diabetes, by the 21

day of

diabetes the sulphydryl group content of the crystallin has decreased to
approximately 30% of the control value. The opacification of the resuspended
crystallin solution is significantly increased after 14 and 21 days of diabetes.

2 .5 Effect of streptozocin diabetes of 21 days duration and dietary ascorbate or
acetvlsalicylic acid supplementation on the free amino group status of rat lens
crystallins.

The effect of diabetes on the level of free amino groups expressed by lens
crystallin is shown in Table 14. Diabetes has no effect on the free amino group
status of a and r crystallins, but increases the free amino group status of the P l
crystallins. Supplementation of the diabetic diet with ascorbate has no effect on
the free amino group status of a crystallins and restores the level in P l crystallin
to that evident on the control. Ascorbate supplementation increases the free amino
group status of the r crystallin, such that the free amino group status of lens r
crystallin is, slightly but significantly, higher than the control. The effect of
acetylsalicylic acid supplementation has been studied with Pl crystallin only.
Acetylsalicylic acid supplementation restores the amino group status of the diabetic
crystallin towards that evident in the control. However, the effect is such that
the supplemented diabetic has a free amino group status which is, at the 0 .0 6 level
of significance, lower than the control.

2 .6 The effect of experimental diabetes of 14. 21 and 28 days duration and dietary
ascorbate supplementation on lenticular endopeptidase and exopeptidase actiyity.

The results in Table 15 show that diabetes of 14, 21 and 28 days duration has
no effect on lenticular endopeptidase and exopeptidase actiyity. Further, the
results in Table 16 show that supplementation of the diabetic diet for the 21 day

Table 13.
Effect of expérimental streptozocin diabetes of 14 and 21 days duration on the in vK/o post - translational modification
of rat lens Y crystallin.

Control
(C)

14 days Diabetes
(D«)

lipi
(D" vC)

21 days Diabetes
(D")

lipi

lipi

(D*’ vC) (D'’ V D")

Tryptophan fluorescence
nmoles mg soluble protein-^

27.1 ± 0.70
(6)

31.4 ± 2.13
(4)

n.s.

19.2 ± 0.28
(4)

** *

***

Bitjrosine content
nmoles.mg solut)le protein-*'

0.84 ± 0.06
(4)

0.87 ±0.11
(6)

n.s.

0.82 ± 0.04
(6)

n.s.

n.s.

Cartx)nyl content
nmoles.mg soluble protein-^

2.54 ± 0.07
(4)

2.69 ± 0.26
(4)

n.s.

4.43 ± 0.10
(4)

***

***

SH group content
nmoles (GSH).mg solut)le protein-1

31.1 ± 1.12
(8)

38.5 ± 0.37
(2)

n.s.

11.8 ± 0.34
(4)

***

n.s.

AGEP fluorescence
fluorescence unHs.mg soluble protein-’

6.83 ± 0.51
(4)

7.55 ± 0.36
(4)

n.s.

7.46 ± 0.30
(4)

n.s.

n.s.

Opacification
AssowXlO"» of crystallin solution (6mg.ml-’ )

6.50 ± 0.29
(8)

9.50 ± 0.29
(4)

***

18.8 ± 0.48
(4)

***

* A*

Results are shown as Mean ± SEM; number of observations are shown in parentheses. Diabetes was induced by intravenous
injection of streptozocin (60mg.Kg body weight-^ in 5mM sodun citrate buffer pH 4.0). Purified lens Y crystallin was
resuspended in 0.1 M Phosphate buffer pH 7.3, post - translational oxidative modification parameters and acK/anced g^cation
endproducts (AGEPs) were determined as described under Methods.
Statistical analysis was performed using Student’s ttest * P<0.05, * * PcO.OI,
PcO.001, n.s. not significant.
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Table 14.
Effect of streptozocin diabetes of 21 days duration and dietary ascorbate or acetylsalicylic add supplementation
on tfie free amino group status of rat lens oc, pL and Y crysteBin.

Crystallin

Alpha (OC)

Betai (P l )

Gamma (Y )

Control

(C)

6.08 ±0.08

2.96 ±0.09

0.81 ±0.04

Diat)etic
"P' C V D

(D)

6.56 ±0.25

4.69 ±0.52

0.82 ±0.03

Diathetic + ascort>ate
"P 'D vD + A
"P'D + A vC

(D + A)

Diabetic + acetylsalicylic add
“P 'D v D + AA
"P'D + AAvC

(D + AA)

n.s.

*

6.13 ±0.12

2.90 ±0.39

n.s.
n.s.

n.s.

*

n.s.

0.97 ±0.02
A*
A

2.62 ±0.03
**
■A

Results are shovm as Mean ± SEM of 4 independent observations and e>pressed as fluorescence unitsmg soluble protein-V
Purified crystallins were resuspended in 0.1M phosphate buffer pH 7.3, crystallin free amino group status was
assayed tiy reaction vwth fluorescamine as described under Methods.
Statistical ana^is was performed using Student’s ttest * P<0.05, * * P<0.01, * * * PcO.OOl, n.s. not significant.
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Table 15.
Effect of e)q3erimentai streptozocin diabetes of 14, 21 and 28 days duration on
lenticular endopeptidase and exopeptidase activity.

Endopeptidase
Activity

Exopeptidase
ActmÂy

0.34 ± 0.05
(12)

3.07 ± 0.22
(6)

0.26 ± 0.02
(9)

3.02 ± 0.09
(8)

"P" C V D’*

n.s

n.s

21 days diabetes

0.31 ± 0.04
(8)

2.95 ± 0.10
(12)

n.s

n.s

0.37 ± 0.05
(10)

2.88 ± 0.15
(10)

n.s

n.s

Control

14days diabetes

O'*

■•P' c V CP'

28 days diabetes
'■P' c V D”

D*“

Results are shown as Mean ± SEM and expressed as nmol pNA. mg soluble
protein-”».mln-‘>; nunber of observations are shown In parentheses. Diabetes
was Induced by Intravenous Injection of streptozocin (60mg.Kg body weightIn sodlun citrate buffer pH 4.0). Enzyne activities were determined
using the ctvomogenic synthetic substrate N - carbobenzoj^rglycylglycyllleucyl - p
nitroanlBde and ieucyl-p-nltroanUide as described under Methods.
Statistical analysis was performed using Student’s t test * PcQ.OS, * * PcO.OI,
* * * PcO.OOl, n.s. not significant.
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Table 16.
Effect of ejpertnentai streptozocin diabetes of 21 days duration
and dietary ascorbate supplementation on lenticular endopeptidase and
exopeptidase activity.

Condition

Endopeptidase
Activity

Exopeptidase
Acti\%

Control

(C)

0.50 ± 0.04
(3)

3.40 ± 0.50
(3)

21 days diabetes

(D)

0.49 ± 0.02
(9)
n.s

3.10 ± 0.40
(8)
n.s

(D + A)

0.53 ± 0.01
(10)
n.s
n.s

3.30 ± 0.30
(8)
n.s
n.s

"P" C vD
Diabetes + ascorbate
"P 'D vD + A
"P 'C vD + A

Results are shown as Mean ± SEM and e>pressed as nmol pNA. mg soluble
protein-\min-i; nunber of observations are showi in parentheses. Diabetes
was induced by intravenous injection of streptozocin (60mg.Kg body weight-^)
in sodiun citrate buffer pH 4.0). Enzyme activities were determined
using the clromogenic synthetic substrate N - carbobenzoQ^glycylglycyllleucyl - p
nitroanilide and Ieucyl-p-nitroanilide as described under Methods.
Statistical analysis was performed using Student’s ttest * PcO.QS, * * PcO.OI,
* * * PcO.OOl, n.s. not significant.
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period of diabetes also has no effect on the lenticular levels of these enzymes.

2 .7 Effect of diabetes and dietary supplementation on the susceptibility of rat lens
crystallins to proteolytic enzyme hydrolysis.

The susceptibility of lens crystallins to proteolytic enzyme hydrolysis after
21 days of diabetes is shown in Table 1 7. The enzyme protease was used for the
proteolytic hydrolysis of the crystallin, this enzyme preferentially degrades posttranslationally modified proteins, unlike trypsin which will digest all proteins
irrespectiye of their degree of modification. Experimental streptozocin diabetes
has the effect of significantly increasing the susceptibility of a crystallin to
proteolysis while decreasing by some 50% the susceptibility of P i crystallin.
Diabetes has no effect on Gamma crystallin susceptibility.
Supplementation of the diabetes diet with ascorbate restores the susceptibility
of diabetic 3 l crystallin to that evident in the control such that no difference
between the control and supplemented diabetic exists. Ascorbate supplementation
decreases, the increased, susceptibility of diabetic a crystallin towards that
evident in the control, but susceptibility remains approximately 2 fold higher than
control lens a crystallin. Ascorbate supplementation has no effect on the
susceptibility of r crystallin to proteolytic enzyme hydrolysis.
The effect of dietary supplementation of the diabetic diet with acetylsalicylic
acid on crystallin proteolytic susceptibility was only studied with Pl crystallin.
Supplementation had the effect of further decreasing the already decreased
susceptibility of diabetic Pl crystallin to hydrolysis.

2 .8 Effect of experimental streptozocin diabetes of 21 days duration and dietary
ascorbate supplementation on the in vivo post-translational modification of diabetic
rat lens crystallin.

The effect of streptozocin diabetes of 21 days duration in the in v/Vo posttranslational modification of lens crystallin has been described previously. The
effects of dietary ascorbate supplementation throughout the period of diabetes on
crystallin post-translational modification, in vivo, is described below.

Table 17.
Effect of streptozocin diabetes of 21 days duration and dietary ascorbate or acet\^saücylic acid supplementation
on the susceptibility of rat lens oc,
and Y crystallins to proteolytic enzyne hydrolysis.

Crystallin

Alpha (oc)

Betai (P l)

Gamma (Y )

Control

(C)

0.126 ±0.008

0.302 ±0.040

0.060 ±0.008

Diabetic
"P 'C vD

(D)

0.506 ±0.064

0.142 ±0.016
**

0.054 ±0.002
n.s.

Diabetic + ascorbate
•F'D vD + A
"P'D + A vC

(D + A)

0.242 ±0.006
**
** *

0.386 ±0.056
**

0.068 ±0.006
n.s.
n.s.

Diabetic + acetylsalicylic acid
"P' DvD + AA
"P'D + AAvC

(D + AA)

n.s.
0.064 ±0.018
*
**

Results are shown as Mean ± SEM of 4 independent ot>sen/ations and eipressed as >ig glycine equK/alents released.hr-V
mg soluble protein-^ Purified crystallins were resuspended in 0.1M phosphate txjffer pH 7.3 and subjected to (protease)
proteolytic enzyne hydrolysis, susceptibility was determined by fluorescamine assey of acid soluble free amino groups
as described under Methods.
Statistical analysis was performed using Student’s t test * P<0.05, * * PcO.OI, * * * PcO.OOl, n.s. not significant.
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a. g crystallin.

Table 18 shows that the supplementation of the diabetic diet with ascorbate is
able to prevent some of the changes induced in a crystallin by diabetes. Ascorbate
supplementation prevents the oxidation of tryptophan, increasing the non-oxidized
tryptophan content of the a crystallin such that the level seen is significantly
higher than the control. Ascorbate also diminishes the accumulation on the
crystallin of bityrosine such that the content is significantly below that of the
control. Ascorbate supplementation has no effect on the carbonyl content, AGEP
content or opacity of the resuspended crystallin solution, parameters which were not
affected by diabetes. Ascorbate prevents the loss of sulphydryl groups from a
crystallin caused by diabetes such that no difference exists in sulphydryl content
between the supplemented diabetic crystallin and control crystallin. However, the
large SEM of the former also means that there is no, statistical, difference in
sulphydryl content between the un-supplemented and supplemented diabetic.

b.

Bl

crystallin.

Table 19 reveals that treatment of the diabetics in v/Vowith ascorbate has
differing effects on the modification of Bl crystallin induced by diabetes.
Ascorbate does not significantly alter the formation of bityrosine, but does
significantly prevent the oxidation of tryptophan and loss of sulphydryl groups,
restoring the level of the latter to that evident in control crystallins. Carbonyl
group formation is also diminished, such that the content of the supplemented
diabetic Bl crystallin is significantly below control levels. AGEP formation was
also seen to be prevented such that there was no significant difference in the AGEP
content of crystallins from control and dietary supplemented diabetic animals.
There is a concomitant improvement in the clarity of the protein solution but normal
clarity is only partially achieved.

c.

r

crystallin.

The effects of ascorbate supplementation on the post-translational modification
of r crystallin induced by streptozocin diabetes are shown in Table 2 0. Ascorbate
restores the non-oxidized tryptophan content, depleted in the diabetic, almost to
that evident in the control. Ascorbate supplementation also restores the sulphydryl
group content of the

r crystallin such that the sulphydryl group content of the

Table 18.
Effect of e>permental streptozocin diabetes of 21 days duration and dietaty ascort)ate supplementation
on the in vivo post - translational modification of rat lens oc crystallin.

Control
(C)

Diabetic
(D)

iipi

(DvC)

Diabetic +
Ascort^ate
(D + A)

iipi

iipi

(DvD + A)

(D + A V C)

Tryptophan fluorescence
nmoles.mg solut)le protein-1

124 ± 0.96
(4)

126 ± 2.28
(4)

n.s.

182 ± 8.29
(2)

**

**

BHyrosine content
rmoles.mg solut)le protein-1

1.21 ± 0.03
(4)

2.61 ± 0.25
(4)

**

0.50 ± 0.08
(2)

***

**

Carbonyl content
nmolesmg soluble protein-^

1.24 ± 0.08
(4)

1.38 ± 0.01
(2)

n.s.

1.34 ± 0.26
(4)

n.s.

n.s.

SH group content
nmoles (GSH).mg soluble protein-'*

13.0 ± 0.58
(4)

7.95 ± 0.50
(4)

***

10.0 ± 3.33
(4)

n.s.

n.s.

AGEP fluorescence
fluorescence units.mg solut>le protein-1

9.95 ± 0.59
(4)

17.5 ± 2.92
(2)

n.s.

3.00 ± 0.64
(3)

*

***

Opacification
AmomP<10-* of crystallin solution (6mg.ml-<)

2.50 ± 0.50
(4)

3.00 ± 0.58
(4)

n.s.

2.00 1 2.00
(4)

n.s.

n.s.

Results are shown as Mean ± SEM; nunber of observations are shown in parenttieses. Purified oc crystallin was resuspended
in 0.1M Ptiosphate buffer pH 7.3, post-translational owdative modification parameters and ach/anced glycation
endproducts (AGEPs) were determined as described under Methods,
Statistical analysis was performed using Student’s ttest * PcO.05, * * PcO.OI, * * * PcO.001, n.s. not significant
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Table 19.
Effect of experimental streptozocin diabetes of 21 days duration and dietary ascort>ate supplementation
on the in VM) post - translational modification of rat lens Pt crystallin.

Control
(C)

Diabetic
CD)

iipi
(DvC)

Diabetic +
Ascorbate
(D + A)

iipi

iipi

(D V D + A)

(D + A vC )

TryDtophan fluorescence
nmoles.mg solutxie protein-i

60.9 ± 0.40
(8)

51.2 ± 1.10
(8)

***

68.9 ± 1.00
(8)

***

***

Bityrosine content
nmoies.mg soluble protein-^

1.01 ± 0.06
(8)

1.90 ± 0.16
(7)

***

2.14 ± 0.09
(8)

n.s.

***

Carbonj^ content
nmoles.mg soluble protein-^

3.65 ± 0.27
(8)

3.50 ± 0.32
(8)

ns.

0.75 ± 0.13
(8)

***

***

SH group content
nmoles (GSH).mg soluble protein-^

13.0 ± 0.40
(8)

2.79 ± 0.60
(6)

***

10.4 ± 0.70
(7)

***

**

AGEP fluorescence
fluorescence units.mg solutxie protein-1

4.62 ± 0.37
(7)

9.87 ± 0.78
(8)

***

6.70 ± 1.20
(6)

*

n.s.

Opacification
Assom^O-^ of crystallin solution

2.20 ± 0.10
(8)

7.02 ± 0.30
(8)

**%

5.20 ± 0.5
(8)

**

***

Results are shown as Mean ± SEM; number of observations are shown in parentheses. Purified Pi crystallin was resuspended
in 0.1M Phosphate buffer pH 7.3, post-translational oxddative modification parameters and advanced glycation
endproducts (AGEPs) were determined as described under Methods.
Statistical analysis was performed using Student’s t test * P<0.06, * * PcO.OI, * * * PcO.OOl, n.s. not significant.
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Table 20.
Effect of e^qseitnentai streptozocin diabetes of 21 days duration and dietary ascort>ate supplementation
on the in vivo post - translational modification of rat lens Y crystallin.

Control
(C)

Diabetic
(D)

iipi
(DvC)

Diabetic +
Ascorbate
(D + A)

iipi

lipi

(DvD + A)

(D + A V C)

Tryptophan fluorescence
nmol6s.mg solulDle protein-^

27.1 ± 0.70
(6)

19.2 ± 0.28
(4)

***

25.4 ± 0.18
(4)

***

*

Bityrosine content
nmoles.mg solutjie protein-^

0.84 ± 0.06
(4)

0.81 ± 0.04
(6)

n.s.

1.01 ± 0.05
(4)

*

n.s.

Carbonyl content
nmoles.mg soluble protein-"*

2.54 ± 0.07
(4)

4.43 ± 0.10
(4)

***

1.15 ± 0.03
(4)

* **

***

SH group content
nmoles (GSH).mg soluble protein-^

31.7 ± 0.61
(8)

11.8 ± 0.34
(4)

***

42.3 ± 0.06
(4)

it A *

***

AGEP fluorescence
fluorescence units.mg soluble protein-^

6.83 ± 0.51
(4)

7.46 ± 0.30
(4)

n.s.

3.87 ± 0.20
(4)

***

**

Opacification
A ^ 1 0 - * of crystallin solution (6mg.ml-i)

6.50 ± 0.29
(8)

18.8 ± 0.48
(4)

***

4.00 ± 0.11
(4)

Results are sfiown as Mean ± SEM; nunber of observations are shorn in parentheses. Purified Y crystallin was resuspended
in 0.1M PtTOsphate buffer pH 7.3, post-translational oxidative modification parameters and acA/anced glycation
endproducts (AGEPs) were determined as described under Methods.
Statistical analysis was performed using Student’s ttest * P<0.05, * * PcO.OI, * * * PcO.OOl, n.s. not significant.
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supplemented diabetic is considerably above that evident in the control. AGEP and
carbonyl group formation, elevated in diabetes, are decreased by the dietary
supplement such that levels are below that evident in the control. Ascorbate
supplementation slightly elevates bityrosine formation in comparison with the
diabetic although the level of bityrosine is not significantly different from the
control. However the above modifications further increase the opacity of the
resuspended crystallin solution.

2 .9 Effect of experimental streptozocin diabetes of 21 days duration and dietary
acetylsalicylic acid supplementation on the in wVo post-translational modification
of diabetic rat lens crystallin.

The effect of streptozocin diabetes of 21 days duration on the in vivo posttranslational modification of rat lens crystallin has been described. Described
below is the effect of dietary supplementation with acetylsalicylic acid, throughout
the period of diabetes, on these changes.

a. g crystallin.

The treatment of the diabetics with acetylsalicylic acid alters the pattern of
in y/Vo crystallin post-translational modification characteristic of diabetes (Table
21). Acetylsalicylic acid supplementation significantly prevents the formation of
AGEP groups such that the AGEP content of the supplemented diabetic crystallin is
significantly below that of the control. However, the loss of tryptophan
fluorescence, unchanged by diabetes, is increased by dietary supplementation. No
prevention of crystallin sulphydryl loss is seen and although a decrease in
bityrosine accumulation is seen this is not significant. Carbonyl group formation
is prevented such that the carbonyl content of the supplemented diabetic is
significantly below that of the control. No improvement in the clarity of the
crystallin solution is seen.

b. Bl crystallin.

The effect of dietary supplementation with acetylsalicylic acid has differing
effects on the post-translational modifications induced in Bl crystallins by
diabetes (Table 22). Acetylsalicylic acid significantly prevents the formation of
bityrosine decreasing the total level to below that of the control. However, the

Table 21.
Effect of &perrnental streptozocin diabetes of 21 days duration and dietay acetylsalicylic acid supplementation
on the in vivo post - translational modification of rat lens oc crystalBn.

Control
(C)

Diabetic
(D)

"P"
(DvC)

Diabetic +
Acetylsalicylic
Acid (D + AA)

iipi

iipi

(D V D + AA) (D + AAvC)

Tryptophan fluorescence
nmoles.mg soluble protein-^

123 ± 0.96
(4)

125 ± 1.58
(4)

n.s.

110 ± 1.07
(4)

***

***

Bityrosine content
nmoles.mg soluble protein-^

1.73 ± 0.08
(6)

2.05 ± 0.24
(4)

n.s.

1.41 ± 0.36
(4)

n.s.

n.s.

Carbonyl content
nmoles.mg soluble protein-^

5.62 ± 0.41
(4)

6.40 ± 0.12
(4)

n.s.

2.81 ± 0.20
(4)

***

***

SH group content
nmoles (GSH).mg soluble protein-^

13.0 ± 0.58
(5)

4.38 ± 0.27
(4)

***

4.42 ± 0.43
(4)

n.s.

AGEP fluorescence
fluorescence units.mg soluble protein-^

14.1 ± 0.91
(4)

10.2 ± 1.45
(4)

n.s.

5.48 ± 0.001
(4)

*

Opacification
Asstw^dO"» of crystallin solution (6mg.ml-<)

0.75 ± 0.25
(4)

4.25 ± 0.48
(4)

***

4.25 ± 0.25
(4)

n.s.

Results are shown as Mean ± SEM; nunber of observations are shorn in parentheses. Purified oc crystallin was resuspended
h 0.1M Phosphate buffer pH 7.3, post-translational o@ddative mocMcation parameters and ach/anced g^«%tion
endproducts (AGEPs) were determined as described under Methods.
Statistical analysis was performed using Student’s t test * P<0.05, * * PcO.OI, * * * PcO.OOl, n.s. not significant.
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Table 22.
Effect of experimental streptozocin diabetes of 21 days duration and dietary acetylsalicylic acid supplementation
on the in vK/o post - translational modification of rat lens pi crystallin.

Control
(C)

Diabetic
(D)

iipi
(DvC)

Diathetic +
Acetylsalicylic
Add (D + AA)

llpll

iipll

(D vD + AA) (D + AAvC)

Tryptophan fluorescence
nmoles.mg soluble protein-^

61.0 ± 0.39
(8)

53.9 ± 0.65
(12)

***

44.5 ± 0.80
(7)

***

***

Bityrosine content
nmolesmg soluble protein-^

0.98 ± 0.03
(12)

1.58 ± 0.26
(11)

*

0.55 ± 0.17
(8)

**

*

Carbonyl content
nmoles.mg soluble protein-^

3.65 ± 0.27
(8)

3.50 ± 0.32
(8)

n.s.

1.78 ± 0.59
(8)

*

*

SH group content
nmoles (GSH) mg soluble protein-'

13.0 ± 0.40
(8)

2.79 ± 0.60
(B)

4.40 ± 1.06
(8)

n.s.

***

AGEP fluorescence
fluorescence units.mg solutxie protein-^

4.30 ± 0.43
(10)

9.87 ± 0.43
(8)

3.93 ± 1.34
(8)

**

n.s.

Opacification
Awoffl^ciO-* of crystallin solution (6mg.ml-i)

2.50 ± 0.28
(8)

3.44 ± 0.24
(9)

1.50 ± 0.29
(8)

***

*

***

Results are shown as Mean ± SEM; nunber of observations are shown in parentheses. Purified pi crystallin was resuspended
in 0.1M Phosphate buffer pH 7.3, post - translational oxidative modification parameters and advanced glycation
endproducts (AGEPs) were determined as descritxed under Methods.
Statistical analysis was performed using Student’s t test * P<0.05, * * PcO.01, * * * PcO.OOl, n.s. not significant
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loss of tryptophan fluorescence is Increased. No prevention of crystallin
sulphydryl group loss was seen. Carbonyl group formation is also prevented to the
extent that the carbonyl content of the supplemented diabetic is significantly below
that of the control. AGEP formation was also seen to be prevented such that there
was no significant difference in the AGEP content of Pl crystallin from control and
acetylsalicylic acid-supplemented diabetic subjects. An improvement in the clarity
of the protein solution was seen such that the clarity of the solution was the same
as the control.

c. r crystallin.

The effect of supplementation of the diabetic diet with acetylsalicylic acid on
the post-translational modification of diabetic lens

r crystallin is shown in Table

2 3 . Acetylsalicylic acid supplementation of the diabetic restores the level of nonoxidized tryptophan, which is decreased in the diabetic, to that evident in the
control such that there is no significant difference between the control and the
supplemented diabetic. Acetylsalicylic acid also prevents the formation of carbonyl
groups and AGEP fluorescence, modifications which were also increased in diabetes,
such that no difference exists between the control and the supplemented diabetic.
Bityrosine formation is also inhibited such that the bityrosine content of the

r

crystallin from the supplemented diabetic lens is significantly below that of the
control, while sulphydryl group loss was prevented and levels were restored to
approximately 8 0% of that evident in the control. An improvement in the clarity of
the crystallin solution was seen such that the opacity was restored almost to that
of the control lens

r crystallin solution.

2 .1 0 Effect of experimental streptozocin diabetes of 21 days duration and dietary
ascorbate supplementation on the post-translational modification of lens crystallins
following exposure to an in v/fro oxidative insult.

a. g crystallin.

Incubation of a crystallin with the free-radical generating system, in vitro,
reveals the susceptibility of the crystallins to oxidative stress. As expected,
there is a peroxide-dependent, increase in the markers of oxidative damage which is,
if different, always greater in a crystallins from diabetic, than control, animals
(Table 24).

Table 23,
Effect of 6>q3errnentai streptozocin diat)etes of 21 days duration and dietary acetylsalicylic acid supplementation
on the in vivo post - translational modification of rat lens Y crystallin.

Control
(C)

Diabetic
(D)

lipi

(DvC)

Diabetic +
Acetylsaficylic
Add (D + AA)

iipi

lipi

(D V D + AA) (D + AAvC)

Tryptophan fluorescence
nmoles.mg solut)le protein-'*

27.1 ± 0.70
(6)

19.2 ± 0.28
(4)

* * *

27.3 ± 0.55
(4)

* * *

n.s.

Bityrosine content
nmoles mg soluble protein-'*

0.84 ± 0.06
(4)

0.82 ± 0.04
(6)

n.s.

0.50 ± 0.04
(4)

***

***

Carbon^ content
nmoles.mg soluble protein-*

2.54 ± 0.07
(4)

4.43 ± 0.10
(4)

***

2.62 ± 0.26
(4)

***

n.s.

SH group content
nmoles (GSH).mg soluble protein-*

31.1 ± 1.12
(8)

11.8 ± 0.34
(4)

** *

24.7 ± 0.48
(4)

* * *

AGEP fluorescence
fluorescence units.mg soluble protein-*

6.83 ± 0.51
(4)

7.46 ± 0.30
(4)

n.s.

5.18 ± 0,49
(4)

**

Opacification
AssoM^dO"* of crystallin solution (6mg.ml-*)

6.50 ± 0.29
(8)

18.8 ± 0.48
(4)

* * *

7.50 ± 0.29
(4)

Results are shown as Mean ± SEM; nunber of observations are shown in parentheses. Purified Y crystallin was resuspended
in 0.1M Phosphate buffer pH 7.3, post - translational owdative modification parameters and advanced glycation
endproducts (AGEPs) were determined as described under Methods.
Statistical analysis was performed using Student’s t test * P<0.06, * * P<0.01,
P < 0.001, n.s. not significant.

A

* *

A A A

n.s.

A
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Table 24.
Effect of e)penmental streptozocin diabetes of 21 days duration and dietary supplementation with ascorbate (A)
on the susceptibity of rat lens oc. crystallin to in wtro post-translational rrxxAAcation by rnetal catalysed
oxidative stress.

Pre Stress

Hydrogen peroxide concentration

Tryptophan fluorescence
nmoles.mg solut)le protein-<

Bitvrosine content
nmoles.mg soluble protein-*'

Carbonyl content
nmoles.mg soluble protein-<

Control
Diabetic
"P'CvD
Diabetic + A
"P'DvD + A
"P'D + AvC
Control
Diabetic
"P'CvD
Diabetic + A
'P'DvD + A
"P'D + AvC
Control
Diabetic
'P'CvD
Diabetic + A
'P'DvD + A
'P 'D + AvC

0.00 mM
Cu*+ + Ascorbate
only

0.05 mM

0.10 mM

0.25 mM

0.50 mM

48.7 ± 0.80
47.4 ± 0.48
n.s
22.6 ± 0.46
***
***

47.5 ± 0.78
46.3 ± 0.64
n.s
22.0 ± 0.83
***
***

48.1 ± 1.20
40.1 ± 1.31
**

44.2 ± 1.36
32.5 ± 0.72
**

24.2 ± 0.25
***
***

23.5 ± 1.09
■A**
AAA

123 ± 0.96
125 ± 1.58
n.s
150 ± 3.04
***
* * *

83.3 ± 0.46
-

(C)
(D)

1.21 ± 0.02
2.61 ± 0.25
A*

_
-

2.07 ± 0.26
5.28 ± 0.26
***

2.00 ± 0.06
5.82 ± 0.31

2.44 ± 018
6.53 ± 0.22
***

3.13 ± 0.14
9.85 ± 0.60
***

(D + A)

0.51 ± 0.08
***
***

-

0.87 ± 0.06
***
**

0.96 ± 0.08
***
***

0.73 ± 0.06
***
***

1.05 ± 0.14
AAA
***

(C)
(D)

1.24 ± 0.08
1.38 ± 0.09
n.s
1.34 ± 0.26
n.s
n.s

—

6.11 ± 0.15
11.8 ± 0.24

6.28 ± 0.13
12.0 ± 0.24
***

7.39 ± 0.17
13.0 ± 0.30
***

8.91 ± 0.09
14.8 ± 0.41
AAA

5.76 ± 0.00
***

6.54 ± 0.78

10.7 ± 1.10
n.s

6.28 ± 0.14

(C)
(D)
(D + A)

(D + A)

-

-

-

n.s.

*

*

*

n.s

*

A A A
*

*

*

SH group content
nmoles (GSH) mg soluble protein-1

AGEP fluorescence
fluorescence units.mg soluble
protein-1

Opalescence
AesomPdO*^ of crystallin solution
(6mg.ml-i)

Control
Diabetic
"P‘ CvD
Diabetic+A
"P'DvD + A
"P'D + AvC
Control
Diabetic
"P'CvD
Diabetic + A
"P'DvD + A
"P'D + AvC
Control
Diabetic
"P* CvD
Diabetic + A
"P'DvD + A
"P'D + AvC

(C)
(D)

13.0 ± 0.58
7.95 ± 0.10

-

* * *

(D + A)

A A A

10.0 ± 3.33

-

n.s
n.s
(C)
(D)

9.95 ± 0.59
17.5 ± 2.92

_

-

3.10 ± 0.64
*

-

A

A A A

(C)
(D)

2.50 ± 0.50
3.00 ± 0.58

—

-

n.s
(D + A)

2.00

±

n.s
n.s

2.00

-

3.58 ± 0.64
0.00
A A

3.48 ± 0.39
0.00
A A A

4.26 ± 0.72
0.00
A A

0.00

0.00

0.00

0.00

n.s

n.s

n.s

n.s

A A A

A A

A A A

A A

14.0 ± 0.48
32.1 ± 1.19

14.0 ± 0.48
30.6 ± 0.84

16.1 ± 1.30
36.5 ± 1.88

21.4 ± 0.56
54.0 ± 0.84

A A A

n.s
(D + A)

3.10 ± 0.32
0.00

8.54 ± 0.72

A A A

8.86 ± 0.92

A A A

8.31 ± 0.42

A A A

8.31 ± 0.54

A A A

A A A

A A A

A A A

A A A

A A

A A

A A A

2.50 ± 0.50
4.75 ± 0.48

2.50 ± 0.50
2.75 ± 0.75

1.50 ± 0.29
7.00 ± 0.58

2.25 ± 0.25
8.33 ± 1.20

A

n.s

A A A

A A

1.67 ± 0.13

1.33 ± 0.30

2.70 ± 0.42

2.13 ± 0.24

n.s
n.s

n.s
n.s

A A A

A A

n.s

n.s

Results are shown as Mean ± SEM of a minrnLfn 4 independent observations. Riified oc crystallin was resuspended in
0.1M Phosphate buffer pH 7.3, owdative stress was appfed by the addition of freshly prepared CuSO* (100jiM ) and
ascorbate (5mM) with or without HaOj (0.05mM to O.SOmM), all final concentrations, and incubated in air at 37*C
for 30 minutes. Oxidative modification parameters and glycation were determined as described under Methods.
Statistical analysis was performed using Student's t test * P<0.05, * * P<0.01, * * * P<0.001, n.s. not significanL
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a crystallin from control, diabetic and ascorbate-supplemented diabetic groups
all exhibit a decrease in the characteristic fluorescence of non-oxidized tryptophan
and a loss of sulphydryl groups on the application of stress. The diabetic
crystallin shows a greater loss of tryptophan but only at the 0 .2 5 and O.SOmM H2 O 2
levels of stress. While approximately 6 0% of tryptophan is oxidized in a
crystallins at all levels of stress, irrespective of their origin. There is a 100%
loss of sulphydryl groups in diabetic crystallins, occurring even at the lowest
level of stress (no H 2 O 2 , only ascorbate and copper present) which compares with a
loss of 75% in the control at all levels of stress. The supplementation of the
diabetic diet with ascorbate does not prevent the oxidation of tryptophan but
increases the oxidation to the extent that the level of non-oxidized tryptophan in
crystallin from the supplemented diabetic group is approximately 50% of the un
supplemented diabetic. The loss of sulphydryl groups in the diabetic is also not
prevented and a 100% loss of sulphydryl groups is seen even at the lowest level of
stress.
a crystallin from control, diabetic and ascorbate-supplemented diabetic groups
all exhibit an increase in bityrosine and carbonyl group content on the application
of oxidative stress, the levels of which correspond to the degree of oxidative
stress. The formation of these groups is approximately 2 to 3 fold higher in
crystallins from diabetic than from control animals. The administration of
ascorbate inhibits the increased bityrosine formation seen in diabetic a crystallin
on the application of stress, such that the bityrosine level is significantly below
that of the control crystallin at the same level of stress. Ascorbate also prevents
the formation of carbonyl groups in the diabetic crystallin, such that the carbonyl
content of a crystallins purified from ascorbate supplemented diabetic lenses is no
different from that of a crystallins purified from control lenses.
Increasing levels of oxidative stress increased the AGEP content of crystallins
from the lenses of control, diabetic and ascorbate-supplemented diabetic animals.
The level of AGEPs in the diabetic, which are much higher than in the control
crystallin before the application of stress, rise to a greater extent in response to
H 2 O 2 than in the crystallin from the control. At the highest level of stress AGEP
content of the diabetic has increased 3 fold, while in the control it has increased
2 fold. The supplementation of the diet fed to diabetic rats with ascorbate
prevents the increase in AGEP formation on the addition of increasing levels of H2 O 2
in vitro, such that the AGEP content is significantly below that of the control at
each level of stress.

9^

The effect of the above modifications on the clarity of the protein solution is
also shown in Table 2 4. On the application of stress crystallin solution from
diabetic animals show a greater loss of clarity in comparison with crystallin from
control lenses. Increasing the oxidative stress however, had little effect on the
opalescence of the control crystallin solution while, an increase in stress
increased the absorbance of the diabetic crystallin solution, the loss of clarity
being related to the degree of oxidative stress. Ascorbate treatment during
diabetes prevents the acute loss of transmission such that light scatter in a
crystallin from the supplemented diabetic is no different from that seen in the
control crystallin solution at each level of stress.

b. Bl crystallin.

Incubation of Bl crystallin with the free-radical generating system, in vitro,
reveals the susceptibility of the crystallins to oxidative stress. As expected,
there is a peroxide-dependent, increase in the markers of oxidative damage, which is
always greater in Bl crystallins from diabetic animals than control animals (Table
25).
Bl crystallin from control, diabetic and ascorbate-supplemented diabetic groups
all exhibit a decrease in the characteristic fluorescence of non-oxidized tryptophan
and a loss of sulphydryl groups on the application of stress, with the diabetic
crystallin showing the greatest loss. Approximately 50% to 6 0% of tryptophan is
oxidized in Bl crystallins at all levels of stress, irrespective of their origin.
There is a 100% loss of sulphydryl groups in diabetic crystallins, occurring even at
the lowest level of stress (no H2 O 2 , only ascorbate and copper present) which
compares with a loss of 75% at 0.05m M and 94% at 0.5m M H2 O 2 in the control. The
supplementation of the diabetic diet with ascorbate prevents the oxidation of
tryptophan to the extent that the level of non-oxidized tryptophan in crystallin
from the supplemented diabetic group is higher than that seen in crystallin from the
control group. Significantly, the loss of sulphydryl groups in the diabetic is also
prevented, such that there is no significant differences in the sulphydryl group
content of crystallin from the control, and ascorbate-supplemented diabetic groups.
Bl crystallin from control, diabetic and ascorbate-supplemented diabetic groups
all exhibit an increase in bityrosine and carbonyl group content on the application
of oxidative stress, the levels of which correspond to the degree of oxidative
stress. The formation of these groups is approximately 2 to 4 fold higher in
crystallins from diabetic than from control animals. The administration of
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Table 25.
Effect of esperinental streptozocin diat)etes of 21 days duration and dietary supplementation with ascorbate (A)
add on the susceptibility of rat lens
crystalTin to in \Aro post - translational mocMcation by metal catalysed
ONdative stress.

Pre Stress

Hydrogen perowde concentration

Tryptophan fluorescence
nmoles.mg solut)le protein-^

BHyrosine content
rmdes mg soluble protein-^

Carbonyi content
nmoles .mg soluble protein-'

Control
Diabetic
"P’ CvD
Diat)etic +A
"P*DvO + A
"P'D + AvC
Control
Diathetic
•P'CvD
Diabetic + A
"P‘ DvD + A
"P'D + AvC
Control
Diabetic
"P'CvD
Diabetic + A
"P'DvD + A
"P'D + AvC

0.00 mM
Cu*+ + Ascortjate
only

0.05 mM

0.10 mM

0.25 mM

0.50 mM

61.0 ± 0.39
51.2 ± 1.14
* **

28.0 ± 0.52
22.6 ± 0.25
***

27.3 ± 0.62
21.8 ± 0.42
***

25.8 ± 0.58
21.2 ± 0.25
***

23.3 ± 1.03
19.9 ± 0.42
**

23.3 ± 0.19
18.4 ± 0.32

68.9 ± 0.97
***
***

29.1 ± 0.47
***

29.1 ± 0.28
***
***

28.8 ± 0.74
***
***

27.0 ± 0.21

n.s

29.6 ± 0.33
***
***

(C)
(D)

1.01 ± 0.06
1.90 ± 0.16
* **

1.60 ± 0.08
5.84 ± 0.12
***

1.50 ± 0.09
5.87 ± 0.20
***

1.45 ± 0.02
6.14 ± 0.14
***

1.77 ± 0.06
7.24 ± 0.49
***

2.35 ± 0.03
7.90 ± 0.20

(D + A)

2.14 ± 0.09

6.27 ± 0.23

6.07 ± 0.16

6.20 ± 0.08

6.39 ± 0.10

6.86 ± 0.23

n.s

n.s

n.s

n.s

n.s

**
***

13.2 ± 1.13
22.5 ± 1.39

(C)
(D)
(D + A)

(C)
(D)

***

***

***

* %*

3.65 ± 0.27
3.50 ± 0.32

7.89 ± 0.64
17.8 ± 0.55

8.78 ± 0.73
17.3 ± 0.63

8.62 ± 0.73
17.5 ± 0.12
* *

12.4 ± 1.88
21.3 ± 1.83

n.s.
(D + A)

0.75 ± 0.13
***
***

it if

it it it

i t * it

***

***

***

6.71 ± 0.12

6.71 ± 0.12
***

7.30 ± 0.16
***

8.30 ± 0.27
***

11.0 ± 0.49

n.s

n.s.

n.s

n.s

ns.

A

***

SH group content
nmotes (GSH).mg soluble protein-*'

AGEP fluorescence
fluorescence units.mg soluble
protein-1

Opalescence
AkomXIO** of cfystaNin solution
(6mg.ml-i)

Control
Diabetic
"P'CvD
Diabetic + A
"P" DvD + A
"P'D + AvC
Control
Diabetic
"P' CvD
Diabetic + A
"P'DvD + A
"P'D + AvC
Control
Diabetic
"P'CvD
Diabetic + A
"P'DvD + A
"P'D + AvC

(C)
(D)

13.0 ± 0.40
2.79 ± 0.76
***

3.37 ± 0.08
0.00
***

3.15 ± 0.30
0.00
**

2.26 ± 0.29
0.00

1.92 ± 0.48
0.00
***

0.82 ± 0.00
0.00
***

(D + A)

10.40 ± 0.70
***
**

3.29 ± 0.34
***

3.21 ± 0.46
***

2.28 ± 0.27
***

1.38 ± 0.60
* **

n.s

n.s.

4.01 ± 0.37
***
**

n.s.

ns.

(C)
(D)

2.20 ± 0.12
7.00 ± 1.10
***

15.2 ± 0.57
63.1 ± 4.56
***

11.6 ± 2.22
65.3 ± 3.25
** *

12.4 ± 2.50
63.4 ± 2.46
***

17.0 ± 1.33
69.7 ± 4.48
***

22.1 ± 1.98
73.9 ± 1.98
***

(D + A)

5.20 ± 0.50
n.s
***

21.2 ± 3.85
***

26.9 ± 1.27
***
***

28.1 ± 1.25
***
***

32.9 ± 2.99
***
***

39.3 ± 4.15
***
**

(C)
(D)

2.50 ± 0.28
3.44 ± 0.24
*

75.0 ± 0.50
94.0 ± 1.73
***

76.5 ± 2.10
92.8 ± 1.75

78.8 ± 2.17
91.3 ± 1.18
***

78.8 ± 0.48
102 ± 6.17
**

76.5 ± 1.19
108 * 4.21
***

(D + A)

1.50 ± 0.29
***
*

41.5 ± 0.50
***
***

47.0 ± 2.52
#c* *
***

52.0 ± 0.41
*
***

54.3 ± 2.81
* **
***

60.0 ± 1.87
***
***

n.s

Results are shown as Mean ± SEM of a minimin 7 independent observations. Purified Pi crystallin was resuspended in
0.1M Phosphate buffer pH 7.3, oxidative stress was appied by the addition of freshly prepared CuSO* (100>iM) and
ascorbate (5mM) with or \Mthout HzOg (O.OSmM to O.SOmM), aHfinal concentrations, and incubated in air at 37'C
for 30 minutes. Owdative modification parameters and glycation were determined as described under Methods.
Statistical ana^is was performed using Student's t test * PcO.OS, * * PcO.OI, * * * P<0.001, n.s. not significant.
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ascorbate does not inhibit the increased bityrosine formation seen in diabetic pL
crystallin on the application of stress. Ascorbate does, however, prevent the
formation of carbonyl groups in the diabetic crystallin, such that the carbonyl
content of

crystallins purified from ascorbate supplemented diabetic lenses is

significantly below that of

crystallins purified from control lenses.

Increasing levels of oxidative stress increased the AGEP content of crystallins
from the lenses of control, diabetic and ascorbate-supplemented diabetic animals.
The level of AGEPs in the diabetic, which are originally much higher than in the
control crystallin, rise to a greater extent in response to H2 O 2 than occurs in the
crystallin from the control. The supplementation of the diet fed to diabetic rats
with ascorbate prevents any further increase in AGEP formation on the addition of
increasing levels of H 2 O 2 in vitro.
The profound effect of the above modifications on the clarity of the protein
solution is shown in Table 25. On the application of stress (CUSO 4 and ascorbate
only) crystallin from diabetic animals showed a greater loss of clarity in
comparison with crystallin from control lenses. Increasing the oxidative stress
however, had little effect on the opalescence of the diabetic crystallin solution
while, an increase in stress increased the absorbance of the control crystallin
solution. Ascorbate treatment during diabetes prevents the acute loss of
transmission such that light scatter in (5l crystallin is reduced to 30% of that
evident in the untreated diabetic. However, unlike the untreated diabetic, an
increase in oxidative stress increases the absorbance of the crystallin solution.

c.

r crystallin.
Incubation of

r crystallin with the free-radical generating system,

in vitro,

reveals the susceptibility of the crystallins to oxidative stress (Table 26).
However, unlike a and Pl crystallins, r crystallin do not exhibit a peroxidedependent, increase in the markers of oxidative damage, and post-translational
modification is often no different in crystallins from diabetic or control animals.
r crystallin from control, diabetic and ascorbate-supplemented diabetic groups
all exhibit a decrease in the characteristic fluorescence of non-oxidized tryptophan
on the application of stress. However, the loss of approximately 65% is only
slightly greater in diabetic crystallins. In all groups tryptophan oxidation does
not increase with stress. Sulphydryl groups are also lost from the

r crystallin on

the application of stress but the loss is greater in the control crystallin. The
supplementation of the diabetic diet with ascorbate does not alter the oxidation of

Table 26.
Effect of e>q3errnentaj streptozocin diabetes of 21 days duration and dietary supplementation witti ascorbate (A)
on tfie susceptibility of rat lens Y crystain to in vitro post - translational modification by metal catalysed
OMdative stress.

Hydrogen perowde concentration

Tryptophan fluorescence
nmoles.mg solut)le protein-1

Bityrosine content
nmoles.mg solut)le protein-"'

Carbonyl content
nmoles mg soluble protein-^

Control
Diabetic
"P" CvD
Diabetic + A
"P'DvD + A
"P'D + AvC
Control
Diabetic
"P'CvD
Diabetic + A
"P'DvD + A
"P'D + AvC
Control
Diabetic
"P'CvD
Diabetic + A
"P' DvD + A
"P'D + AvC

Pre Stress

0.00 mM
Cu*^ + Ascorbate
only

(C)
(D)

28.5 ± 0.60
26.2 ± 0.33
*

-

13.0 ± 0.30
11.4 ± 0.47
*

12.7 ± 0.37
11.1 ± 0.10
**

12.7 ± 0.03
11.5 ± 0.15
***

13.0 ± 0.34
11.4 ± 0.19
A*

(D + A)

25.7 ± 0.23
n.s
**

-

11.2 ± 0.08
n.s
**

10.8 ± 0.13
n.s
TfC*

10.7 ± 0.16
*
***

10.8 ± 0.04
*
***

(C)
(D)

0.84 ± 0.07
0.86 ± 0.07
n.s
101 ± 0.05
n.s
n.s

—
-

2.00 ± 0.11
1.72 ± 0.05
n.s
3.63 ± 0.80
n.s
n.s

2.00 ± 0.07
1.72 ± 0.17
n.s
3.80 ± 0.92
n.s
n.s

2.16 ± 0.05
2.33 ± 0.35
n.s
2.37 ±0.11
n.s
n.s

2.21 ± 0.04
2.42 ± 0.09
n.s
2.81 ± 0.15
n.s
*

2.99 ± 0.14
2.76 ± 0.09
n.s
2.57 ± 0.14
n.s
n.s.

3.03 ± 0.12
2.85 ± 0.09
n.s
2.62 ± 0.13
n.s
n.s

3.44 ± 0.33
3.57 ± 0.09
n.s
2.91 ± 0.09
**

3.75 ± 0.07
3.64 ± 0.20
n.s
3.32 ±0.11
n.s
*

(D + A)

(C)
(D)
(D + A)

1.51 ± 0.09
1.51 ± 0.11
n.s
1.15 ± 0.03
*
**

-

-

0.05 mM

0.10 mM

0.25 mM

n.s

0.50 mM

SH group content
nmoles (GSH).mg solutile protein-^

AGEP fluorescence
fluorescence units.mg soluble
protein-1

Opalescence
AssomXlO-» of crystallin solution
(6rng.ml-i)

Control
Diabetic
"P” CvD
Diat>etic + A
"P'DvD + A
"P'D + AvC
Control
Diathetic
"P* CvD
Diabetic + A
"P'DvD + A
"P'D + AvC
Control
Diabetic
"P'CvD
Diabetic + A
"P'DvD + A
"P’ D + AvC

(C)
(D)
(D + A)

(C)
(D)
(D + A)

30.5 ± 1.16
30.6 ± 0.48
n.s
42.0 ± 0.24
***
* **

-

6.58 ± 0.59
9.92 ± 0.72
*

7.59 ± 0.14
9.61 ± 0.28
***

4.81 ± 0.33
7.71 ± 0.36
**

0.96 ± 0.37
3.70 ± 0.56
AAA

-

14.5 ± 0.26
***
***

14.0 ± 0.64
***

10.4 ± 0.55
***

4.20 ± 0.53
n.s
AAA

6.03 ± 0.39
6.78 ± 1.76
n.s
3.87 ± 0.20
n.s
**

_

-

20.3 ± 0.42
15.7 ± 0.96
**

20.1 ± 0.72
16.3 ± 0.44
**

6.51 ± 0.34

20.4 ± 0.50
A*

20.1 ± 0.73
**

23.5 ± 0.72
21.2 ± 0.47
n.s
25.7 ± 0.68
AA

n.s

n.s

21.1 ± 0.43
19.5 ± 1.03
n.s
21.7 ± 0.73
n.s
n.s

29.0 ± 1.15
17.7 ± 0.67
***

24.8 ± 0.25
25.0 ± 0.58
n.s
25.0 ± 0.91
n.s
n.s

26.8 ± 0.25
26.7 ± 1.33
n.s
29.5 ± 0.65
n.s
A*

30.3 ± 1.25
30.7 ± 0.88
n.s
32.0 ± 1.29
n.s
n.s

(C)
(D)

5.20 ± 0.29
10.0 ± 0.12
***

(D + A)

4.12 ± 0.13
***
**

—
-

-

27.0 ± 0.58
n.s

n.s

Results are shown as Mean ± SEM of a minrnixn 4 independent observations. Purified Y crystallin was resuspended in
0.1M Phosphate buffer pH 7.3, owdatwe stress was applied by the addition of freshly prepared CuSO* (100 jxM) and
ascorbate (5mM) with or without H2 O2 (O.OSmM to O.SOmM), all final concentrations, and incubated in air at 37*C
for 30 minutes. Oxidative modification parameters and glycation were determined as described under Methods.
Statistical analysis was performed using Student’s t test * PcO.OS, * * P<0.01, * * * PcO.OOl, n.s. not significant.
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tryptophan seen in the diabetic crystallins but does prevent the loss of sulphydryl
groups in the diabetic such that the supplemented group posses the highest
sulphydryl content at all, but the highest level of stress. At this level no
difference is seen between the diabetic and supplemented diabetic, r crystallin
from control, diabetic and ascorbate-supplemented diabetic groups all exhibit an
increase in bityrosine and carbonyl group content on the application of oxidative
stress however, there is no increase in either parameters as the degree of oxidative
stress is increased. The formation of these groups is the same in both control and
diabetic crystallins. The administration of ascorbate has no effect on these
parameters which were unchanged by diabetes.
Oxidative stress increased the AGEP content of crystallins from the lenses of
control, diabetic and ascorbate-supplemented diabetic animals although the AGEP
content only increased slightly with increasing oxidative stress. The level of
AGEPs, which were no higher in the diabetic in vivo, are slightly lower in the
diabetic compared with the control but only at the 0 .0 5 and 0 .1 0mM H 2 O 2 levels of
stress, while at the higher levels of stress there is no difference. The
supplementation of the diet fed to diabetic rats with ascorbate does not affect the
broadly unchanged AGEP level of the diabetic and increases the lowered AGEP level
seen at the 0 .0 5 and 0 .1 0mM H2 O 2 levels of stress such that in the supplemented
diabetic it is now no different from the control.
The effect of the above modifications on the clarity of the protein solution is
also shown in Table 2 6. On the application of stress.crystallin from diabetic
animals do not show a greater loss of clarity in comparison with crystallin from
control lenses. Increasing the oxidative stress also had little effect on the
opalescence of the control or diabetic crystallin solutions. Ascorbate treatment
during diabetes also had no effect on this parameter.

2.11 Effect of experimental diabetes of 21 days duration and acetylsalicvlic acid
supplementation on the post-translational modification of lens crystallins following
exposure to an in v/fro metal-catalysed oxidative stress.

a. g crystallin.

Incubation of a crystallin with the free-radical generating system, in vitro,
reveals the susceptibility of the crystallins to oxidative stress (Table 27). As
described previously, there is a peroxide-dependent, increase in the markers of
oxidative damage, which is always greater in a crystallins from diabetic than

Table 27.
Effect of e>peitnentd streptozocin dlat>etes of 21 days duration and dietary supplementation with acet^salicyHic
acid (AA) on the susceptibifity of rat lens oc crystain to in wtro post-translational modification by metal cata^ed
oxidative stress.

Pre Stress

Hydrogen peroxide concentration

Tryptophan fluorescence
nmoles.mg solutDle protein-*'

Bityrosine content
nmoles.mg soluble protein-^

Carbonyl content
nmoles.mg soluble protein-^

0.00 mM
Cu*^ + Ascorbate
only

0.05 mM

0.10 mM

0.25 mM

0.50 mM

27.3 ± 0.46
25.5 ± 0.28
AA

27.9 ± 1.13
22.5 ± 0.22
AAA

22.6 ± 0.40
19.1 ± 0.29
AAA

44.2 ± 0.32
AAA
AAA

39.9 ± 0.24
AAA
AAA

36.1 ± 0.81
AAA
AAA

3.69 ± 0.16
4.05 ± 0.07
n.s
3.07 ± 0.11

4.82 ± 0.12
5.76 ± 0.22
AA

Control
(C)
Diat>etic
(D)
"P' CvD
Diabetic + AA (D + AA)
"P'DvD + AA
"P'D + AAvC

123 ± 0.96
125 ± 1.58
n.s
110 ± 1.07
***
***

30.5 ± 0.51
28.5 ± 0.40
AA
46.2 ± 0.48
AAA
AAA

29.1 ± 0.44
28.0 ± 0.35
n.s
47.1 ± 2.00
AAA
AAA

Control
(C)
Diathetic
(D)
"P" CvD
Diabetic+ AA(D + AA)
"P'DvD + AA
"P'D + AAvC

1.73 ± 0.08
2.05 ± 0.24
n.s
1.41 ± 0.36
n.s
n.s

2.64 ± 0.05
3.41 ± 0.08
AAA

2.83 ± 0.07
3.98 ± 0.21
AAA

2.61 ± 0.10

2.19 ± 0.17

3.15 ± 0.09
3.41 ± 0.19
n.s
2.37 ± 0.11

A A A

A A A

A A A

A A A

A A

n.s

A A

A A A

A A

n.s

Control
(C)
(D)
Diat>etic
"P" CvD
Diabetic + AA (D + AA)
"P'DvD + AA
"P'D + AAvC

5.62 ± 0.41
6.40 ± 0.12
n.s
2.81 ± 0.20
***
* A*

12.8 ± 1.35
15.8 ± 0.07
n.s
7.77 ±
0.26
AAA
AA

4.61 ± 0.14

12.5 ± 0.53
17.3 ± 0.19
AAA

14.3 ± 0.43
19.7 ± 0.36
AAA

15.4 ± 0.63
24.2 ± 0.51
AAA

22.0 ± 0.61
28.4 ± 0.85
AAA

7.41 ± 0.13
AAA
AAA

9.20 ± 0.38
AAA
AAA

13.0 ± 0.50
AAA
A

18.0 ± 0.39
AAA
AAA

SH group content
nmoles (GSH).mg soluble protein- 1

AGEP fluorescence
fluorescence units.mg soluble
protein-1

Opalescence
ARw^dO"» of crystallin solution
(6mg.ml-i)

Control
(C)
Diabetic
(D)
"P'CvD
Diabetic+ AA(D + AA)
"P'DvD + AA
"P'D + AAvC

13.0 ± 0.S8
4.38 ± 2.07

2.05 ± 0.62
0.00
**

2.46 ± 0.52
0.00
***

3.49 ± 0.56
0.00
***

4.42 ± 1.43
n.s
**

2.49 ± 0.83
**

1.47 ± 0.18
***

n.s

n.s

1.29 ± 0.49
A
*

Control
(C)
Diabetic
(D)
"P'CvD
Diathetic + AA(D + AA)
"P'DvD + AA
"P'D + AAvC

14.1 ± 0.91
10.2 ± 1.4S
n.s
5.48 ± 0.51
*
***

18.1 ± 2.36
26.6 ± 8.18
n.s
21.9 ± 0.75
n.s
n.s

20.0 ± 0.39
21.0 ± 0.51
n.s
20.1 ± 1.83
n.s
n.s

22.8 ± 2.36
17.4 ± 0.59
*

Control
(C)
Diabetic
(D)
"P'CvD
Diataetic + AA (D + AA)
"P'DvD + AA
"P'D + AAvC

0.75 ± 0.25
4.25 ± 0.48
***

1.50 ± 0.50
5.00 ± 0.01
***

4.25 ± 0.25
n.s
***

5.50 ± 0.50
n.s
**

2.98 ± 0.79
0.00
**

2.98 ± 0.74
2.10 ± 0.37
n.s
3.68 ± 0.37
*

3.73 ± 0.42
***

n.s

n.s

19.2 ± 1.75
n.s
n.s

25.2 ± 2.03
25.1 ± 0.98
n.s
32.3 ± 0.61
***
**

36.2 ± 1.82
37.3 ± 0.98
n.s
40.8 ± 0.61
*

2.00 ± 0.41
5.75 ± 0.48
**

2.00 ± 0.71
6.75 ± 0.85
**

3.00 ± 0.01
5.75 ± 0.25
***

4.00 ± 0.58
6.50 i 0.50
*

5.00 ± 0.41
n.s
**

5.00 ± 0.41
n.s
*

4.75 ± 0.48
n.s
*

3.75 ± 0.25
**

n.s

n.s

Results are shown as Mean ± SEM of a minlmiin 4 independent observations. Purified oc crystallin was resuspended in
0.1M Phosphate buffer pH 7.3, oxidative stress was applied by the addition of freshly prepared CuSO» (100>iM) and
ascorbate (5mM) with or without H2 O2 (O.OSmM to O.SOmM), all final concentrations, and incubated in air at 37'C
for 30 minutes. Oxidative modification parameters and glycation were determined as described under Methods.
Statistical analysis was performed using Student's t test * PcO.OS, * * PcO.01,
PcO.001, n.s. not significant.
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control animals.
a crystallin from control, diabetic and acetylsalicylic acid-supplemented
diabetic groups all exhibit a decrease in the characteristic fluorescence of non
oxidized tryptophan and a loss of sulphydryl groups on the application of stress,
with the diabetic crystallin showing a small but significantly greater loss at all
levels of stress. There is a 100% loss of sulphydryl groups in diabetic
crystallins, occurring even at the lowest level of stress (no H 2 O 2 , only ascorbate
and copper present) which compares with a loss of 7 5 -8 5 % in the control at all
levels of stress. The supplementation of the diabetic diet with acetylsalicylic
acid prevented the oxidation of tryptophan, by the in v/fro oxidative stress, such
that the level of non-oxidized tryptophan in crystallin from the supplemented
diabetic group is approximately 50% greater than the control. The loss of
sulphydryl groups in the diabetic is also prevented such that at all but the 0 .1 0mM
level of stress, the sulphydryl content of the supplemented diabetic is no different
from the control.
a crystallin from control, diabetic and acetylsalicylic acid-supplemented
diabetic groups all exhibit a peroxide dependent increase in bityrosine and carbonyl
group content on the application of oxidative stress. The formation of these groups
is greater in crystallins from diabetic than from control animals. The
administration of acetylsalicylic acid inhibits the increased bityrosine formation
seen in diabetic

crystallin on the application of stress, such that the

bityrosine level is either, no different from the control or, significantly below
that of the control crystallin at the same level of stress. Acetylsalicylic acid
also prevents the formation of carbonyl groups in the diabetic crystallin, such that
the carbonyl content of Pl crystallins purified from acetylsalicylic acid supplemented diabetic lenses is significantly below that of a crystallins purified
from control lenses.
Increasing levels of oxidative stress increased the AGEP content of crystallins
from the lenses of control, diabetic and acetylsalicylic acid-supplemented diabetic
animals. However, no difference is seen in the AGEP content of crystallins from
diabetic, control or acetylsalicylic acid-supplemented animals
The clarity of the resuspended diabetic lens crystallins solution is lower than
the control at all levels of stress. Acetylsalicylic acid supplementation did not
prevent the loss of transmission evident in un-supplemented diabetic crystallin.
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b. Bl crystallin.

Incubation of Bl crystallin with the free-radical generating system, in vitro,
reveals the susceptibility of the crystallins to oxidative stress (Table 28). As
described previously, there is a peroxide-dependent, increase in the markers of
oxidative damage, which is always greater in Bl crystallins from diabetic animals
than control animals.
Bl crystallin from control, diabetic and acetylsalicylic acid-supplemented
diabetic groups all exhibit a decrease in the characteristic fluorescence of nonoxidized tryptophan and a loss of sulphydryl groups on the application of stress,
with the diabetic crystallin showing the greatest loss. Approximately 60% to 60% of
tryptophan is oxidized in Bl crystallins at all levels of stress, irrespective of
their origin. There is a 100% loss of sulphydryl groups in diabetic crystallins,
occurring even at the lowest level of stress (no H 2 O 2 , only ascorbate and copper
present). The supplementation of the diabetic diet with acetylsalicylic acid did
not prevent the oxidation of tryptophan and sulphydryl groups. While there is no
difference in sulphydryl group loss between supplemented and un-supplemented
diabetic animals (the loss in both cases 100% ), tryptophan oxidation is slightly
increased in the animals receiving acetylsalicylic acid-supplementation.
Bl crystallin from control, diabetic and acetylsalicylic acid-supplemented
diabetic groups all exhibit an increase in bityrosine and carbonyl group content on
the application of oxidative stress, the levels of which correspond to the degree of
oxidative stress. The formation of these groups is approximately 2 to 4 fold higher
in crystallins from diabetic than from control animals. Increasing levels of
oxidative stress increased the AGEP content of crystallins from the lenses of
control, diabetic and acetylsalicylic acid-supplemented diabetic animals. The level
of AGEPs in the diabetic, which are originally much higher than in the control
crystallin, rise to a greater extent in response to H2 O 2 than occurs in the
crystallin from the control.

The level of bityrosine, carbonyl groups and AGEPs

in crystallins from the acetylsalicylic acid-supplemented animals is below that seen
in the un-supplemented diabetic but levels are not restored to that evident in the
control.
On the application of stress (CUSO4 and ascorbate only) crystallin from
diabetic animals showed a greater loss of clarity in comparison with crystallin from
control lenses. Increasing the oxidative stress however, had little effect on the
opalescence of the diabetic crystallin solution while, an increase in stress
increased the absorbance of the control crystallin solution. The increase in

o
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Table 28.
Effect of ejpertnental streptozocin diabetes of 21 days duration and dietary supplementation with acetylsalicylic
acid (AA) on the susceptibity of rat lens
crystain to in vitro post-translational mocMcation by metal catalysed
ONdatve stress.

Pre Stress

Hydrogen peroxide concentration

Tryptophan fluorescence
nmdesmg soluble protein-*'

Bityrosine content
nmoles.mg soluble protein-*'

Carbonyl content
nmoles.mg soluble protein-^

0.00 mM
Cu'* + Ascorbate
only

0.05 mM

0.10 mM

0.25 mM

0.50 mM

Control
(C)
Diabetic
(D)
"P" CvD
Diabetic + AA(D + AA)
••P'DvD + AA
"P'D + AAvC

61.0 ± 0.39
53.9 ± 0.65
■A**

28.0 ± 1.24
22.6 ± 0.25
**

27.3 ± 0.62
21.9 ± 0.15
***

25.8 ± 0.58
21.7 ± 0.40
***

23.3 ± 1.03
21.7 ± 0.84
**

23.3 ± 0.19
17.2 ± 0.59
AAA

44.5 ± 0.80
AAA
***

19.7 ± 0.00
***
***

19.3 ± 0.38
AAA
AAA

17.9 ± 0.39
***
AAA

17.9 ± 0.71
n.s.
***

17.1 ± 0.46
n.s.
AAA

Control
(C)
Diabetic
(D)
"P'CvD
Diabetic + AA (D + AA)
"P'DvD + AA
"P'D + AAvC

0.98 ± 0.39
1.58 ± 0.65
AAA

1.60 ± 0.08
5.84 ± 0.12
AAA

1.50 ± 0.09
5.87 ± 0.20
AAA

1.45 ± 0.02
6.14 ± 0.14
AAA

1.77 ± 0.06
7.24 ± 0.49
AAA

2.35 ± 0.03
7.90 ± 0.20
AAA

0.55 ± 0.08
**
A

3.14 ± 0.00
AAA
AAA

2.81 ± 0.10
***
AAA

3.00 ± 0.10
AAA
AAA

3.56 ± 0.11
AAA
* **

4.02 ± 0.07
***
***

Control
(C)
Diabetic
(D)
"P'CvD
Diabetic + AA (D + AA)
"P'DvD + AA
"P'D + AAvC

3.65 ± 0.27
3.50 ± 0.32
n.s.
1.78 ± 0.59
*
*

7.89 ± 0.64
17.8 ± 0.55
AAA

8.78 ± 0.73
17.3 ± 0.63
AAA

8.62 ± 0.73
17.5 ± 0.12
AAA

12.4 ± 1.88
21.3 ± 1.83
A

13.2 ± 1.13
22.5 ± 1.39
*A

13.8 ± 0.25
***
***

11.7 ± 1.38
*

14.0 ± 0.27
***
** *

14.9 ± 1.38
*

22.1 ± 2.98
n.s
*

n.s.

n.s

SH group content
nmoles (GSH).mg soluble protein-^

AGEP fluorescence
fluorescence units.mg soluble
protein-1

Opalescence
AwmXlO"* of crystallin solution
(6mg.ml-i)

13.0 ± 0.40
2.79 ± 0.76
***

3.37 ± 0.08
0.00
***

3.15 ± 0.30
0.00
**A

2.26 ± 0.29
0.00
***

1.92 ± 0.48
0.00
**

0.82 ± 0.00
0.00

4.40 ± 1.06
n.s.
***

0.00
n.s.
***

0.00
n.s.
***

0.00
n.s.
***

0.00
n.s.
**

0.00
n.s.

Control
(C)
Diabetic
(D)
"P'CvD
Diabetic + AA (D + AA)
"P'DvD + AA
"P'D + AAvC

4.30 ± 0.43
9.87 ± 0.43
***

10.6 ± 0.98
50.6 ± 0.86
***

10.9 ± 0.63
51.9 ± 0.82
***

9.93 ± 0.00
55.8 ± 1.50
***

13.4 ± 0.73
67.0 ± 4.60
***

18.5 ± 1.00
71.7 ± 1.77
* **

3.93 ± 1.34
**

27.8 ± 1.68
***
***

31.7 ± 1.85

n.s.

29.2 ± 1.12
***
***

** A

36.7 ± 1.96
***
***

43.5 ± 1.06
***
***

Control
(C)
Diabetic
(D)
"P'CvD
Diabetic + AA (D + AA)
"P'DvD + AA
"P'D + AAvC

2.50 ± 0.28
3.44 ± 0.24
***

75.0 ± 0.50
94.0 ± 1.73
***

76.5 ± 2.10
92.8 ± 1.75
***

78.8 ± 2.17
91.3 ± 1,18
***

78.8 ± 0.48
102 ± 6.17
**

76.5 ± 1.19
108 ± 4.21
***

1.50 ± 0.29
***
*

41.5 ± 0.50
***
A **

47.0 ± 2.52
***
***

52.0 ± 0.41
***
* A*

54.3 ± 2.81
***
***

60.0 ± 1.87
***
***

Control
(C)
Diabetic
(D)
"P" CvD
Diabetic + AA(D + AA)
"P"DvD + AA
"P'D + AAvC

Results are shown as Mean ± SEM of a minimifn 4 independent observations. Purified pL crystaBIn was resuspended in
0.1M Phosphate buffer pH 7.3, oxidative stress was applied by the addition of freshly prepared CuSO* (100;xM) and
ascort>ate (5mM) with or without HgOg (O.OSmM to O.SOmM), aH final concentrations, and incubated in air at 37*0
for 30 minutes. Oxidative modification parameters and glycation were determined as described under Methods.
Statistical analysis was performed using Student’s t test * PcO.OS, * * PcO.01, * * * PcO.001, n.s. not significant.

o

lo

no

opalescence of the protein solution, seen in the diabetic, is also prevented such
that light scatter in 3 l crystallin is reduced to that evident in the control.

c. r crystallin.

Incubation of r crystallin with the free-radical generating system, in vitro,
reveals the susceptibility of the crystallins to oxidative stress. There is a
peroxide-dependent, increase in the markers of oxidative damage, which is always
greater in F crystallins from diabetic animals than control animals (Table 29).
F crystallin from control and diabetic groups all exhibit a decrease in nonoxidized tryptophan on the application of stress. The loss, always greater in the
diabetic crystallin does not, however, increase with stress. Sulphydryl groups are
also lost from both diabetic and control lens F crystallins on the application of
stress but the loss is greater in the diabetic crystallin. The supplementation of
the diabetic diet with acetylsalicylic acid prevents the oxidation of tryptophan
seen in the diabetic such that the non-oxidized tryptophan content of the
supplemented diabetic is greater than the control. Sulphydryl group loss is also
prevented by the supplementation of the diabetic diet with acetylsalicylic acid,
although levels are not restored to that evident in the contol.
F crystallin from control, diabetic and acetylsalicylic acid-supplemented
diabetic groups all exhibit an increase in bityrosine and carbonyl group content on
the application of oxidative stress. These parameters increase slightly as the
degree of oxidative stress is increased, the formation of these groups being greater
in the diabetic crystallins. The administration of acetylsalicylic acid prevents
the formation of bityrosine and carbonyl groups such that they are either lower
than, or not significantly different from the control.
Oxidative stress increased the AGEP content of crystallins from the lenses of
control, diabetic and acetylsalicylic acid-supplemented diabetic animals. The
supplementation of the diet fed to diabetic rats with acetylsalicylic acid prevented
the formation of AGEPs in the diabetic such that, at each level of stress, the level
of AGEPs was below that of the control.
The effect of the above modifications on the clarity of the protein solution is
also shown in Table 2 9. On the application of stress crystallin from diabetic
animals show a greater loss of clarity in comparison with crystallin from control
lenses. Increasing the oxidative stress had little effect on the opalescence of the
control or diabetic crystallin solutions. Acetylsalicylic acid treatment during
diabetes prevented the increase in opalescence such that the clarity of the

Table 29.
Effect of expeitnental streptozocin diabetes of 21 days duration and dietary supplementation witti acetylsalicylic
acid (AA) on ttie susceptibity of rat lens Y crystallin to in vitro post - translational modification by metal cata^ed
oxidative stress.

Pre Stress

Hydrogen peroxide concentration

Tryptoptian fluorescence
nmoles.mg soluble protein-^

Bityrosine content
nmdesmg sdLtole protein-^

Carbonyl content
nmdes.mg soluble protein-^

Corrtrd
(C)
Diabetic
(D)
"P'CvD
Diabetic + AA(D + AA)
"P'DvD + AA
"P'D + AAvC

0.00 mM
Cu** + Ascorbate
only

O.OSmM

0.10 mM

0.25 mM

O.SOmM

9.41 ± 0.08
6.94 1 0.08

9.32 ± 0.10
7.06 ± 0.08
* **

8.80 ± 0.10
7.6S ± 0.28

10.8 ± 0.17
***
***

10.9 ± 0.14

27.1 ± 0.70
19.2 ± 0.28
★* *

9.49 ± 0.08
6.9S ± 0.24
***

9.46 ± 0.10
6.73 ± 0.14

27.3 ± O.SS
***

11.S ± 0.17
***
***

11.1 ± 0.13

1.6S ± 0.0S
1.87 ± 0.04
*

1.70 ± 0.04
1.98 ± 0.03
**

1.7S ± 0.04
2.12 ± 0.06
**

1.90 ± O.OS
2.40 ± 0.06
***

2.02 ± 0.09
2.96 ± 0.08

1.28 ± 0.03

1.31 ± 0.06

1.71 ± 0.02

n.s

* * *

* * *

10.9 ± 0.1S

* * *

* * *

***

* * *

* *

* * *
* * *

Contrd
(C)
Diabetic
(D)
"P‘ CvD
Diat>etic + AA(D + AA)
"P'DvD + AA
"P'D + AAvC

0.82 ± 0.04
0.82 ± 0.04
O.SO ± 0.04
***
***

1.19 ± 0.06
***

1.29 ± 0.06
* * *

* * *

* * *

* * *

ft*

* *

* * *

***

*

Control
(C)
Diathetic
(D)
"P'CvD
Diabetic + AA (D + AA)
"P'DvD + AA
"P'D + AAvC

2.S4 ± 0.07
4.43 ± 0.10

3.13 ± 0.12
3.22 ± 0.38

3.20 ± 0.12
4.13 ± 0.14

* * *

n.s

2.62 ± 0.26
***

2.89 ± 0.00

n.s

n.s

n.s
n.s

4 SI ± 0.09
4.9S ± 0.09

* *

3.40 ± 0.06
4.33 ± 0.16
**

2.77 ± 0.16

2.88 ± 0.21

3.84 ± 0.1S
***
**

* * *

n.s.

* * *

n.s

*

* * *

S.43 ± 0.07
6.6S ± 0.07
* * *

4.80 ± 0.24
***
n.s.

SH group content
nmoles (GSH).mg solut)le protein-^

AGEP fluorescence
fluorescence units.mg solut>le
protein-^

Opalescence
AbsmP<10~’ of crystallin solution
(6mg.ml-i)

10.1 ± 0.26
1.85 ± 0.37
AAA

8.01 ± 0.18
1.76 ± 0.25
AAA

3.48 ± 0.35
0.00
AAA

9.26 ± 0.26
***
*

10.4 ± 0.20
—
7.86 ± 0.55
**

7.08 ± 0.58
AAA
AA

4.47 ± 0.33
AAA
AAA

1.73 ± 0.37
AA
A

6.80 ± 0.S1
7.48 ± 0.30
n.s
S.18 ± 0.49
**

17.1 ± 0.S9
19.7 ± 0.00
**

17.1 ± 0.42
19.1 ± 0.45
*

17.0 ± 0.51
20.3 ± 0.26
AA

20.8 ± 0.78
29.8 ± 0.26
AAA

14.S ± 1.24
**

n.s.

n.s.

14.4 ± 0.95
* i<
*

13.9 ± 0.21
AAA
AA

19.5 ± 0.85
25.4 ± 2.33
n.s
15.8 ± 0.64
AA
A

6.S0 ± 0.29
18.8 ± 0.48
***

34.0 ± 0.01
53.0 ± 1.00
* * 3»f

36.0 ± 1.47
51.8 ± 2.09
5*:* A

35.0 ± 0.41
59.0 ± 1.78
AAA

38.8 ± 0.25
64.3 ± 0.85

46.5 ± 1.19
75.5 ± 0.65

A A A

A A A

7.50 ± 0.29
***
*

28.0 ± 1.00
***
A

28.5 ± 0.29

29.8 ± 0.63

33.3 ± 1.25

38.8 ± 1.70

A A A

A A A

A A A

A A A

A A

A A A

A A A

A A

31.1 ± 1.12
11.8 ± 0.34

10.6 ± 0.28
3.11 ± 0.12

24.7 ± 0.48
***
** *

Control
(C)
Diat)etlc
(D)
"P'CvD
Diabetic + AA(D + AA)
"P'DvD + AA
"P'D + AAvC
Control
(C)
Diabetic
(D)
"P'CvD
Diabetic + AA(D + AA)
"P'DvD + AA
"P'D + AAvC

Control
(C)
Diabetic
(D)
"P* CvD
Diabetic + AA (D + AA)
•F'DvD + AA
"P'D + AAvC

Results are shown as Mean ± SEM of a rnirvriLrn 4 independent observations. Rjrified Y crystallin was resuspended in
0.1M Phosphate buffer pH 7.3, oxidative stress was applied by tfie addition of freshly prepared CuSO# (100>iM) and
ascorbate (5mM) with or without HgOg (O.OSmM to O.SOmM), aUfinal concentrations, and incubated in air at 37*C
for 30 minutes. Oxidative modification parameters and glycation were determined as descrit>ed under Methods.
Statistical analysis was performed using Student’s t test * PcO.OS, * * PcO.OI, * * * PcO.001, n.s. not significant.

19.9 ± 0.45
AAA
n.s

13

supplemented diabetic crystallin solution was above that of the control.

2.1 2 The effect of streptozocin diabetes of 21 days duration and dietary
supplementation on the free amino group status of lens crystallin following exposure
to in y/fro metal catalysed oxidative stress.

The effects of diabetes and dietary supplementation on the free amino group
status of the crystallins before the application of oxidative stress have been
described previously, the results are reproduced in the following tables to allow
comparison with the effect of dietary supplementation.

a. g crystallin: Effect of diabetes and ascorbate supplementation.

Table 30 reveals that the application of stress in the form of ascorbate, Cu^*
and O.OSmM H 2 O 2 has no effect on the level of free amino groups expressed by the
control crystallin, as the stress is increased, the level of free amino groups
expressed by the crystallin decreases significantly, the decrease being proportional
to the degree of oxidative stress. The diabetic crystallin follows exactly the same
pattern, with the level of free amino groups expressed by control and diabetic
crystallin at the same level of stress being no different. Supplementation of the
diabetic diet has no effect on the free amino group status of lens a crystallin
after the application of stress in the form of O.OSmM H 2 O 2 , ascorbate and Cu^+, when
compared to the unsupplemented diabetic crystallin, however, a small, but
significant, decrease is seen when compared with the control crystallin. As the
oxidative stress is increased the level of free amino groups is decreased as was
seen in the other groups however the level of free amino groups in the supplemented
diabetic is consistently and significantly below that of the other two groups. An
exception to this is seen on the application of oxidative stress, in the form of
O.SOmM H 2 O 2 , when the free amino group level of the supplemented diabetic a
crystallin is approximately twice that of the other two groups.

b. 3 l crystallin: Effect of diabetes and ascorbate or acetylsalicylic acid
supplementation.

Table 31 shows that the effect of oxidative stress, at all levels, on control
lens 3 l crystallin is to decrease the level of free amino groups expressed by the
crystallin to approximately 50% of that expressed by the un-stressed crystallin.

Table 30.
Effect of Streptozocin diabetes of 21 days duration and dietary ascorbate supplementation on the free amino group
status of oc crystallins following e>posure in vitro to metal - caWysed oxidative stress.

Control
(C)

Incubation

No additions

(1)

Ascorbate + Cu*+
"P' 1v2

(2)

O.OSmM H2 O 2
"P" 1v3

(3)

0.10mM H2 O 2
"P" 1v4

(4)

0.2SmM H2O2
"P"1v5

(5)

0.50mM H2 O2
"P" 1v6

(6)

6.08 ± 0.08
-

Diabetic
(D)

"P"
DvC

6.56 ± 0.25

n.s

5.80 ± 0.31
n.s

Diat)etic + Ascorbate
(D + A)

6.13 ± 0.12

iipi

lipi

DvD +A

D + AvC

n.s

n.s

n.s

*

-

S.94 ± 0.06
n.s

5.96 ± 0.26
n.s

n.s

5.67 ± 0.02

5.84 ± 0.07

n.s

**

A

4.33 ± 0.28
**

A A

tC-A

S.54 ± 0.07

5.49 ± 0.18
*

n.s

3.99 ± 0.36

A A

**

5.10 ± 0.11
**

n.s

AAA

***

A A

5.36 ± 0.03
AAA

5.31 ± 0.20
A

AA

9.27 ± 0.62
**

Results are shorn as Mean ± SEM of 4 independent observations and e)pressed as fluorescence units.mg soluble
protein-1. Purified oc crystalin was resuspended on 0.1M phosphate buffer pH 7.3, oxidative stress was applied
by the addition of freshly prepared CuSO* (100;t.M) and ascort)ate (O.SmM) with or wAhout H2O 2 (O.OSmM to O.SmM),
al final concentrations, and incubation in air at 37*C for 30 minutes. Free amino groups were assayed by reaction
with fluorescamine as described under Methods.
Statistical analysis was performed using Student’s t test * PcO.OS, * * PcO.01, * * * PcO.001, n.s. not significant

Table 31.
Effect of Streptozocin diabetes of 21 days duration and dietary ascorbate or acet^teaficylic add supplementation on the
free amino group status of pi crystallins folk)wing dq^osure in vitro to metal - c a t t e d owdatwe stress.

Incubation

Control
(C)

Diathetic
(D)

No additions

(1)

2.96 ± 0.09

4.69 ± 0.S2

Ascort>ate + Cu*+
•■P' 1v2

(2)

-

2.36 ± 0.01
**

O.OSmM H2 O 2
"P" 1v3

(3)

1.51 ± 0.06

3.44 ± 0.33

O.IOmM H2 O 2
"P" 1v4

(4)

0.2SmM H2 O 2
"P" 1v6

(5)

OSOmM H2O 2
"P* 1v6

(6)

iipi

lipi
lipi
Diabetic + Ascorbate
DvC
(D + A)
DvD + A D + AvC

*

* * *

1.40 ± 0.01
* * *

A A

1.38 ± 0.03

n.s

S.07 ± 0.21

A A

A A

A A A

3.7S

A A A

0.29

S.32 ± 0.15

5.37 ± 0.01

DvD + AA D + AAvC

0.30

*

1.68

±
A

0.10

AAA

1.71

±

n.s

0.03

A A

A

0.07

A A A

A

A

A A A

A A A

1.70

±
A

A A A

A A A

1,88

±
1n.s

0.09

A A A

A A

A A A

A A A

1.66

±

0.03

A A A

A A A

A A

A A A

iipi

±

* *

n.s
4.33 ± 0.07
n.s

S.28 ± 0.01

ipii

2.62

A

3.66 ± 0.26
n.s
±

n.s

-

A

1.45 ± 0.04

3.S2 ± 0.47

Diabetic + AcetylsaBq^c acid
(D + AA)

A A

Results are shown as Mean ± SEM of 4 independent observations and ejqsressed as fluorescence units.mg soluble
protein-1, purified Pi crystalün was resuspended on 0.1M phosphate buffer pH 7.3, owdative stress was appied
by the addition of freshly prepared CuSO* (100^ M ) and ascorbate (O.SmM) with or wthout HjOj (O.OSmM to O.SmM),
aBfinal concentrations, and incubation in air at 37'C for 30 minutes. Free amino groups were assayed by reaction
with fluorescamine as deserted under Methods.
Statistical analysis was performed using Student’s t test * PcO.OS, * * PcO.OI, * * * PcO.001, n.s. not significant.
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When diabetic lens crystallin is subject to oxidative stress in the form of
ascorbate and Cu^+, the free amino group status of the crystallin is decreased to
approximately 50% of its unstressed value. However, as the oxidative stress is
increased, by the addition of hydrogen peroxide, the free amino group status of the
crystallin is also increased, such that at the 3 highest levels of stress the free
amino group status of the diabetic crystallin is significantly higher than the
control. Supplementation of the diabetic diet with ascorbate, while decreasing the
free amino group status of un-stressed diabetic 3 l crystallin towards that evident
in the control, increases the level of free amino groups expressed by P i crystallin
after the application of oxidative stress. The increase is such that the level of
free amino groups expressed in supplemented diabetic crystallin after the
application of stress is over 3 fold greater than that of the control and 1.5 fold
greater than that of the untreated diabetic.
Supplementation of the diabetic diet with acetylsalicylic acid restores the
level of free amino groups expressed by the diabetic crystallin towards that of the
control. The application of oxidative stress to the supplemented diabetic 3 l
crystallin decreases the free amino group status of the lens 3 l crystallin towards
control levels, although the level of the former remain significantly higher than
that expressed by the control at the same level of stress.

c. r crystallin: Effect of diabetes and ascorbate supplementation.

Table 3 2 shows that the application of oxidative stress at all levels has no
effect on the free amino group status of the control lens r crystallin. With
diabetic r crystallin the application of oxidative stress at lower levels
specifically ascorbate and Cu^+ only and O.OSmM H2 O 2 , increases the level of free
amino groups expressed by the r crystallin. However, further increasing the
oxidative stress by addition of 0.1 OmM H2 O 2 or greater has the effect of decreasing
the free amino group status of lens crystallin such that they are significantly
lower than the control values. The supplementation of the diabetic diet with
ascorbate has the effect of returning the levels of free amino groups expressed by
the diabetic crystallins towards normal, interestingly, decreasing the level of free
amino groups expressed by the diabetic crystallin after the application of oxidative
stress at O.OSmM H2 O 2 such that the level is now below that of the control
crystallin while increasing the level of free amino groups expressed by the diabetic
crystallin after application of oxidative stress, such that there is no significant
difference in free amino group status between the ascorbate-supplemented diabetic

Table 32.
Effect of Streptozocin diabetes of 21 days duration and dietary ascorbate supplementation on the free amino group
status of Y crystallins foRowing e»q30sure in vitro to metal - catalysed oxidative stress.

Control
(C)

Incubation

iipi

Diabetic
(D)

DvC

n.s

Diabetic + Ascorbate
(D + A)

0.97 ± 0.02

•ipi

iipi

DvD + A

D + AvC

**

*

No additions

(1)

0.81 ± 0.04

0.82 ± 0.03

Ascorbate + Cu**
"P" 1v2

(2)

-

1.03 ± 0.01
***

O.OSmM H2 O 2
"P' 1V3

(3)

0.86 ± 0.04
n.s

1.06 ± 0.08
*

n.s

0.73 ± 0.02
***

**

*

O.IOmM H2 O 2
"P" 1v4

(4)

0.72 ± 0.002
n.s

0.34 ± 0.08
***

***

0.78 ± 0.03
**

***

n.s

0.2SmM H2 O,
"P" 1v5

(5)

0.86 ± 0.03
n.s

0.16 ± 0.09
*

*

0.81 ± 0.07
*

*

n.s

O.SOmM H2O 2
"P‘ 1v6

(6)

0.86 ± 0.04
n.s

0.31 ± 0.04
***

***

0.57 ± 0.02
***

***

***

-

Results are shown as Mean ± SEM of 4 independent observations and expressed as fluorescence units.mg soluble
protein-1. Riified Y crystallin was resuspended on 0.1M phosphate buffer pH 7.3, owdative stress was applied
by the addition of freshV prepared CuSO* (100jiM ) and ascorbate (O.SmM) with or \Mthout HjO, (O.OSmM to O.SmM),
all final concentrations, and incubation in air at 37*0 for 30 minutes. Free amino groups were assayed t>y reaction
with fluorescamine as described under Methods.
Statistical analysis was performed using Student’s t test * PcO.OS, * * PcO.01, * * * PcO.001, n.s. not significant.
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and control groups. At the highest level of stress ascorbate supplementation is
unable to completely restore the free amino group status and the level remains
significantly below the control.

2 .1 3 Estimation of early stage glycation products on the a . 3 and F crystallins of a
diabetic lens before and after the application of in v/Yro oxidative stress.

The results in table 33 show estimated levels of early stage glycation products
on a , p and

r crystallins from a 21

day streptozocin-diabetic rat lens. The degree

of glycation as determined by the measurement of 5 -hydroxymethyl furfural release
after acid hydrolysis reveals that a crystallins are the most glycated followed by r
then P l. The application in vitro of oxidative stress described earlier promotes
the disappearance of these early stage glycation products, the degree of loss being
related to the degree of oxidative stress.

2 .1 4 Effect of diabetes and dietary supplementation on the susceptibility of lens
crystallin to proteolytic enzyme hydrolysis.

Incubation of lens crystallin with the enzyme protease reveals their
susceptibility to proteolytic enzyme hydrolysis, the effect of diabetes, dietary
supplementation and in vitro metal-catalysed oxidative stress on this susceptibility
is shown below.

a. g crystallin : Effect of diabetes and ascorbate supplementation.

Table 3 4 showns that a crystallins from the diabetic lens are significantly
more susceptible to proteolytic enzyme hydrolysis than crystallins from a control
lens. Ascorbate supplementation restores the susceptibility of the diabetic towards
that eyident in the control but it remains significantly higher. Subjecting the
purified lens crystallins to oxidative stress in y/fro before the susceptibility
assay reveals that a crystallins from the control lens do not exhibit any change in
susceptibility until the highest level of oxidative stress is applied, whereupon
they are seen to be more susceptible, a crystallins from a diabetic lens however,
when subjected to the lowest level of stress, Cu^* and ascorbate only, exhibit a
significantly reduced susceptibility to proteolytic enzyme hydrolysis. When the
stress is applied in the form of O.OSmM hydrogen peroxide the susceptibility
increases, then as the peroxide concentration is increased, the susceptibility of

Table 33.

Quantitation of early glycation products on the oc, p and Y lens crystallins of diabetic rat lens before and
after exposure in vitro to metal - catalysed oxidative stress.

Incubation

Alpha (OC)

BetaL (P l )

Gamma (Y )

No additions

(1)

76.2 ± 9.S8

40.4 ± S.SS

S6.2 ± 4.21

Ascorbate + Cu*+
"P" 1v2

(2)

30.1 ± 4.10
**

28.6 ± 3.01
n,s.

27.7 ± 2.13
* * A

O.OSmM H2 O2
"P' 1v3

(3)

31.2 ± 0.86

22.S ± 1.78

26.3 ± 2.12

**

*

* * *

O.IOmM H2 O 2
"P" 1v4

(4)

32.6 ± 1.03

26.S ± 1.S6
n.s

24.6 ± 1 .2 s
***

0.2SmM H2 O 2
"P" 1v5

(5)

24.8 ±

23.2 ± 1.00
*

26.5 ± 2.7S

O.SOmM H2 O 2
"P" 1v6

(6)

24.7 ± 2.66

2S.7 ± 1.20
*

23.4 ± 1.00
***

**
2 .2 s

**

* *

:*c*

Results are shown as Mean ± SEM of 4 independent observations and expressed as fluorescence units.mg soluble
protein-1. Purified crystallins were resuspended in 0.1M phosphate buffer pH 7.3, owdative stress was applied
by the addition of freshly prepared CuSO* (100>iM) and ascorbate (O.SmM) with or without HsO, (O.OSmM to O.SmM),
all final concentrations, and incubation in air at 37*C for 30 miixites. Early glycation products were determined by
measurement of 5 - hydroqimethyl furfural release after mild acid hydrolysis as described under Methods.
Statistical analysis was performed using Student’s ttest ^ PcO.OS, * * PcO.OI, * * * PcO.001, n.s. not significant.

CO

Table 34.
Effect of Streptozocin diat)etes of 21 days duration and ofietary ascorbate supplementation on the susceptibility
of oc crystallins to proteolytic enzyme hydrolysis following ejposure in vitro to metal - catalysed owdative stress.

Control
(C)

Incubation

iipi

Diabetic
(D)

DvC

**

Diabetic + Ascorbate
(D + A)

iipi

iipi

DvD +A

D + AvC

n.s

*

0.198 ± 0.001
***

***

***

***

0.182 ± 0.016
**

***

n.s.

0.304 ± 0.038
*

**

0.194 ± 0.012
**

*

**

0.214 ± 0.002
**

***

0.166 ± 0.004
***

***

n.s.

No additions

(1)

0.126 ± 0.008

0.S06 ± 0.064

Ascorbate + Cu**
"P" 1v2

(2)

-

0.2S2 ± 0.008
**

O.OSmM HjOj
”P" 1v3

(3)

0.134 ± 0.010
n.s

0.3S8 ± 0.008
n.s

***

O.IOmM H,Og
"P" 1v4

(4)

0.148 ± 0.020
n.s

0.328 ± 0.008
*

0.25mM HgO,
"P" 1v6

(5)

0.118 ± 0.008
n.s

O.SOmM H2 O 2
"P" 1v6

(6)

0.158 ± 0.006
*

0.342 ± 0.024
-

Results are shovwi as Mean ± SEM of 4 independent obsen/ations and expressed as jig glycine equivalents released.hr-\mg
soluble protein-\ Rjnfied oc crystain was resuspended on 0.1M phosphate txjffer pH 7.3, oxidative stress was applied
t>y the addition of freshly prepared CuSO* (lOOjxM) and ascorbate (O.SmM) with or without HjOa (O.OSmM to O.SmM),
all final concentrations, and incubation in air at 37*0 for 30 minutes. Crystallins were then subjected to (protease)
proteolytic enzyme hydro^sis, susceptibility was determined by fluorescamine assay of acid soluble free amino groups
as described under Metiiods.
Statistical analysis was performed using Student’s t test * PcO.OS, * * PcO.OI, * * * PcO.001, n.s. not significant.
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the crystallins to proteolytic enzyme hydrolysis falls. At all levels of stress
the susceptibility of the diabetic crystallin remains significantly higher than the
comparable control, a crystallin from the ascorbate supplemented animal undergo a
decrease in susceptibility to proteolytic enzyme hydrolysis which decreases further
as the degree of oxidative stress is increased. The susceptibility of a crystallin
from the ascorbate supplemented animals is, at all levels of stress, lower than that
seen in a crystallin from the un-supplemented diabetic animal at the same stress
level. The effect of supplementation is such that at two levels of stress the
susceptibility is not significantly different from the control.

b. Bl crystallin : Effect of diabetes and ascorbate or acetylsalicylic
supplementation.

The effect of diabetes and dietary supplementation on the susceptibility of Bl
crystallin to proteolytic enzymic hydrolysis is shown in Table 3 6. Diabetes
decreases the susceptibility of Bl crystallin to proteolytic enzymic hydrolysis when
compared with the control. Ascorbate supplementation restores the susceptibility of
Bl crystallin to proteolysis such that no difference in susceptibility exists
between the control and the supplemented diabetic. Acetylsalicylic acid
supplementation decreases further the susceptibility of diabetic Bl crystallin to
proteolysis such that it is significant lower than the un-supplemented diabetic.
The effect of in v/fro oxidative stress on the susceptibility of the Bl
crystallin to proteolysis is also shown, in v/frooxidative stress has no effect on
the susceptibility of control lens Bl crystallins to proteolysis at all levels of
stress. Oxidative stress does alter the susceptibility of the diabetic lens Bl
crystallin, promoting an increase in susceptibility such that, at all levels of
stress containing hydrogen peroxide there is no difference in susceptibility between
the diabetic and control crystallins.
Ascorbate supplementation does not alter the susceptibility of the diabetic Bl
crystallin to proteolysis after in vitro oxidative stress and when compared with
the control no difference is seen.
Supplementation of the diabetic diet with acetylsalicylic acid has the effect
that after oxidative stress the susceptibility of the crystallins to proteolysis
decreases in proportion to the magnitude of oxidative stress. Comparison of
diabetic and control crystallin after oxidative stress reveals that susceptibility
of the acetylsalicylic acid-supplemented group is no different from the diabetic but
is significantly lower than the control group.

Table 35.
Effect of Streptozocin diabetes of 21 days duration and dietary ascorbate (AA) or acetylsalicylic acid (AA) supplementat
on the susceptibility of pi crystallins to proteolytic enzyme t^ojysis foUovwig e)posure in wtro to metal - cata^ed
oxidative stress.

Control
(C)

Incubation

Diabetic
(D)

No additions

(1)

0.302 ± 0.040

0.142 ± 0.016

Ascorbate + Cu**
"P" 1v2

(2)

-

0.230 ± 0.022
A

O.OSmM HzOz
"P" 1v3

(3)

0.368 ± 0.020
n.s

0.328 ± 0.046

O.IOmM H2 O2
"P" 1v4

(4)

0.324 ± 0.018
n.s

0.330 ± 0.040

0.25mM H2 O2
"P* IvS

(5)

0.314 ± 0.010
n.s

0.320 ± 0.026

O.SOmM H2 O2
"P' 1v6

(6)

0.330 ± 0.018
n.s

0.3S8 ± 0.048

lipi

iipi
iipii
Diatsetic + Ascorbate
(D + A)
DvC
DvD + A D + AvC

AA

AA

n.s.

-

n.s.

A A

n.s.

A A

n.s.

A A

A A

0.386 ± 0.0S6

n.s.

0.318 ± 0.008
n.s

n.s.

0.336 ± 0.004
n.s

n.s.

0.266 ± 0.001
n.s

n.s.

0.326 ± 0.010
n.s

n.s.

n.s.

Diabetic + Acetylsalc^ic acid
(D + AA)

iipi

iipii

DvD +AA D +AAvC

0.064 ± 0.018

A

AA

0.276 ± 0.030
AAA

n.s.

0.300 ± 0.014

n.s.

A

n.s.

A

n.s.

A A

n.s.

A A

A A A

n.s.

0.272 ± 0.010
A A A

A A

0.272 ± 0.004
A A A

n.s.

0.2S8 ± 0.018

Results are shovMi as Mean ± SEM of 4 independent observations and e>pressed as >ig glycine equivalents released.hr~i.mg
soluble protein-1, purified pi crystallin was resuspended on 0.1 M phosphate buffer pH 7.3, oxidative stress was applied
by the addition of freshly prepared CuSO* (100>iM) and ascorbate (O.SmM) with or without HgOg (O.OSmM to O.SmM),
al final concentrations, and incubation in air at 37*0 for 30 minutes. Crystallins were tfien subjected to (protease)
proteolytic enzyne hydrolysis, susceptibility was determined by fluorescamine assay of acid soluble free amino groups
as described under Metfiods.
Statistical analysis was performed using Student's t test * PcO.OS, * * PcO.OI, * * * PcO.001, n.s. not significant.
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c. r crvstatlin: Effect of diabetes and ascorbate supplementation.

Diabetes has no effect in the susceptibility of

r crystallin to proteolytic

enzyme hydrolysis in comparison with the control (Table 36). Ascorbate
supplementation similarly has no effect when compared to the un-supplemented
diabetic. However when compared with the control it is revealed that ascorbate
supplementation slightly increases the susceptibility. Application of oxidative
stress in v/fro does not alter the susceptibility of the r crystallin from the
control lens to proteolytic enzyme hydrolysis. When the same oxidative stress is
applied to r crystallin from the diabetic lens the effect is to increase the
susceptibility of the crystallin to proteolysis except on the addition of 0.05m M
H2 O 2 , where a decrease is seen. Comparison of diabetic crystallin with control
crystallin at each level of stress reveals no difference in susceptibility to
proteolytic enzyme hydrolysis between the two. When r crystallin from the
ascorbate-supplemented lens is subjected to oxidative stress in v/frothere is, like
the control crystallin, no significant change in susceptibility. Comparison of the
ascorbate-supplemented group with the unsupplemented diabetic and control groups at
each level of stress reveals no difference except at the level of stress indicated
by the addition of Cu^+, ascorbate and O.OSmM H 2 O 2 . Here, the r crystallin from the
ascorbate supplemented animal lens is more susceptible to proteolytic enzyme
hydrolysis than the control or unsupplemented diabetic. However, the results
suggest that the susceptibility assayed at this level of stress in the diabetic is
unusual.

3. Chemiluminometric assav of oxidative radical reactions.

The previous experiments revealed that a ten fold increase in peroxide
concentration did not produce a ten fold increase in oxidative protein damage.
Therefore an investigation of the oxidative reactions initiated by the metal
catalysed oxidation system was carried out. This was done by the use of ultra-weak
chemiluminescence monitoring equipment, capable of single photon counting.
Under the prescribed experiment conditions a combined background level and dark
current count of 1 0 .5 ± 0 .1 9 9 counts per second was observed when a sample dish
containing 0 .1 M phosphate buffer pH 7 .3 and ascorbate (5mM) was present in the
apparatus. Simultaneous injection of Cu^* and H2 O 2 or H 2 O produced a burst or peak
in chemiluminescence which decayed slowly back to the background by 15 minutes.

Table 36.
Effect of Streptozodn diabetes of 21 days duration and dietary ascorbate supplementation on the susceptibility
of Y crystaWins to proteolytic enzyne fiydrolysis following e)gx)sure in vitro to metal - catalysed oxidative stress.

Control
(C)

Incubation

0.060 ± 0.008

Diabetic
(D)

0.054 ± 0.002

lipi

DvC

n.s.

Diabetic + Ascorbate
(D+ A)

0.068 ± 0.006

iipi

iipi

DvD + A

D + AvC

n.s

A

No additions

(1)

Ascorbate + Cu**
"P* iv2

(2)

O.OSmM H,Oz
"P" 1v3

(3)

0.054 ± 0.002
n.s

0.034 ± 0.001
AAA

A A A

0.062 ± 0.001
n.s

A A A

A A A

O.IOmM H2 O2
"P' 1v4

(4)

0.062 ± 0.004
n.s

0.062 ± 0.004
n.s

n.s.

0.066 ± 0.001
n.s

n.s.

n.s.

0.25mM HgO,
"P" 1v5

(5)

0.066 ± 0.004
n.s

0.070 ± 0.006

n.s.

0.066 ± 0.001
n.s

n.s.

n.s.

0.50mM H2O,
"P* 1v6

(6)

0.072 ± 0.005
n.s

0.068 ± 0.004

n.s.

0.080 ± 0.016
n.s

n.s.

n.s.

-

0.070 ± 0.002
AA

-

A

A

Results are shown as Mean ± SEM of 4 independent observations and e>q)ressed as >ig glycine equivalents released.hr-Vmg
solut)le protein-1, f^jnfied Y crystallin was resuspended on 0.1M phosphate buffer pH 7.3. oxidative stress was applied
by the addition of freshly prepared CuSO* (100jxM) and ascorbate (0.5mM) v\Ah or without HjO, (O.OSmM to O.SmM),
aHfinal concentrations, and incubation in air at 37*C for 30 minutes. CrystalBns were then subjected to (protease)
proteolytic enzyme hydrolysis, susceptibility was determined by fluorescamine assay of acid soluble free amino groups
as described under Methods.
Statistical analysis was performed using Student’s t test * PcO.05, * * P<0.01,
PcO.OOl, n.s. not significant.
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The total chemiluminescence produced by the HzOz/ascorbate/02/Cu^+ system in
vitro 'xs shown in Figure 10. The results are expressed as total counts integrated
over a 1 0 0 0 second period at various concentrations of H 2 O 2 or in the absence of
H2 O 2 . A large increase in chemiluminescence is produced by the addition of CuSO^
and ascorbate in the absence of H 2 O 2 . The addition of H2 O 2 increases the
chemiluminometric yield, in proportion to the level of H2 O 2 , although a ten fold
increase in the concentration of H2 O 2 induces only a 30% increase in
chemiluminescence.

4. In v/frostudies of the effects of glycation.

4.1 Incorporation of ^^C-glucose. i^C-sorbitol and i^C-fructose into lens crystallin
during 7 and 14 day incubation.

The results in Table 3 7 show the incorporation of polyol pathway intermediates
into acid-precipitable lens crystallin after 7 and 14 day incubation. 0 day values
are not given since these measurements represent the blank. Glucose at a
concentration of 6mM is incorporated into all crystallins after only 7 days
incubation, with a crystallin incorporating the greatest amount of glucose per
milligram of soluble protein and p t the least. By 14 days there is a further,
significant, increase in glucose incorporation, with the greatest increase (9-fold)
seen in (5l crystallin. The incorporation into a crystallin and r crystallin is only
2 .6 and 0 .3 fold higher, respectively. Incorporation of glucose into lens
crystallin incubated in 35m M glucose is significantly higher than in the 5mM
incubations at 7 days. However no further, significant, increase in incorporation
is observed after 14 days of incubation. After 14 days in 35mM glucose the
incorporation of glucose into 3 l and r crystallins is significantly greater than
after 14 days in 5mM glucose.
Sorbitol at 0.3m M is also incorporated into, or becomes associated with, all
lens crystallins after 7 days incubation. pL crystallin incorporating approximately
twice that of the a and r crystallin. After 14 days incubation, the quantity of
sorbitol incorporated into a and r crystallins has doubled, but there is no change
with

crystallin. pL crystallin also preferentially incorporates sorbitol in the

20mM incubation with incorporation being approximately 25% higher than a and r after
7 days. By 14 days the incorporation into 3 l crystallin of sorbitol has doubled,
while with a crystallin there is no change and with r crystallin there is a 6 0%
increase. The incorporation into crystallin of sorbitol is greater after incubation

26

Figure 10.
Chemiluminescence produced by an in wfrometal catalysed oxidation system.
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Each point represents a minimum of six values ± SEM. Chemiluminescence was
monitored in 0.6ml, 0 .1 M phosphate buffer pH 7 .3 , containing 6mM ascorbate. CuS04
( 10OyM) and H2 O or H 2 O 2 (O.OSmM to O.SOmM) were injected simultaneously through
ports in the ultraweak chemiluminescence monitoring apparatus and total photon
emission in 1 0 0 0 seconds recorded,
o CUSO 4 and H2 O injected, # CuS04 and H2 O 2 injected.

Table 37.
incorporation of

Incubation

- glucose,

- sorbitol and

7 dcys

- fructose into lens crystallins during 7 and 14 day incubation.

Alpha Crystallin
14 days

7 days

Beta Crystallin
14 days

7 V 14 days

Glucose 5mM
Glucose 35mM

14.1 ±0.75
(3)
22.6 ±2.12
(3)

36.7 ±3.45
(4)
53.9 ±32.7
(4)
n.s.

"P" 5mMv35mM

*

Sorbitol 0.3mM

0.64±0.11
(3)
45.2 ±12.4
(4)

1.46 ±0.18
(4)
37.2 ±2.69
(3)

"P" 0.3mMv20mM

*

* * *

Fructose 0.3mM

0.61 ±0.01
(3)
54.9 ±6.05
(4)

0.76 ±0.26
(6)
35.2 ±15.4
(3)
n.s.

Sorbitol 20mM

Fructose 15mM
"P"0.3mMv15mM

*

n.s.

*

n.s.

n.s.
n.s.

i «pi

7 days

Gamma Crystallin
14 days

7 V 14 days

* * *

* * *

19.0 ±2.17
(8)
57.5 ±12.9
(3)
*

1.23 ±0.23
(6)
67.0 ±9.85
(7)
** *

1.20 ±0.15
(6)
126 ±7.98
(6)
***

n.s.

0.63 ±0.13
(3)
47.1 ±6.98
(4)

0.92 ±0.18
(6)
77.6 ±6.57
(6)

*Xr

* * *

2.15 ±0.61
(6)
47.6 ±5.11
(3)

n.s.

l i pi l

7 V 14 days

4.29 ±0.19
(6)
44.6 ±10.3
(3)

5.69 ±0.59
(6)
59.8 ±8.15
(3)

A

n.s.

* * A

* * *

n.s.
*

0.43 ±0.02
(8)
36.9 ±5.25
(6)
* * *

0.69 ±0.04
(8)
68.4 ±0.83
(6)

0.11 ±0.02
(6)
21.2 ±0.43
(3)
***

0.32 ±0.06
(4)
19.7 ±3.78
(4)

Results are shown as Mean ± SEM and expressed as rmol.mg solut)le protein-nunber of observations shown in parentheses,
oc, p and Y crystallins were suspended in sterie 0.1M potassim phosphate buffer pH 7.3 and incubated in the presence
of U latjeBed metabolites at 37*C. Incorporation of
- labelled metabolites into 50}i\ acid - precipitable protein
was determined as described under Methods.
Statistical analysis was performed using Student’s t test * P<0.05, * * PcO.OI, * * * PcO.OOl, n.s. not significant.

A A A

A A A

A * A

A A

A

n.s.

m

in 20mM sorbitol at both time periods and is approximately equal to the ratio
between the levels of sorbitol present in the incubation.
Fructose at 0.3m M shows similar incorporation rates into all crystallins after
7 days incubation as sorbitol. Incubation for 14 days does not increase the
incorporation of fructose into a and Pl crystallins seen after 7 days. Incubation
in 16mM results in significantly higher incorporation levels than in the O.SmM
incubations as can be expected. Incubation for 14 days only increases the
incorporation of fructose into Pl crystallin.
Significant levels of glycation with all intermediates are thus achieved after
only 7 days incubation, 14 days incubation does not in the majority of incubations
further increase incorporation. Incorporation is, as expected, higher in the
incubations with higher levels of the polyol pathway intermediates.

4 .2 Effect of in v/fro incubation in the presence of polvol pathwav intermediates on
the post-translational modification and susceptibility to in v/fro modification of
rat lens g crystallin.

a. Incubation in 5mM or SSmM glucose.

The status of the a crystallin as assessed by the various parameters before the
application of oxidative stress is shown in Table 3 8. Incubation in the high
glucose media increased the levels of oxidative modification, specifically,
increasing bityrosine content, the oxidation of tryptophan and although there is
100% loss of SH groups in the 35mM incubation, this is statistically not significant
due to the large SEM of the 6mM incubation result. No change in carbonyl group
formation was seen but there was a large increase in AGEP fluorescence in crystallin
incubated in 35mM glucose. These changes are in parallel with an increased
absorbance of the crystallin incubated in 35mM glucose at 560nm .
Incubation of a crystallin with the free radical generating system, in vitro,
reveals the susceptibility of the crystallin to oxidative stress. There is a
peroxide-dependent increase in the markers of oxidative damage, which is always
greater in the a crystallin incubated in high glucose. The level of non-oxidized
tryptophan in the high glucose incubation is approximately 2 5 -3 0 % of that seen in
the 5mM glucose incubation. At all levels of stress 3 l crystallin from both
incubations experience a 100% loss of sulphydryl groups. The formation of carbonyl
groups in crystallins incubated in 35mM glucose is approximately twice that seen in
crystallins incubated in 6mM glucose. Oxidative stress also induces a much greater
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Table 38.
Effect of In vitro Incubation for 7 days In the presence of glucose (5mM or 36mM) on the post - translational
modification and susceptibility to further modification in vitro, by metal cata^ed owdative stress, of rat lens
oc crystallin.

Glucose
Concentration

Tryptophan fluorescence
nmoles .mg soluble protein-^

BHyrosine content
nmoles.mg soluble protein-1

Carbonyl content
nmolesmg soluble protein-^

SH group content
nmoles (GSH).mg soluble protein-'*

Pre Stress

5mM
36mM
"P'NvH

(N)
(H)

5mM
35mM
"P" NvH

(N)
(H)

5mM
35mM
"P'NvH

(N)
(H)

5mM
35mM
"P'NvH

(N)
(H)

0.00 mM
Cu'+ + Ascorbate
only

0.05 mM

O.IOmM

0.25 mM

0.50 mM

30.2 ± 1.87
9.3 ± 0.29

31.0 ± 3.42
9.0 ± 0.11

115 ± 2.36
32.3 ± 0.40
***

40.1 ± 2.14
10.3 ± 0.09
* **

29.6 ± 1.58
10.2 ± 0.36
A * *

30.1 ± 0.85
10.0 ± 0.34
A A A

A A A

A A A

1.03 ± 0.12
5.38 ± 0.17

5.00 ± 1.69
9.72 ± 0.15
■* * *

5.88 ± 0.64
9.61 ± 0.11

6.55 ± 0.38
9.17 ± 0.09

6.81 ± 0.59
9.61 ± 0.07

6.53 ± 0.85
10.3 ± 0.06

A A A

A A A

22.2 ± 1.66
53.9 ± 0.10
***

24.1 ± 1.22
53.8 ± 1.11

24.6 ± 1.51
53.3 ± 0.58

A A A

A A A

A A A

A A A

0.00
0.00
n.s

0.00
0.00
n.s

0.00
0.00
n.s

0.00
0.00
n.s

7.44
1.23
8.59 ± 0.69
n.s.
4.15 ± 2.45
0.00
n.s

0.00
0.00
n.s

A A A

A A A

25.1 ± 2.00
56.1 ± 1.30

25.4 ± 3.01
55.1 ± 1.19

AGEP fluorescence
fluorescence units.mg soluble
protein-1

SmM
35mM
"P'f^lvH

(N)
(H)

15.0 ± 0.22
33.2 ± 2.71
***

35.2 ± 1.04
67.4 ± 1.11
***

35.8 ± 2.49
66.9 ± 3.54
***

38.10 ± 1.28
62.4 ± 2.28
***

40.1 ± 3.88
69.6 ± 1.91
***

40.6 ± 2.62
72.4 ± 0.65
***

Opalescence
Aro«iiX10-> of crystallin solution
(6mg.ml-i)

SmM
3SmM
•P"NvH

(N)
(H)

4.60 ± 0.25
15.20 ± 1.06
***

4.60 ± 0.33
18.3 ± 0.00
***

4.50 ± 1.25
17.6 ± 0.41
***

5.00 ± 0.25
18.7 ± 0.63
***

5.50 ± 0.13
17.6 ± 0.41
***

5.60 ± 0.52
19.0 ± 0.29
***

Results are shown as Mean ± SEM of a minirrujTi 4 independent observations. Purified oc crystallin was resuspended in
(1^ purged) 0.1M phosphate buffer pH 7.3, containing Gentamicin (O.ang.mh'*) and incubated in the presence of glucose
(5rnM or 35mM) for 7 days at 37*C, oxidative stress was applied by the addition of freshly prepared CuSO* (100>tM) and
ascorbate (5mM) with or without HzOg (O.OSmM to O.SOmM). al final concentrations, and incubated in air at 37"C
for 30 minutes. 0>ôdative modification parameters and glycation were determined as descrit>ed under Methods.
N = normal glucose (SmM), H = high glucose (35mM).
Statistical analysis was performed using Student's t test * PcO.OS, * * P<0.01, * * * P<0.001, n.s. not significant.
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increase in the formation of AGEP groups in a crystallin incubated in 35mM glucose.
At all levels of stress the opacity of the resuspended crystallin solution is always
greater in crystallins taken from the 35mM glucose incubation.

b. Incubation in Q.3mM or 20mM sorbitol.

The status of the a crystallin as assessed by the various parameters before the
application of oxidative stress is shown in Table 3 9. Incubation in the high
sorbitol media did not alter the levels of oxidative modification as measured by
the levels of carbonyl group formation or thiol group loss. The 20mM sorbitol
incubation did however, increase the degree of tryptophan oxidation and bityrosine
formation. The opacity of the resuspended crystallin solution with the high
sorbitol incubation was approximately twice that of the 0.3m M incubation at 550nm .
Incubation of a crystallin with the free radical generating system, in vitro,
reveals the susceptibility of the crystallin to oxidative stress. There is a
peroxide-dependent increase in the markers of oxidative damage, which is not always
greater in the a crystallin incubated in 20mM sorbitol. Tryptophan oxidation is
increased in crystallin incubated in 20mM sorbitol but the highest level of stress
where no difference is seen. The formation of bityrosine is the same in crystallins
incubated in both the 0.3m M and 20mM sorbitol after the application of oxidative
stress. The increase in bityrosine formation from the lowest to highest degree of
oxidative stress is only small. At all levels of stress in which H2 O 2 was present a
crystallin from the 0.3m M sorbitol incubation experiences a 100% loss of sulphydryl
groups. However, incubation of a crystallin in 20mM sorbitol results in an increase
in the level of sulphydryl groups after the application of stress in the form of
Cu2+ and ascorbate only. The level expressed then decreases as oxidative stress is
increased but, on the application of the highest level of stress the level of
sulphydryl groups is still higher than that expressed in the pre stress crystallins.
The formation of carbonyl groups in crystallins incubated in 20mM sorbitol is no
different from those incubated in 0.3m M sorbitol and no increase in carbonyl
formation is seen with increasing stress in both groups. The level of AGEP's
expressed by both crystallins before the application of stress are the same.
Oxidative stress increases the AGEP content of both groups but at each level of
stress the formation of AGEP groups in crystallin incubated in 0 .3 and 20mM sorbitol
are the same. At all levels of stress the opacity of the resuspended crystallin
solution is always greater in crystallins taken from the 20mM sorbitol incubation.

Table 39.
Effect of in wtro Incubation for 7 days in the presence of sort>itol (O.SmM or 20mM) on the post - translational
modification and susceptibility to further modification in vitro, by metal catalysed oxidative stress, of rat lens
oc crystallin.

Sort)itol
Concentration

Pre Stress
Cu*+

0.00 mM
+ Ascorbate
only

0.05 mM

O.IOmM

0.25 mM

0.50 mM

Tryptophan fluorescence
nmoles.mg soluble protein-1

O.SmM
20mM
"P' NvH

(N)
(H)

101 ± 1.5S
S9.9 ± 0.95
* A

S4.2 ± 1.58
17.6 ± 0.14
AAA

24.1 ± 0.75
18.0 ± 0.S5
AAA

24.1 ± 0.42
17.7 ± 0.S5
AAA

22.S ± 1.20
17.8 ± 0.55
AAA

19.5 ± 1.20
17.5 ± 0.19
n.s

Bityrosine content
nmoles.mg soluble protein-^

O.SmM
20mM
"P'NvH

(N)
(H)

2.46 ± 0.21
S.89 ± 0.41
*

6.85 ± 0.74
7.27 ± 0.42
n.s

7.40 ± 0.98
6.9S ± 0.19
n.s

8.02 ± 1.12
6.76 ± 0.29
n.s

8.41 ± 0.56
7.61 ± 0.24
n.s

8.S2 ± 0.S4
7.77 ± 0.10
n.s

Carbonyl content
nmoles.mg soluble protein-^

o.smM
20mM
"P' NvH

(N)
(H)

10.8 ± 1.22
11.0 ± 1.17
n.s.

42.8 ± S.68
49.S ± 7.9S
n.s

42.5 ± S OI
46.1 ± 2.62
n.s

S9.6 ± S. 12
4S.S ± 2.S7
n.s

44.S ± 2.15
44.4 ± 2.50
n.s

42.4 ± S.25
S9.7 ± 1.72
n.s

SH group content
nmoles (GSH) mg soluble protein-^

O.SmM
20mM
"P' NvH

(N)
(H)

4.S2 ± 0.87
4.22 ± 1.85
n.s

4.21 ± 2.28
14.5 ± 1.05

0.00
12.1 ± 1.26

0.00
7.12 ± 0.S7

0.00
5.40 ± 1.15

0.00
6.99 ± 0.7S

A A A

A A A

A A

A A A

A A A

AGER fluorescence
fluorescence units.mg soluble
protein-1

0.3mM
20mM
"P’ NvH

(N)
(H)

28.3 ± 2.S7
32.1 ± 3.26
n.s

54.8 ± 21.1
S7.S ± 1.86
n.s

56.3 ± 2.59
62.5 ± 4.44
n.s

58.6 ± 3.25
62.9 ± 0.00
n.s

57.5 ± 6.58
64.7 ± 1.06
n.s

75.3 ± 5.44
71.3 ± 5.93
n.s

Opalescence
AwomXlO"» of crystallin solution
(6mg.ml-i)

O.smM
20mM
•P’ NvH

(N)
(H)

6.00 ± 0.74
12.7 ± 0.85
* **

5.55 ± 0.45
22.8 ± 4.23
***

6.51 ± 0.67
11.5 ± 0.85
***

6.54 ± 0.76
17.7 ± 0.85
***

7.54 ± 0.88
25.9 ± 2.79
** *

7.80 ± 0.52
22.0 ± 2.48
**

Results are shown as Mean ± SEM of a minimim 4 independent obsen/abons. Purified oc ciystaiiin was resuspended in
(Nj purged) 0.1M phosphate buffer pH 7.3, containing Gentamicin (0.ang.ml-i) and incubated in the presence of sorbitol
(0.3mM or 20mM) for 7 days at 37*C, oxidative stress was applied by the addition of freshly prepared CuSO* (100>iM) and
ascorbate (SmM) with or without H2O 2 (O.OSmM to O.SOmM), all final concentrations, and incubated in air at 37'C
for 30 minutes. Qddative modification parameters and glycation were determined as descrit>ed under Methods.
N = normal sorbitol (0.3mM), H = high sortDitol (20mM).
Statistical analysis was performed using Student’s ttest * RcO.OS, * * RcO.OI, * * * R<0.001, n.s. not significant.
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c. Incubation in O.SmM or 1 5mM fructose.

The status of the a crystallin as assessed by the various parameters before the
application of oxidative stress is shown in Table 4 0 . Incubation in the high
fructose media increased the levels of oxidative modification. A large increase in
bityrosine content and the oxidation of tryptophan. However no difference in
sulphydryl group content or carbonyl group formation was seen. A large increase in
the AGEP content of crystallin incubated in 16mM fructose was seen, which was
greater than that seen in crystallins incubated in O.SmM fructose. The absorbance,
at 650nm , was greater in crystallins incubated in 15mM fructose.
Incubation of 3 l crystallin with the free radical generating system, in vitro,
reveals the susceptibility of the crystallin to oxidative stress. In general a
peroxide-dependent increase in the markers of oxidative damage was not seen.
Tryptophan oxidation is significantly greater in crystallin incubated in 0.3m M than
1 6mM fructose, increasing slightly with oxidative stress in the O.SmM incubation but
not at all in the 1 SmM incubation. At all levels of stress a crystallin from both
incubations experience a 100% loss of sulphydryl groups. The formation of carbonyl
groups in crystallins incubated in 1 SmM fructose is, in general, no different from
those incubated in O.SmM fructose. The application of oxidative stress induces 3 to
4 fold increases in the AGEP content of crystallins incubated in 0.3m M fructose,
although at all levels of stress the AGEP content of the crystallins incubated in
1 SmM fructose is always 1 .S fold higher than those incubated in 0.3m M . At all
levels of stress the opacity of the resuspended crystallin solution is always
greater in crystallins taken from the 1 SmM fructose incubation.

4 .3 Effect of in wfro incubation in the presence of polvol pathwav intermediates on
the post-translational modification and susceptibility to in wfro modification of
rat lens

3

l

crystallin.

a. Incubation in SmM or 3SmM glucose.

The status of the 3 l crystallin as assessed by the various parameters before
the application of oxidative stress is shown in Table 4 1 . Incubation in the high
glucose media increased the levels of oxidative modification, specifically,
increasing bityrosine content, the oxidation of tryptophan and the loss of
sulphydryl groups, the loss of sulphydryl groups is 100% in the crystallin incubated
in 35m M glucose. No change in carbonyl or AGEP fluorescence was seen. The

Table 40.
Effect of in vitro Incubation for 7 days in the presence of fructose (O.anM or 15mM) on the post - translational
modification and susceptibility to further mocMcation in vitro, by metal cata^ed owdatwe stress, of rat lens
oc crystallin.

Fructose
Concentration

Tryptophan fluorescence
nmoles.mg soluble protein-^

Pre Stress

0.05 mM

O.IOmM

0.25 mM

0.50 mM

110.0 ± 0.63
43.5 ± 2.15
5*: * *

36.1 ± 1.44
16.8 ± 0.56
* * *

27.2 ± 0.78
17.3 ± 0.98
** *

26.2 ± 0.42
16.5 ± 0.21

25.4 ± 0.85
16.8 ± 1.00

24.7 ± 0.53
16.7 ± 1.52

AAA

AAA

A A

1.86 ± 0.20
15.0 ± 1.20

6.28 ± 0.14
20.8 ± 0.86

7.00 ± 0.21
20.4 ± 1.03

8.22 ± 0.21
22.1 ± 1.45

8.75 ± 0.10
20.6 ± 0.54

9.46 ± 0.33
22.5 ± 2.18

•A He-A

AAA

35.9 ± 2.42
34.9 ± 1.82
n.s

36.2 ± 2.24
34.5 ± 4.25
n.s

O.anM
15mM
"P" NvH

(N)
(H)

O.anM
15mM
"P'NvH

(N)
(H)

Carbonyl content
nmoles.mg soluble protein-1

O.anM
15mM
"P' NvH

(N)
(H)

10.40 ± 0.96
8.24 ± 1.59
n.s.

SH group content
nmoles (GSH) mg solutrle protein-^

O.anM
15mM
"P'NvH

(N)
(H)

4.81 ± 0.74
3.86 ± 0.27
n.s

Bityrosine content
nmoles,mg soluble protein-1

0.00 mM
Cu*+ + Ascorbate
only

*

*

*

*

*

*

34.3 ± 3.78
34.2 ± 2.68
n.s
0.00
0.00
n.s

0.00
0.00
n.s

0.00
0.00
n.s

*

*

*

37.9 ± 1.65
36.8 ± 0.58
n.s
0.00
0.00
n.s

AAA

39.0 ± 2.58
34.2 ± 3.42
n.s
0.00
0.00
n.s

AGEP fluorescence
fluorescence units.mg soluble
protein-1
Opalescence
As5oi«x1 0 "» of crystallin solution
(6mg.ml-i)

O.smM
1SmM
"P'NvH

O.smM
1SmM
"P'NvH

(N)
(H)

23.1 ± 3.80
99.5 ± 4.36
***

74.0 ± 18.5
124 ± 4.67
***

78.1 ± 5.44
125 ± 4.29
***

84.2 ± 3.66
131 ± 5.63
***

86.4 ± 4.69
130 ± 7.69
***

99.8 ± 3.80
135 ± 8.20
***

(N)
(H)

6.00 ± 0.71
6.50 ± 0.25
n.s

5.0 ± 1.00
15.6 ± 1.36
***

5.6 ± 1.32
18.2 ± 1.00
***

5.6 ± 0.57
17.9 ± 0.56
***

5.9 ± 0.28
18.5 ± 1.68
***

6.0 ± 0.71
20.4 ± 1.52
* **

Results are shown as Mean ± SEM of a minimum 4 independent observations. Purified oc crystallin was resuspended in
(N, purged) 0.1M phosphate buffer pH 7.3, containing Gentamicin (0.ang.ml-i) and incubated in the presence of fructose
(O.smM or 15mM) for 7 days at 37*C, oxidative stress was applied by the addition of fresh^ prepared CuSO* (100>iM) and
ascorbate (5mM) with or v^thout HgOg (O.OSmM to O.SOmM), aHfinal concentrations, and incubated in air at 37"C
for 30 minutes. Oxidative modification parameters and glycation were determined as descrtoed under Methods.
N = normal fructose (0.3mM), H = high fructose (1SmM).
Statistical ana^is was performed using Student’s t test * PcO.OS, * * P<0.01, * * * P<0.001, n.s. not significant
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Table 41.
Effect of in vitro inculcation for 7 days in the presence of glucose (5mM and 35mM) on the post - translational
modification and susceptibility to in vitro modification, by metal catalysed oxidatwe stress, of rat lens
Pl crystallin.

Glucose
Concentration

Pre Stress

0.00 mM
Cu*+ + Ascorbate
only

0.05 mM

HjO* Concentration
O.IOmM
0.25 mM

O.SOmM

Tryptophan fluorescence
nmoles.mg solut)le protein-^

5mM
35mM
"P"NvH

(N)
(H)

43.6 ± 0.51
30.1 ± 0.42
A A*

15.8 ± 0.19
11.3 ± 0.15
AAA

16.1 ± 0.09
11.2 ± 0.11
AAA

15.6 ± 0.22
11.0 ± 0.21
AAA

15.3 ± 0.27
10.3 ± 0.12
AAA

14.8 ± 0.26
9.6 ± 0.07
AAA

Bityrosine content
nmoles.mg soluble protein-^

5mM
35mM
T'N vH

(N)
(H)

2.56 ± 0.11
6.03 ± 0.08

5.04 ± 0.09
10.8 ± 0.00

5.24 ± 0.07
10.7 ± 0.03

5.28 ± 0.13
10.8 ± 0.13

5.88 ± 0.09
11.5 ± 0.24

6.32 ± 0.14
11.8 ± 0.25

A A A

A A A

A A A

A A A

A A A

A A A

5mM
35mM
"P'NvH

(N)
(H)

4.32 ± 0.23
4.81 ± 0.75
n.s.

28.6 ± 1.05
33.3 ± 1.93
n.s

32.7 ± 1.67
33.3 ± 0.38
n.s

31.6 ± 1.58
31.6 ± 0.42
n.s

5mM
36mM
"P' NvH

(N)
(H)

4.37 ± 0.38
0.00

0.00
0.00
n.s

Carbonyl content
nmoles.mg solulcte protein-^

SH group content
nmoles (GSH).mg soluble protein-<

A A A

0.00
0.00
n.s

0.00
0.00
n.s

31.5 ± 0.37
34.1 ± 2.00
n.s
0.00
0.00
n.s

32.0 ± 1.63
44.3 ± 3.14
A

0.00
0.00
n.s

AGEP fluorescence
fluorescence units.mg soluble
protein-1

SmM
35mM
"P'NvH

(N)
(H)

19.2 ± 0.8S
17.S ± O.BS
n.s

37.7 ± 0.74
60.S ± 1.S9
***

40.7 ± 0.74
64.2 ± 1.76
***

42.9 ± 1.60
61.3 ± 0.47
***

46.2 ± 0.37
67.0 ± 0.92
***

47.0 ± 1.11
72.S ± 1.38
** *

Opalescence
AwomXiO-' of crystallin solution
(6mg.ml-i)

SmM
35mM
"P'NvH

(N)
(H)

1.00 ± 0.02
6.70 ± 0.35
***

33.0 ± 1.00
78.3 ± 0.71
***

33.3 ± 0.48
79.4 ± 0.68
***

32.7 ± 0.67
77.3 ± 1.06
***

30.8 ± 0.63
77.6 ± 0.S8
***

33.S ± 0.29
86.0 ± 2.82
***

Results are shown as Mean ± SEM of a minimim 4 independent observations. Purified pi crystallin was resuspended in
(Na purged) 0.1M phosphate buffer pH 7.3, containing Gentamicin (O.ang.ml-'') and incubated in the presence of glucose
(5 or 35mM) for 7 days at 37*C, oxidative stress was applied by the addition of freshly prepared CuSO* (100 jiM ) and
ascorbate (SmM) witfi or without HjOa (O.OSmM to O.SOmM), all final concentrations, and incubated in air at 37*C
for 30 minutes. Owdative modification parameters and glycation were determined as described under Methods.
N = normal glucose (SmM), H = high glucose (3SmM).
Statistical analysis was performed using Student's t test * PcO.OS, * * PcO.Oi, * * * PcO.001, n.s. not significant
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absorbance, at 560nm , of the resuspended crystallin solution is greater when the
crystallins have been incubated in 35mM glucose.
Incubation of pL crystallin with the free radical generating system, in vitro,
reveals the susceptibility of the crystallin to oxidative stress. There is a
peroxide-dependent increase in the markers of oxidative damage which, if different,
is greater in the P l crystallin incubated in 35mM glucose. Tryptophan oxidation is
approximately 6 6% in crystallin incubated in SmM and 35mM glucose, increasing only
slightly with oxidative stress. Tryptophan oxidation always greater in crystallin
incubated in 35mM glucose. At all levels of stress P l crystallin from both
incubations experience a 100% loss of sulphydryl groups. The formation of carbonyl
groups in crystallins incubated in 35mM glucose is no different from those incubated
in SmM glucose except at the highest level of stress (O.SmM H 2 O 2 ) at which point the
high glucose incubation has a significantly greater content of carbonyl groups.
Although the levels of AGEP's expressed by crystallins from both incubations, before
the application of stress, are the same, oxidative stress induces a much greater
increase in the formation of AGEP groups in the crystallin incubated in 3SmM
glucose. At all levels of stress the opacity of the resuspended crystallin solution
is always greater in crystallins taken from the 3SmM glucose incubation.

b. Incubation in 0.3m M or 20mM sorbitol.

The status of the Pl crystallin as assessed by the various parameters before
the application of oxidative stress is shown in Table 4 2. Incubation in the high
sorbitol media did not alter the levels of oxidative modification and no difference
exists in the degree of modification between the two incubations. A change was seen
in the opacity of the resuspended crystallin solution with the high sorbitol
incubation having an increased absorbance at SSOnm.
Incubation of pL crystallin with the free radical generating system, in vitro,
reveals the susceptibility of the crystallin to oxidative stress. There is a
peroxide-dependent increase in the markers of oxidative damage, which is not always
greater in the P l crystallin incubated in high sorbitol. Tryptophan oxidation is
slightly lower in crystallins incubated in 20mM sorbitol at all levels of stress.
The formation of bityrosine is always greater in crystallin incubated in 20mM
sorbitol after the application of oxidative stress and the increase in bityrosine
formation from the lowest to highest degree of oxidative stress is also greater in
the 20mM incubation. At all levels of stress Pl crystallin from both incubations
experience a 100% loss of sulphydryl groups. The formation of carbonyl groups in

o
Table 42.
Effect of in vitro incubation for 7 days in the presence of sorbitol (O.anM and 20mM) on the post - translational
modification, and susceptitxiity to in wtro modification by metal catalysed oMdative stress, of rat lens
Pl crystallin.

Sorbitol
Concentration

Pre Stress

16.8 ± 0.24
17.9 ± 0.15
***

14.0 ± 0.18
17.1 ± 0.25

14.7 ± 0.27
16.9 ± 0.41

A A

A A

2.42 ± 0.26
2 . 1 s ± 0.14
n.s

6.02 ± 0.10
7.66 ± 0.35
***

6.36 ± 0.12
7.74 ± 0.37
***

4.89 ± 0.21
8.18 ± 0.34
***

6.63 ± 0.12
8.67 ± 0.24

6.00 ± 0.25
9.90 ± 0.19

A A A

A A A

(N)
(H)

4.30 ± 0.21
4.23 ± 1.27
n.s.

26.6 ± 1.30
8.5 ± 0.42
***

33.0 ± 2.53
34.8 ± 1.09
n.s

33.6 ± 2.00
37.0 ± 1.63
n.s

34.3 ± 1.24
36.6 1 3.66
n.s

(N)
(H)

4.26 ± 0.37
4.08 ± 1.21
n.s

(N)
(H)

Cartxxiyi content
nmoles.mg soluble protein-^

O.smM
20mM
•P'NvH

SH group content
nmoles (GSH).mg soluble protein-1

O.smM
20mM
•P'NvH

1

0.60 mM

16.9 ± 0.10
17.6 ± 0.34
**

O.smM
20mM
•P'NvH

Bityrosine content
nmoles.mg solut)le protein-

H2 O2 Concentration
0.25 mM
O.IOmM

14.8 ± 0.21
18.6 ± 0.09
***

(N)
(H)

1

0.06 mM

46.1 ± 0.75
44.7 ± 1.11
n.s

O.smM
20mM
T'N vH

Tryptophan fluorescence
nmoles.mg solut)le protein-

0.00 mM
Cu'* + Ascorbate
only

0.00
0.00
n.s

0.00
0.00
n.s

0.00
0.00
n.s

0.00
0.00
n.s

33.0 ± 1.87
40.4 ± 3.40
n.s
0.00
0.00
n.s

AGEP fluorescence
fluorescence units.mg soluble
protein-1

0.3mM
20mM
"P'NvH

(N)
(H)

18.9 ± 0.92
18.1 ± 1.23
n.s

35.0 ± 2.36
70.9 ± 4.53
**A

35.0 ± 1.32
73.2 ± 1.44
***

38.2 ± 2.00
83.7 ± 4.33
***

45.8 ± 2.56
80.0 ± 0.87

49.1 ± 0.68
94.3 ± 6.56
***

Opalescence
Abswh^O-» of crystafin solution
(6mg.ml-i)

0.3mM
20mM
"P'NvH

(N)
(H)

1.08 ± 0.01
2.00 ± 0.01
***

35.0 ± 1.52
93.8 ± 7.61
***

31.0 ± 2.56
104 ± 3.48
***

36.0 ± 3.25
98.0 ± 4.08
***

32.4 ± 1.19
93.0 ± 2.18
***

35.9 ± 1.01
100 ± 0.81
***

Results are shown as Mean ± SEM of a minimiin 4 independent observations. Purified pL crystallin was resuspended in
(Na purged) 0.1M phosphate buffer pH 7.3, containing Gentamicin (0.2mg.ml-<) and incubated in the presence of sorbitol
(0.3mM or 20mM) for 7 days at 37*C, oxidative stress was appied by the addition of freshly prepared CuSO* (100 jiM ) and
ascorbate (5mM) with or without HgOa (O.OSmM to O.SOmM), ail final concentrations, and incubated in air at 37*C
for 30 minutes. Qddative modification parameters and glycation were determined as described under Methods.
N = normal sorbitol (0.3mM), H = high sorbitol (20mM).
Statistical analysis was performed using Student’s t test * P<0.05, * * PcO.Oi, * * * PcO.001, n.s. not significant.
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crystallins incubated in 20mM sorbitol is no different from those incubated in O.SmM
sorbitol and no increase in carbonyl formation is seen with increasing oxidative
stress in both groups. At the lowest level of stress (O.OSmM H 2 O 2 ) the carbonyl
group formation is greater in crystallin incubated in 0.3m M sorbitol (this result,
because it is so different in terms of magnitude when compared to the others, is
considered to be an anomaly). Although the levels of AGEP's expressed by both
crystallin before the application of stress are the same, oxidative stress induces a
much greater increase in the formation of AGEP groups in the crystallin from the
20mM sorbitol incubation. At all levels of stress the opacity of the resuspended
crystallin solution is always greater in crystallins taken from the 20mM glucose
incubation.

c. Incubation in 0.3m M or 1 5mM fructose.

The status of the P l crystallin as assessed by the various parameters before
the application of oxidative stress is shown in Table 4 3. Incubation in the high
fructose media increased the levels of oxidative modification, specifically,
increasing the bityrosine content and the oxidation of tryptophan. Unusually,
crystallins incubated in the 1 5mM fructose incubation express a significantly higher
level of sulphydryl groups. No change in carbonyl group content was seen. A large
increase in the AGEP content of the 1 5mM fructose incubation was seen in comparison
with the 0.3m M incubation. The absorbance, at 550nm , of the crystallin solution is
greater when the crystallins were incubated in 1 5mM fructose.
Incubation of P l crystallin with the free radical generating system, in vitro,
reveals the susceptibility of the crystallin to oxidative stress. There is not
always a peroxide-dependent increase in the markers of oxidative damage. Tryptophan
oxidation is only significantly different between crystallin incubated in 0.3m M or
16mM fructose at the lowest level of stress. Increasing the oxidative stress
results in further tryptophan oxidation in crystallin incubated in 0.3m M fructose
but no change is seen in those incubated in 15mM fructose. At each level of stress
the loss of tryptophan is greater, but not always significantly so, in crystallins
incubated in 15mM fructose. At all levels of stress P l crystallin from both
incubations experience a 100% loss of sulphydryl groups. The formation of carbonyl
groups in crystallins incubated in 1 5mM fructose is, in general, no different from
those incubated in 0.3mM fructose except at the lowest level of stress when
incubation in 15mM fructose results in a significantly greater content of carbonyl
groups. The application of oxidative stress induces 4 to 6 fold increases in the
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Table 43.
Effect of in vitro incubation for 7 days in the presence of fructose (O.amM or 15mM) on the post - translational
modification and susceptibility to furtfier modification in vitro, by metal catalysed OMdative stress, of rat lens
pl crystallin.

Fructose
Concentration

Pre Stress

0.00 mM
Cu** + Ascorbate
on^

0.05 mM

HgO; Concentration
O.IOmM
0.25 mM

0.50 mM

Tryptophan fluorescence
nmoles.mg soluble protein-^

O.amM
15mM
"P" NvH

(N)
(H)

40.a ± 0.59
29.4 ± 0.66
***

14.1 ± 0.14
11.5 ± 0.25
***

13.5 ± 0.38
11.7 ± 0.12
n.s

12.6 ± 0.15
11.5 ± 0.16
**

11.9 ± 0.25
11.6 ± 0.13
n.s

11.1 ± 0.26
11.5 ± 0.21
n.s

BMyosine content
rmoles.mg soluble protein-1

O.amM
15mM
•P’ NvH

(N)
(H)

1.18 ± 0.05
19.3 ± 0.38
***

4.66 ± 0.44
21.2 ± 0.48
** *

4.15 ± 0.12
21.2 ± 0.36
***

4.29 ± 0.14
21.7 ± 0.25
* *

4.46 ± 0.06
22.4 ± 0.34

4.88 ± 0.13
23.2 ± 0.54
***

Cartx)n^ content
nmoles.mg soluble protein-^

O.amM
15mM
•P' NvH

(N)
(H)

4.43
0.23
4.23 ± 0.31
n.s.

25.0 ± 0.28
29.2 ± 1.53
*

28.4 ± 1.99
28.9 ± 0.48
n.s

29.4 ± 0.68
26.1 ± 0.24
A*

29.6 ± 1.01
28.5 ± 1.37
n.s

28.7 ± 0.62
28.3 ± 1.14
n.s

SH group content
nmoles (GSH).mg soluble protein-^

O.amM
15mM
■P'NvH

(N)
(H)

1.13 ± 0.08
3.16 ± 0.40
**

0.00
0.00
n.s

0.00
0.00
n.s

0.00
0.00
n.s

0.00
0.00
n.s

0.00
0.00
n.s

AGEP fluorescence
fluorescence units.mg soluble
protein-1

0.3mM
ISmM
"P'NvH

(N)
(H)

10.80 ± 0.42
137 ± 2.75
***

44.8 ± 1.45
157 ± 3.52
:*r**

42.3 ± 0.91
161 ± 5.04
***

47.70 ± 3.07
165 ± 0.84
AAA

48.8 ± 1.08
172 ± 3.85
AAA

53.9 ± 1.49
174 ± 2.37
AAA

Opalescence
AesomXiO-' of crystailin solution
(Gmg.ml-i)

0.3mM
ISmM
•P'NvH

(N)
(H)

8.7S ± 0.48
3.02 ± 0.84

56.0 ± 0.00
44.2 ± 0.67
***

55.8 ± 1.80
42.2 ± 1.39
**A

55.3 ± 1.25
42.2 ± 0.87
AAA

56.5 ± 1.32
45.6 ± 1.14
AAA

52.8 ± 0.85
44.2 ± 1.01
AAA

Results are shown as Mean ± SEM of a minimLrn 4 independent observations. Purified
crystaRIn was resuspended in
(N* purged) 0.1M phosphate buffer pH 7.3, containing Gentamicin (0.ang.ml-^) and incubated in the presence of fructose
(0.3mM or 15mM) for 7 days at 37'C, oxidative stress was applied t)y tfie addition of freshly prepared CuSO* (100>iM) and
ascorbate (SmM) with or without HgOg (O.OSmM to O.SOmM), an final concentrations, and incubated in air at 37'C
for 30 minutes. Owdative modification parameters and glycation were determined as descrit)ed under Methods.
N = normal fructose (0.3mM), H = high fructose (1SmM).
Statistical analysis was performed using Student’s t test * P<0.05, * * PcO.Oi, * * * P c 0.001, n.s. not significant.
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AGEP content of crystallins incubated in 0.3m M fructose, and although only small 1
to 1.3 fold increases in the AGEP content is seen in crystallins incubated in 1 5mM
fructose, at all levels of stress the AGEP content of the crystallins incubated in
1 5mM fructose is always 3 to 4 fold higher than those incubated in 0.3m M fructose.
At all levels of stress the opacity of the resuspended crystallin solution is lower
in crystallins taken from the 1 5mM fructose incubation.

4 .4 Effect of in wfro incubation in the presence of polvol pathwav intermediates on
the post-translational modification and susceptibility to in vitro modification of
rat lens r crystallin.

a. Incubation in 5mM or 35mM glucose.

The status of the F crystallin as assessed by the various parameters before the
application of oxidative stress is shown in Table 4 4 . Crystallin taken fron the
35mM glucose incubation showed increased oxidation of tryptophan, a 100% loss of
sulphydryl groups and an increase in AGEP fluorescence. No significant difference
in bityrosine content of the two incubations is seen. These changes are in parallel
with an increased absorbance, at 550nm , of the crystallin incubated in 35mM glucose.
Incubation of F crystallin with the free radical generating system, in vitro,
reveals the susceptibility of the crystallin to oxidative stress. There is a
peroxide-dependent increase in the markers of oxidative damage, which is greater in
the F crystallin incubated in high glucose. Tryptophan oxidation is approximately
6 0% in crystallin incubated in 5mM glucose and increases only slightly with
oxidative stress. The application of oxidative stress to crystallins incubated in
35mM glucose induces greater levels of tryptophan oxidation. At all levels of
stress F crystallin incubated in 35mM glucose continues to express the 100% loss of
sulphydryl groups seen before the application of stress. Crystallin incubated in
5mM glucose also continues to express the same level of sulphydryl groups seen
before the application of oxidative stress, at all levels of stress. The formation
of carbonyl groups in crystallins incubated in 35mM glucose is much greater than in
crystallins incubated in 5mM glucose. Although the levels of AGEP's expressed by
crystallin before the application of stress are greater in those incubated in 35mM
glucose, oxidative stress induces an increase in both incubations such that it is at
only the lowest degree of stress (Cu^+ and ascorbate only) that crystallin incubated
in 35mM glucose expresses a higher level of AGEPs. At all levels of stress the
opacity of the resuspended crystallin solution is always greater in crystallins
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Table 44.
Effect of in vitro incubation for 7 days in the presence of glucose (5mM or 3SmM) on the post - translational
modification and susceptibility to further modification in vitro, t>y metal catalysed oxidatwe stress, of rat lens
Y crystallin.

Glucose
Concentration

Pre Stress

0.00 mM
Cu'+ + Ascort)ate
only

0.05 mM

H2O 2 Concentration
O.IOmM
0.25 mM

0.50 mM

Tryptophan fluorescence
nmoles.mg soluble protein-^

5mM
36mM
"P" NvH

(N)
(H)

46.2 ± 1.10
8.57 ± 0.08

27.3 ± 0.99
3.28 ± 0.00

27.5 ± 1.14
3.10 ± 0.00

26.4 ± 1.21

25.6 ± 0.68

22.4 ± 0.88
2.83 ± 0.04

Bityrosine content
imoles.mg soluble protein-

5mM
35mM
"P'NvH

(N)
(H)

1.43 ± 0.31
1.49 ± 0.07
n.s

2.03 ± 0.26
1.61 ± 0.14
n.s

2.20 ± 0.16
1.46 ± 0.00
**

2.31 ± 0.54

2.35 ± 0.14

2.54 ± 0.31
1.63 ± 0.01

5mM
36mM
"P'NvH

(N)
(H)

11.7 ± 0.31

9.4 ± 5.16

13.7 ± 1.23

1.53 ± 0.09
15.0 ± 0.18

1.42 ± 0.15
18.3 ± 1.23

1.36 ± 0.16
18.8 ± 0.95

5mM
35mM
"P'NvH

(N)
(H)

5.32 ± 0.28
0.00

6.15 ± 0.58
0.00

5.29 ± 0.74
0.00

6.03 ± 1.24
0.00

4.35 ± 0.49
0.00

4.52 ± 0.70
0.00

1

Cartxxryl content
nmoles.mg soluble protein-^

SH group content
nmoles (GSH).mg solut)le protein-

1

AGEP fluorescence
fluorescence units.mg soluble
protein-1

SmM
3SmM
"P'NvH

(N)
(H)

2.S0 ± 0.3S
5.12 ± 0.42
**

3.22 ± 0.S2
8.78 ± 0.00
***

S.S8 ± 0.34
5.12 ± 0.00
n.s

4.62 ± 0.85

Opalescence
/ComP<10'« of crystallin solution
(6mg.ml-i)

SmM
35mM
•P'NvH

(N)
(H)

4.00 ± 0.25
15.2 ± 1.06
***

4.00 ± O.SO
18.3 ± 0.00
***

4.25 ± 0.33
17.6 ± 0.41
***

5.22 ± 0.40
18.7 ± 0.63
***

-

6.03 ± 0.83
-

5.00 ± 0.01
17.6 ± 0.41
***

5.26 ± 0.77
6.22 ± 0.21
n.s
5.53 ± 0.10
19.0 ± 0.29
***

Results are shown as Mean ± SEM of a minimim 4 independent obsen/ations. Purified Y crystallin was resuspended in
(Ns purged) 0.1M phosphate buffer pH 7.3, containing Gentamicin (0.ang.ml-^) and incubated in the presence of glucose
(SmM or 35mM) for 7 days at 37"*C, oxidative stress was applied by the addition of fresh^ prepared CuSO* (100;iM ) and
ascorbate (SmM) with or without H%0, (O.OSmM to O.SOmM), all final concentrations, and incubated in air at 37"C
for 30 minutes. Owdative modification parameters and glycation were determined as described under Methods.
N = normal glucose (SmM), H = high glucose (3SmM).
Statistical analysis was performed using Student's t test * RcO.OS, * * PcO.Oi, * * * PcO.001, n.s. not significant
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taken from the 35m M glucose incubation.

b. Incubation in 0.3m M or 20mM sorbitol.

The status of the r crystallin as assessed by the various parameters before the
application of oxidative stress is shown in Table 4 6 . Incubation in the high
sorbitol significantly increases the levels of protein modification. Crystalline
from the 20mM sorbitol incubations express higher levels of tryptophan oxidation,
bityrosine content, sulphydryl group loss, carbonyl group formation, AGEP group
formation and an increased opalescence.
Incubation of T crystallin with the free radical generating system, in vitro,
reveals the susceptibility of the crystallin to oxidative stress. There is a
peroxide-dependent increase in the markers of oxidative damage, which is not always
greater in the r crystallin incubated in high sorbitol. Tryptophan oxidation,
bityrosine formation and carbonyl group formation is always, after the application
of oxidative stress, greater in crystallin incubated in 20mM sorbitol, although not
always statistically significant. At all levels of stress F crystallin from the
20mM sorbitol incubation experiences a 100% loss of sulphydryl groups, while in
crystallin incubated in 0.3m M sorbitol incubation no change with stress is seen. On
the application of stress the opacity of the resuspended crystallin solution is
always greater in crystallins taken from the 20mM glucose incubation.

c. Incubation in 0.3m M or 15mM fructose.

The status of the F crystallin as assessed by the various parameters before the
application of oxidative stress is shown in Table 4 6 . Incubation in 15mM fructose
increased the levels of bityrosine formation, tryptophan oxidation, sulphydryl group
loss, carbonyl group formation and AGEP fluorescence in comparison with those
incubated in 0.3m M fructose. These changes are in parallel with an increased
opalescence of the crystallins incubated in 15mM fructose.
Incubation of F crystallin with the free radical generating system, in vitro,
reveals the susceptibility of the crystallin to oxidative stress. There is a
peroxide-dependent increase in the markers of oxidative damage. Tryptophan
oxidation is significantly greater in crystallin incubated in 15mM fructose. The
loss of sulphydryl groups from both incubations increases with oxidative stress
however, whereas the application of stress in the form of O.SmM H2 O 2 , CuS04 and
ascorbate is required before all of the sulphydryl groups are lost from crystallin

LO
Table 45.
Effect of in vitro incubation for 7 days in the presence of sorbitol (0.3mM or 20mM) on the post - translational
modification and susceptibility to further modification in vitro, by metal catalysed orddatK/e stress, of rat lens
Y crystallin.

Sorbitol
Concentration

Pre Stress

0.00 mM
Cu*+ + Ascorbate
only

0.05 mM

H2 O 2 Concentration
0.10 mM
0.25 mM

0.50 mM

Tryptophan fluorescence
nmoles.mg soluble protein-^

0.3mM
20mM
"P'NvH

(N)
(H)

43.2 ± 0.12
35.2 ± 2.51
*

23.5 ± 0.59
19.1 ± 1.40
*

23.2 ± 0.27
19.2 ± 2.51
n.s

22.8 ± 0.13
17.5 ± 2.00
*

23.8 ± 0.21
17.9 ± 0.26
***

23.1 ± 0.13
16.4 ± 0.65
***

Bit)fosine content
nmoles.mg soluble protein-^

0.3mM
20mM
"P’ NvH

(N)
(H)

2.15 ± 0.18
3.55 ± 0.16
**

3.71 ± 0.00
4.22 ± 0.35
n.s

3.84 ± 0.09
4.69 ± 0.42
n.s

3.65 ± 0.04
5.36 ± 0.24
***

4.23 ± 0.13
5.78 ± 0.38
**

4.83 ± 0.25
5.76 ± 0.12
*

Cartxxiyl content
nmoles.mg soluble protein-^

0.3mM
2QmM
"P'NvH

(N)
(H)

1.76 ± 0.08
2.02 ± 0.05
*

1.85 ± 0.12
2.10 ± 0.15
n.s

2.01 ± 0.15
1.96 ± 0.07
n.s

1.89 ± 0.05
2.53 ± 0.26
n.s

1.78 ± 0.08
2.61 ± 0.31
*

1.78 ± 0.01
2.32 ± 0.43
n.s

SH group content
nmoles (GSH).mg soluble protein-**

0.3mM
2ûmM
"P'NvH

(N)
(H)

5.98 ± 0.45
1.52 ± 0.64
**

7.90 ± 0.77
0.00
***

4.82 ± 1.23
0.00
***

6.36 ± 0.52
0.00
***

4.05 ± 0.67
0.00
***

5.01 ± 0.37
0.00
***

AGEP fluorescence
fluorescence units.mg soluble
protein-1

0.3mM
20mM
"P'NvH

(N)
(H)

17.6 ± 1.82
20.2 ± 2.04
n.s

22.2 ± 0.76
26.4 ± 1.77
n.s

24.1 ± 0.73
28.4 ± 1.68
n.s

22.2 ± 0.44
32.6 ± 2.02
**

25.2 ± 0.44
35.6 ± 3.50
•k

28.7 ± 1.69
34.2 ± 2.12
n.s

Opalescence
AkohrXIO-* of crystallin solution
(6mg.ml-i)

0.3mM
20mM
"P'NvH

(N)
(H)

4.75 ± 0.85
9.90 ± 0.68
**

4.50 ± 0.50
15.2 ± 0.25
***

3.75 ± 0.25
17.0 ± 0.25
***

5.00 ± 0.41
18.3 ± 0.50
***

5.50 ± 0.50
17.5 ± 0.33
kkk

5.75 ± 0.25
19.1 ± 1.68
***

Results are shov\fi as Mean ± SEM of a minimLm 4 independent observations. Purified Y crystaKn was resuspended in
(Nt purged) 0.1M phosphate buffer pH 7.3, containing Gentamidn (0.ang.ml-i) and incubated in tfie presence of sorbitol
(O.amM or 20mM) for 7 days at 37*C, OMdatlve stress was applied by the addition of freshly prepared CuSO* (100>iM) and
ascorbate (5mM) with or without HgOg (O.OSmM to 0.50mM), aBfinal concentrations, and incut)ated in air at 37'C
for 30 minutes. Owdative modification parameters and glycation were determined as described under Metfiods.
N = normal sorbitol (O.SmM), H = high sorbitol (20mM).
Statistical analysis was performed using Student’s t test * P<0.05, * * P<0.01, * * * P < 0.001, n.s. not significant.
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Table 46.
Effect of in vitro incubation for 7 days in the presence of fructose (O.amM or 15mM) on tine post-translational
modification and susceptibility to further modification in vitro, by metal catalysed oxidatwe stress, of rat lens
Y crystallin.

Fructose
Concentration

Pre Stress

0.00 mM
Cu** + Ascorbate
only

0.05 mM

HjO, Concentration
0.10 mM
0.25 mM

0.50 mM

Tryptophan fluorescence
nmoles .mg soluble protein-1

O.amM
15mM
"P'NvH

(N)
(H)

45.2 ± 0.25
13.8 ± 0.41
***

25.3 ± 0.56
6.72 ± 0.11

26.5 ± 0.36
6.85 ± 0.10
***

25.8 ± 0.24
6.84 ± 0.12
AAA

26.4 ± 0.85
6.88 ± 0.07
AAA

24.9 ± 0.43
6.59 ± 0.05
AAA

Bityrosine content
nmoles.mg soluble protein-"*

O.amM
15mM
•P'NvH

(N)
(H)

2.10 ± 0.20
5.85 ± 0.07
***

3.20 ± 0.02
8.04 ± 0.05
***

3.25 ± 0.12
8.05 ± 0.14
***

3.41 ± 0.02
8.32 ± 0.10
AAA

3.85 ± 0.53
8.55 ± 0.14
AAA

3.99 ± 0.21
8.79 ± 0.17
AAA

Carbonyl content
nmoles.mg soluble protein-‘*

o.amM
15mM
'P'NvH

(N)
(H)

2.23 ± 0.25
9.56 ± 0.92
***

2.31 ± 0.12
15.9 ± 0.70
***

2.41 ± 0.68
15.9 ± 0.51
A* *

1.89 ± 0.42
16.8 1 0.68
AAA

2.53 ± 0.16
17.5 ± 0.60
AAA

2.50 ± 0.08
19.5 ± 0.28
AAA

SH group content
nmoles (GSH).mg soluble protein-1

O.amM
15mM
•P' NvH

(N)
(H)

6.82 ± 0.51
1.73 ± 0.33
***

3.56 ± 0.25
1.13 ± 0.17
**A

3.54 ± 0.86
0.00
AAA

2.21 ± 0.36
0.00
AAA

1.08 ± 0.05
0.00
AAA

0.00
0.00
n.s

AGEP fluorescence
fluorescence units.mg soluble
protein-1

0.3mM
15mM
T'N vH

(N)
(H)

15.4 ± 1.60
43.8 ± 0.90
***

19.4 ± 0.67
68.3 ± 1.52
it * 5«C

21.1 ± 0.64
69.6 ± 1.09
***

19.5 ± 0.39
70.6 ± 1.20
* it *

22.1 ± 0.39
73.6 ± 2.24
it it it

25.2 ± 1.48
76.3 ± 2.02
it it it

Opalescence
Awom^O-» of crystallin solution
(6rng.ml-i)

O.SmM
15mM
"P'NvH

(N)
(H)

5.00 ± 0.25
8.71 ± 0.67
***

6.00 ± 0.25
29.5 ± 2.68

6.15 ± 0.13
37.9 ± 0.84
***

6.35 ± 0.50
40.2 ± 1.22
it * *

6.53 ± 0.75
48.2 ± 2.68
it it it

6.85 ± 0.53
46.9 ± 3.24
it it it

Results are shown as Mean ± SEM of a minimLm 4 independent observations. Purified Y crystallin was resuspended in
(Ng purged) 0.1M phosphate buffer pH 7.3, containing Gentamidn (0.ang.ml-^) and incubated in the presence of fructose
(0.3mM or 15mM) for 7 days at 37*C, owdative stress was applied by the addition of freshly prepared CuSO* (100>iM) and
ascorbate (5mM) with or vsAhout HgOg (O.OSmM to O.SOmM), ai final concentrations, and incubated in air at 37^C
for 30 minutes. Oxidative modification parameters and glycation were determined as descritwd under Methods.
N = normal fructose (0.3mM), H = high fructose (15mM).
Statistical analysis was performed using Student’s t test * PcO.OS, * * P<0.01, * * * PcQ.OOl, n.s. not significant.
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incubated in O.SmM fructose, the application of stress in the form of only O.OSmM
H2 O 2 , CuSO< and ascorbate is required to remove 100% of the sulphydryl groups from
crystallins incubated in 15mM fructose. The formation of carbonyl groups in
crystallins incubated in 15mM fructose is much greater than in crystallins incubated
in O.SmM fructose. The application of oxidative stress increases the AGEP content
of crystallins incubated in O.SmM and 1 5mM fructose, the AGEP content of crystallins
incubated in 15mM fructose at each level of stress is approximately S fold greater
when the crystallins have been incubated in 15mM fructose. At all levels of stress
the opacity of the resuspended crystallin solution is greater when crystallins are
taken from the 15mM fructose incubation.
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DISCUSSION.

Cataract is the most common cause of blindness afflicting some 1 7 million
people worldwide (Kupfer, 1984), it occurs principally in the elderly or those with
diabetes (van Heyningen and Harding, 1986). Surgical removal is the only treatment
at present and although it is a highly successful procedure, it has certain
limitations.
The potential for the eradication of blindness by the elimination of cataract,
but the lack of proven, acceptable therapeutic agents, has provided the impetus to
establish clearly the aetiology of cataractogenesis and then to apply this knowledge
to find a means of preventing or attenuating the cataractogenic process.
The long held view that sorbitol accumulation is responsible for
cataractogenesis is disputed, since it was not able to account for cataract
formation in non-diabetics, the ageing population or human cataractogenesis, in
which aldose reductase activity is negligible. Therefore, alternative pathways
leading to lens opacification have been investigated.
Current evidence supports the view that cataractogenesis is a process in which
many inexorably linked factors induce subtle post-translational modifications in the
lens structural proteins (crystallins). Such post-translational protein
modifications, even at low levels, are of particular importance since, due to the
negligible turnover of lens protein, they accumulate in the lens enhancing
crystallin aggregation, fragmentation and precipitation (Harding, 1 99 1 ). This
disrupts the short range order of crystallin structure, adversely affecting the
transparency of the lens (Crompton etal., 1985). The nature of protein posttranslational modification, principally its slow progressive nature, is consistent
with the development of human cataract.
Two well documented mediators of protein modification, thought to have a role
in the aetiology of cataract, are glycation and oxidation.
Glycation is of particular significance in diabetes, where transient periods of
hyperglycaemia, due to the inability of episodic insulin injections to mimic the
fine control exerted by endogenous insulin secretion, increase the number of
interactions between glucose and the free amino groups of lens crystallins. Protein
glycation, known to occur over the lifetime of the lens as a normal physiological
event, is believed to contribute to irreversible protein damage by promoting
covalent protein-protein cross-links (Stevens etal., 1978; Kamei, 1991 ; van Boekel
and Hoenders, 1991 ; Swamy and Abraham, 1 991).
The lens is uniquely exposed to oxidative insult, in the form of uv radiation.
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oxygen and peroxide, under normal conditions and has a high antioxidant level to
counteract this. However, during ageing, and in diabetes, the lens becomes further
stressed as it accumulates mediators of metal catalysed oxidation, such as Cu^+, and
exhibits a depleted anti-oxidant and energy status (Hunt and Wolff, 1991; Wollard et
al., 1990; Young etal., 199 2 ; Zigler etal., 1989). This leads to conditions,
condusive to increased generation, and decreased removal, of active oxygen species,
such as Oz- and OH-, which are capable of extensive protein oxidative modification.

1. Studies using the in vitro 24 hour hvperqivcaemic model of cataractogenesis.

Work of others in the diabetic field has implicated the transient periods of
hyperglycaemia, experienced by the diabetic patients, in the development of diabetic
complications including cataract (Keen and Jarrett, 198 2 ). Preliminary studies in
this thesis therefore used the in vitro 24 hour hyperglycaemic incubation of whole
lens, described by Ross et al. ( 1 982), to study the early aetiology of
cataractogenesis. In this model, scanning electron microscopy has revealed that
within 48 hours, degeneration of lens fibre cells and lenticular opacification is
evident.
Hyperglycaemic cataract formation in the rat model has been attributed to the
hyperosmotic conditions resulting from accumulation within the lens of polyol
pathway intermediates, specifically sorbitol (Kinoshita e tal., 1 96 2 ; van Heyningen,
1969; van Heyningen, 1 96 2 ). The minimal activity of aldose reductase in the human
lens and other arguments outlined in the Introduction (section 6 .1 ) suggest this
hypothesis cannot be applied to human cataract formation. The observation that
sorbitol accumulated in lens without concomitant cataract formation in the xylosefed rat, led van Heyningen (1 9 6 2 ) to suggest that it is not necessarily sorbitol
accumulation that is responsible for cataract formation but the perturbation of
NADPH metabolism, concomitant with increased aldose reductase activity under
conditions of hyperglycaemia.
NADPH Is an important participant in the metabolism of glutathione (Figure 4).
The lens has a particularly high level of glutathione, it is believed that
glutathione in the reduced form plays an important role in the detoxification of
peroxide, and the maintenance of the lenticular sulphydryl environment. Glutathione
provides protection against oxidative damage by scavenging free radicals and/or
hydrogen peroxide or by protecting reactive sulphydryl groups of proteins (Reddy,
1 990). A fall in the level of reduced glutathione has been linked with oxidative
damage to susceptible protein thiol groups and the formation of sulphydryl protein-
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protein crosslinks and protein linking GSSQ mixed disulphides (Figure 11 ). Further,
glutathione in the oxidized form (GSSG) tends to leak from the lens and disulphides
once embedded in protein structure become less susceptible to re-reduction, thereby
depleting lenticular levels of total glutathione. The maintenance of glutathione in
the reduced state is a process in which oxidized glutathione is re-reduced by
glutathione reductase, a process requiring NADPH. In situations where aldose
reductase activity is increased, this is likely to lead to completion for available
NADPH between aldose reductase and glutathione reductase. This competition in turn
leading to a decrease in the capacity of the lens to re-reduce GSSG. These
disturbances in glutathione metabolism will be further exacerbated by the decreased
level of ATP which is required for de novo synthesis of glutathione, at the T glutamyl cysteine synthetase and glutathione synthetase steps (Figure 4). However
it has been reported previously (Hothersall et al. , 1988) that ATP levels, in this
in v/'fro model, fall after the drop in glutathione. This observation, which has
been found in this study to also occur in the in v/Vo model of cataractogenesis
(Table 9), suggests that decreased ATP levels are a secondary rather than a primary
factor in the loss of glutathione.
A common feature of most types of cataract, both laboratory models of
cataractogenesis and human cataractogenesis, is a dramatic decrease in lenticular
levels of glutathione early in cataractogenesis (Reddy, 1990). Therefore using the
24hr in vitro incubation model of cataractogenesis, the effect of adding the ethyl
ester of glutathione to the incubation media was investigated. Glutathione ester is
able to enter the lens membrane more rapidly than oxidized glutathione (the membrane
is impermeable to reduced glutathione) and is, therefore, able to increase the
lenticular glutathione pool (Srivastava and Beulter, 1973; Ishikaura and Sies,
1984), and the level of glutathione in the reduced state (Martenson eta!., 1989).
In this study the ethyl ester of glutathione was able to raise the depleted
glutathione level of a lens incubated in 35mM glucose to above control values
(Table 4)
The results presented here (Table 4 - 6 ) confirm the close correlation between
the fall in lenticular NADPH and glutathione under hyperglycaemic conditions, when
NADPH is consumed by the elevated aldose reductase activity. When varying levels of
oxidative stress, in the form of H2 O 2 , are added to the incubation a fall in
sorbitol accumulation was seen which correlated with a decrease in NADPH and GSH.
These observations support the proposal that, competition between aldose reductase
and glutathione reductase for NADPH occurs in the diabetic (hyperglycaemic and
oxidatively stressed) lens. As a result, the balance within the system is
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Figure 11.
Changes in lens proteins, related to lenticular sulphydryl status, during
cataractogenesis.
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disrupted and the capacity to produce sorbitol and remove H2 O 2 are both compromised.

1.1 The effect of increased oxidative stress in the 24 hour in v/Yro incubation of
whole lens.

The addition of H2 O 2 to the lens incubation increases the level of oxidative
stress. The removal of this oxidative stress by the glutathione
reductase/glutathione peroxidase system places a demand on intracellular NADPH via
the NADPH/GSH redox couple. This situation is maintained until the level, and
consequently rate of removal, of H2 O 2 is outside the limits of NADPH provision by
the pentose phosphate pathway. Whereupon competition between aldose reductase and
glutathione reductase for available NADPH occurs, resulting in decreases in
sorbitol, NADPH and GSH in the presence of oxidative stress (H 2 O 2 ). It is
unexpected that at normal glucose levels, the NADPH requirement of aldose reductase
would be such that, under oxidative stress, competition arises, although this
appears to be the case. The addition of glutathione in the form of the ester to
replenish the decreased sulphydryl pool prevents, to a large extent, the
1

perturbations caused by the peroxide. This is as anticipated, since the NADPH
requirement for GSH maintenance is relieved, eradicating competition for this
cofactor, allowing sorbitol to form unimpeded by any restrictions of NADPH
availability. When glucose and H2 O 2 levels are both elevated and the demand on
NADPH is greatest, the effects of glutathione ester is most marked.
A decrease in NADPH supply may also be due to inactivation of NADP+ reducing
enzymes, as a result of oxidative damage. The two dehydrogenases of the pentose
phosphate pathway and isocitrate dehydrogenase are important to the maintenance of
cell viability through their capacity to restore NADP+ to the reduced form
(Figure 3). These enzymes are however, particularly susceptible to damage by 1 mM
H2 O 2 as they require sulphydryl groups for biological activity (Schaich and Karel,
1 976). It has been reported by Hothersall et a/. ( 199 2 ) that the activity of all
three of these enzymes is severely decreased in the presence of 1mM H2 O 2 .
Hothersall etal. (1 9 9 2 ) also reported that hexokinase activity is unchanged, this
occurring despite the known requirement of this enzyme for sulphydryl groups and its
susceptibility to oxidative inactivation, suggesting that the availability of
glucose for entry into intermediary metabolism was not affected in the incubations.
A fall in aldose reductase activity was also evident during oxidative stress
(Hothersall e ta l., 199 2 ), this together with the reported decrease in NADPH
reductive capacity could explain the very large drop in sorbitol accumulation on
iThe glutathione monoester may react directly and non-enzymatically with H2 O 2
outside the lens therefore depleting extra-lenticular H 2 O 2 levels.
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addition of 1 mM H2 O 2
(Table 6). These metabolite and enzyme changes compromise lenticular antioxidant
capacity, inducing a situation condusive to protein post-translational modification
and lens opacification. However, subsequent activation of aldose reductase under
conditions of hyperglycaemia would exacerbate position this by further decreasing
the availability of NADPH.

1.2 The effect of hyperglycaemia in the 24 hour in v/froincubation of whole lens.

The fall in NADPH brought about by hyperglycaemia and increased aldose
reductase activity does not appear to be prevented by the addition of glutathione
ester. An explanation for this observation is proposed on the following basis.
The addition of glutathione ester to the incubation media leads ultimately to
an increase in the intra-lenticular GSH, contributing towards the elimination of any
GSH maintenance problems created directly by oxidative stress (H 2 O 2 ). However, the
ester cannot be used directly to derive NADPH and therefore will have no effect on
NADPH levels brought about by increased glucose alone, but will reverse any due to
H 2 O 2 . The results presented here suggest that the fall in NADPH is an immediate and
primary response to increased aldose reductase activity during hyperglycaemia and
that the decrease in GSH is a subsequent result of this. These changes, indicate
that hyperglycaemia alone is sufficient to alter NADPH availability and that the
prevention of the subsequent decrease in GSH is not able to prevent this event.
The decrease in NADPH and GSH brought about solely by elevated glucose suggests
that NADPH supply is limited when aldose reductase metabolises this level of
glucose. However, studies by Gonzalez etal. (1 9 8 6 ) suggest that, in the presence
of 36mM glucose, the pentose phosphate pathway is only partially activated since
addition of phenazine methosulphate, which stimulates the pentose phosphate pathway
to its maximal rate, indicates that reserve potential of the pentose phosphate
pathway is still available.
This anomaly may result from compartmentation between the site of pentose
phosphate pathway activity, and the site where NADPH and GSH are required for anti
oxidant protection. The pentose phosphate pathway is found mostly in the epithelial
layer, the site of lens oxidative energy metabolism. However, the site where NADPH
and GSH are required for anti-oxidant protection and maintenance of crystallin
sulphydryl groups, in the reduced state, is the fibre cells of the nucleus and
cortex. Aldose reductase activity is located in the epithelial layer and the bow
region where NADPH requirements are met by increased activity of the pentose
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phosphate pathway, hence the observations of Brown and Bron (1 9 8 7 ) that damage is
not seen in the epithelial layer despite increased aldose reductase activity under
conditions of hyperglycaemia. However, fibre cells are removed from areas of
metabolic activity, are not so closely coupled to the pentose phosphate pathway and
therefore, more susceptible to oxidative stress. It has been proposed (Qiblin et
al., 1 99 0 ) that GSH oxidized in the superficial cortex moves to the epithelium.
This would explain why, when a glutathione reductase inhibitor and H 2 O 2 treatments
are combined, the GSSG accumulates in this region, whilst overall glutathione levels
remain constant. It is most likely that the GSSG is then reduced in the epithelium
and returned to the cortex in the reduced form. This could be the mechanism by
which the lens provides reducing power to those areas which are, in relation to
others, metabolically inactive. This return would be decreased when the reductive
capacity of the epithelium (NADPH) was being partly consumed by aldose reductase or
the loss of oxidized glutathione from the epithelium and lens was such that the
requirements for reduced glutathione within the epithelium were greater than the
total available.
The situation with high glucose levels is complicated by the known autoxidative
capacity of glucose (Wolff and Dean, 1987; Hunt and Wolff, 1 99 1 ), this imparts
oxidative stress, even on a system where no peroxide is added . Free radical
formation arising from glucose autoxidation, may lead to increased pressure on NADPH
and GSH levels, by direct NADPH oxidation and intra-cellular H 2 O 2 formation. ^
The data clearly points to aldose reductase consumption of NADPH impairing
lenticular antioxidant status, by decreasing the ability of the lens to re-reduce
GSSG. This, and the reported fall in enzyme activities, including glutathione
peroxidase (Hothersall etal., 1 99 2 ) responsible for peroxide removal, will
inevitably lead to a situation where there is increased potential for free radical
formation which, if left unchecked, lead to intra-lenticular conditions condusive to
protein post-translational modification and lens opacification. This emphasises the
belief that, it is the flux through the polyol pathway and not, the accumulation and
absolute concentration of sorbitol that is the crucial factor in cataractogenesis.
The reported benefits of aldose reductase inhibitors, outlined in the Introduction
(section 5.3.1 ), in the inhibition or prevention of cataract may not, as previously
thought, be due to the prevention of sorbitol accumulation, but rather, the
prevention of decreased lenticular NADPH levels.
However, Lou etal. (1 9 8 8 ), while agreeing that decreased levels of GSH are
implicated in cataractogenesis, have proposed that it is not the availability of
NADPH for glutathione reductase that is the limiting factor for glutathione
ipructosamines also degrade much more rapidly than glucose (Smith and Thornally
199 2 ; Baynes 1 9 9 1 ) and may therefore contribute additional oxidative stress.
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production, but impairment of the transport of glutathione precursors into the lens.
However, this does not explain why aldose reductase inhibitors return GSH levels to normal
The aim of this thesis was to contribute to the understanding of early
aetiology of cataractogenesis and investigate possible means of inhibition. In
order to study the early aetiology, it was necessary to establish a laboratory model
which can be examined and tested. The first model of choice was the in vitro, 24
hour, hyperglycaemic incubation of the whole lens. This model has added support to
the proposal that it is competition for NADPH, as a result of an elevated polyol
pathway, in the hyperglycaemic or diabetic rat lens that may perturb lens
metabolism, and contribute to cataract formation. Further, the addition of the
ethyl ester of glutathione was shown to be able to prevent some of these
perturbations.
The perturbations of lens metabolism reported here, such as the decrease in
lenticular NADPH, ATP and glutathione, indicate that the lenticular antioxidant
capacity and the ability to maintain the sulphydryl status of the lens is
compromised at an early stage of hyperglycaemia or diabetes. In addition it has
been shown that the cataractous lens is subject to increased oxidative stress (Hunt
and Wolff, 1 99 1 ; Wollard etal., 1990; Young etal., 1992; Zigler etal., 1989).
This has clear implications on the lens's ability to maintain lenticular protein
integrity. Evidence from other groups, reviews of which can be found in books by
Harding (1 9 9 1 ) and Augesteyn (1 9 8 1 ), has made the role of protein post-translation
modification in cataract increasingly apparent, therefore the emphasis of this study
moved towards an examination of the effect of these primary perturbations of lens
metabolism on the structural integrity of the lens proteins.

2. Modelling cataractogenesis.

It was felt appropriate at this stage of the study to re-evaluate the cataract
model used, since the study now changed from studying metabolic pathways to protein
post-translational modification. The isolation of the lens eleviates the effects of
other perturbations of metabolism, in the diabetic, which may influence protein
integrity. Diabetes is associated with an increase in prostaglandin synthetic
activity in the kidney, concomitant with this is an increase in plasma levels of
malondialdehyde (van Heyningen and Harding, 1 986). Malondialdehyde is capable of
binding to proteins and inducing post-translational modifications. Decreases in
glomerular filtration rate and ophthalmic blood supply are also observed during
diabetes (Moel etal., 1 98 7 ) and cataractogenesis (Linner, 1 95 4 ) respectively.
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Further the lens accumulates, throughout its lifetime and more so in
cataractogenesis, mediators of metal catalysed oxidation, such as Cu^* (Cook and
McGahan, 1986; Woollard etaL, 199 0 ; Young efa/., 1 992). These factors would
affect the overall metabolism of the diabetic animal and lens. It was felt
therefore, that the influence of these factors should be incorporated into the model
of experimental cataractogenesis before the study of protein post-translational
modification in cataractogenesis. Recent studies have been carried out using the
streptozocin-diabetic rat model of cataractogenesis. In this model dense lenticular
opacities are seen around 1 00 days after the induction of diabetes (Sasaki etal.,
1983). However, to reiterate, the central theme of this thesis was to investigate
the early aetiology of cataractogenesis before the occurrence of protein damage,
aggregation and lenticular opacification. It was therefore necessary to establish a
time period after the induction of diabetes in which the perturbations of lenticular
metabolism, apparent in the in vitro model, are seen to occur but protein
aggregation, fragmentation and lenticular opacification are not yet evident.

3. The in wVo streptozocin-diabetic model of cataractogenesis.

Within 3 days of the initiation of streptozocin diabetes in the rat,
significant falls in lenticular glutathione and NADPH are seen (Table 9), these
levels continue to fall further as time since diabetes induction increases. The
increased formation of sorbitol with the duration of diabetes shows that the polyol
pathway is active and that sorbitol removal by sorbitol dehydrogenase is the rate
limiting step in the polyol pathway, in the rat lens. These observations are
similar to those seen in the 2 4 hour, in vitro, hyperglycaemic, whole lens
incubation, suggesting, that here too, the falls in NADPH and glutathione occur as a
result of competition for NADPH as discussed earlier. Therefore in the streptozocin
diabetic rat, perturbations in the antioxidant capacity and the ability to maintain
the sulphydryl environment of the lens occur early in diabetes, with clear
implications for protein integrity.
Studies of the crystallin sub-unit profile of the lens by high performance
liquid chromatography (Table 10), revealed that despite the perturbations of lens
metabolism there is, as yet, no significant change in crystallin composition,
aggregation or fragmentation. Mitton etal. (1 9 9 3 ) have recently reported that it
is 21 days after the initiation of diabetes before vacuole formation is apparent and
Blakynty and Harding (1 9 9 2 ) have also recently reported that no lenticular
opacities are evident in for up to 21 days of streptozocin diabetes. This despite
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the large falls in glutathione, NADPH and ATP within one week of diabetes
initiation. The streptozocin diabetic rat model, up to 21 days after the induction
of diabetes, was therefore used for further studies of the post-translational
modification of lenticular protein in the early aetiology of cataractogenesis.

3.1 Crystallin modification in experimental streptozocin diabetes.

The lens has a high protein content, which, if the protein molecules acted as
independent scatters of light, the result would be a scattering of 70% of visible
light and concomitant lens turbidity. Instead, the scattering of light is reduced
to just 2 .6 % (Raza and Harding, 1991 ) by precise maintenance of the short-range
order and critical spacial correlation of crystallin molecules (Veretout etal.,
1989). The integrity of the crystallin is critical to the maintenance of this
organisation and thus lenticular clarity, any perturbations inducing opacification.
The crystallins are the longest lived of the lens proteins constituting 9 5% of the
lenticular protein content of the oldest part of the lens, the nucleus. The growth
of the lens is such that the crystallins are slowly pushed towards the centre of
the lens. Since proteins of enzymic nature are confined mainly to the outer region
of the lens, the crystallins are entering an environment which is increasingly,
metabolically, inactive, and therefore the potential for their removal once damaged
decreases with time. Modification of the crystallins will, therefore, be of the
greatest detriment to the lens in the long term.
This study therefore, now focused on the lens crystallins and examined the
subtle modification of crystallins purified from the lens of a 21 day streptozocin
diabetic rat. Crystallin groups were examined individually for modification since
it may be increased damage to one group, which is responsible for cataract
formation, rather than the enhanced damage of them all.
Post-translational modification of lens crystallins was determined by assay of
a range of parameters including: the loss of tryptophan fluorescence, an indicator
of tryptophan oxidation; bityrosine formation, an indicator of non sulphydryl
covalent cross-linking arising as a result of oxidation; carbonyl group formation,
indicating metal catalysed oxidation of the crystallins; sulphydryl group loss, a
measure of the overall integrity of the crystallin and AGEP formation, an estimation
of glycation and subsequent further reactions. The assay for AGEPs is not absolute,
and results can be exaggerated due to the presence of other non-tryptophan
fluorophores generated from protein oxidation. Further, it is also possible that
glycation may induce the formation of chromophores which may confound the assay of
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tryptophan. Nevertheless, since this study examines comparative changes, it was
felt that these procedures provided acceptable approximations of crystallin
modification.

3 .2 Increased oxidative modification of lens crystallin in v/voduring the 21 days
after induction of diabetes.

The results reported here (Tables 1 1 -1 3 ) show that within 14 days of the
induction of diabetes, in the absence of any glycaemic control, the lens crystallins
are already, significantly, post-translationally modified. Most striking is the
loss of sulphydryl groups from the a and Pl crystallins and the formation of
bityrosine in the a crystallins by only the 1

day of diabetes. By the 21

day,

r crystallins also undergo a significant loss of sulphydryl groups, and a
concomitant increase in carbonyl group content. Glycation, as measured by AGEP
fluorescence, increases significantly only in Pl crystallins over the period of
diabetes although this is no measure of the early stage glycation products.
Inconsistent with this increase in glycation is the reported increase in the free
amino group status of the Pl crystallin with duration of diabetes (Table 14). It
would be expected that as glycation is increased the availability of free amino
groups on the crystallin would decrease. It can only be assumed that some form of
protein fragmentation or subtle modification exposing the free amino groups has
taken place which is not evident when the crystallin subunit profile is examined.
The results indicate increased oxidative modification of the lens crystallin in
wVo occurring early in the aetiology of cataractogenesis. There are several
proposed mechanism by which this increased damage is suggested to occur.

3 .2.1 Perturbations of glutathione metabolism and increased oxidative stress.

The ability of oxygen free radicals to damage biological molecules in vitrois
clearly established (Zigler etal., 198 9 ). In this study, the exposure of molecules
to oxidative stress has led to, the modification of amino acid residues, the
formation of insoluble protein aggregates via sulphydryl (the oxidation of
sulphydryl groups) and non sulphydryl (the formation of bityrosine) protein-protein
cross-linking reactions (indicated by an increase in opacification) and an increase
in protein carbonyl groups and non-tryptophan fluorescence.
The lens is uniquely exposed to oxidative insult in the form of uv radiation,
oxygen and peroxide, under normal conditions (Zigler etal., 198 9 ) and has a high
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antioxidant level to counteract this (Reddy and Han, 197 6 ). However, in this study,
we have seen that during diabetes, the endogenous lenticular antioxidant defence
systems are compromised by depletion of NADPH and glutathione. Further the lens
exhibits a depleted energy status. It has also been shown that this is due, in
particular, to hyperglycaemia and elevated aldose reductase activity. Others have
shown that the endogenous antioxidant systems including ascorbic acid (1 -2 weeks),
a-tocopherol and uric acid are also compromised by diabetes (Hunt and Wolff, 1991).
The diabetic lens has also been shown to accumulate mediators of metal
catalysed oxidation, such as Cu^+ (Cook and McGahan, 1986; Woollard etal., 1990;
Young etal., 1 99 2 ). Metal ions, such as Cu^*, are detrimental to proteins by their
ability to mediate the generation of active oxygen species, such as Og- and OH*,
through Fenton-type redox reactions (Garland etal., 1986; Hunt and Wolff, 1991 ) or,
OH* and hydrogen peroxide, by the autoxidation of protein-bound glucose (Wolff and
Dean, 1987; Hunt and Wolff, 1991 ). Such species are capable of extensive protein
....
.... ..
(Weinstein and Bielski, 1 9 7 9 ; Ahmed ef a/., 1986; Sakurai ef a/,,
oxidative modification. ^ggg. s ^ ith and Thornally 1992)
The decrease in lenticular anti-oxidant status would imply that crystallin, in
the lens of a diabetic individual, would sustain more damage when subjected to
'normal' stress. Further, the increased potential for free radical or active oxygen
species production, leads to the expectation that the diabetic lens crystallin
would, in comparison with control, be subject to increased oxidative insult and
therefore be increasingly oxidatively modified. In support of this it has been
shown that the products of oxidative processes accumulate on the crystallins in a
diabetic or cataractogenic lens and further, within just 21 days of diabetes.
However, while elevated glucose levels may play a role in cataractogenesis by
perturbation of the oxidant/antioxidant status of the lens, we must also consider
whether the ability of glucose to glycate proteins plays a role in the crystallin
post-translational modification described above.

3 .2 .2 Crystallin glycation.

The obseryations that elevated glucose levels are concomitant with protein
damage in both in vitro and in v/Vo studies led to the suggestion that glucose was
responsible for protein damage. In vitro studies revealed that glucose was able to
form adducts with, or glycate, proteins (Monnier etal., 1979; Stevens etal.,
1 97 8 ). Garcia-Castiheiras and Miranda Rivera (1 9 8 3 ) reported decreases in the free
amino groups of proteins in wVoconsistent with glycation. The loss of free £ amino groups in the insoluble proteins of senile nuclear cataracts and the formation
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of sugar adducts in vivo, which Increase with age, diabetes and cataract (Perry et
a/., 1987; Abraham eta!., 1 9 89 ) led to the specific proposal that it was glycation
that was responsible for protein damage (Stevens eta!., 1978; Kamei, 1991 ; van
Boekel and Hoenders, 1991 ; Swamy and Abraham, 1991).
Glucose and other sugar aldehydes react with the free s-NHz group of lysine of
all the crystallin groups or the N-terminal amino group of r-crystallin forming a
Schiff base (Figure 12). The e-amino groups of the lysyl residues are particularly
reactive because they are nucleophilic and their hydrophilicity places them
preferentially on the surface of the protein, exposed to electrophiles present in
the biological milieu. Probably the most familiar of the post-translational
reaction of glucose with lysyl residues, is the glycation of haemoglobin used as an
indicator of long-term glycaemic control among diabetic patients. The Schiff base
can then rearrange to form the Amadori product (Figure 1 2). The Amadori product may
subsequently degrade into ketoaldehyde compounds, such as 1 - and 3-deoxyglucosone
(Wolff etaL, 1991 ), which have been shown to be more protein-reactive than the
original monosaccharide. These compounds can react to form inter- and intra
protein cross links as well as AGEPs. The result of this binding has been suggested
to be conformational changes in the crystallin resulting from changes in the protein
surface charge, specifically the cancellation of positive charges, changes in
hydrogen bonding capacity, loss of cellular recognition and the formation of complex
products capable of protein inter and intra-molecular crosslinking (Wolff eta!.,
1991 ). (Baynes, 1990; Njoroge and Monnier, 1989; Smith and Thornalley, 1 992 )
In vitro, conformational changes have been induced in lens crystallins by a
variety of glycating agents including glucose, glucose 6-phosphate, glucosamine and
galactose, all have been shown to react with the E-amino groups of lysine, inducing
the formation of high molecular weight aggregates. In the lenses of diabetic rats,
glycation is associated with a decrease in reactive sulphydryl groups, sulphydryl
oxidation and increased disulphide bond formation. The loss of GSH evident under
conditions of hyperglycaemia further comfounds the ability of the lens to maintain
protein sulphydryl groups, leading to intra and interchain disulphide bond formation
associated with cataract formation.
However, Amadori product accumulation, AGEP accumulation and increases in
protein fluorescence alone, are no longer sufficient to account for the pathogenesis
of diabetes. Amadori product accumulation on collagen does not correlate with the
presence of complications in diabetic individuals (Vishwanath etal., 1986).
Evidence suggests that small levels of glycation may not be of pathophysiological
significance since despite increased glycation of haemoglobin, there is no change in
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blood oxygen saturation curves in diabetes (Samaja eta!., 1982). The Amadori
products remain constant,consistent with this is the observation that Amadori
product accumulation of human lens protein remains essentially constant between the
ages of 6 and 8 0 . (Swamy and Abraham, 1987). Further, the covalent attachment of
glucose to protein does not explain the increase in oxidative parameters. Studies
in wfro (Stevens etaL, 197 8 ) have shown that exposure of protein to glucose is
associated with thiol oxidation, while in this study exposure of the lens
crystallins to diabetes is concomitant with decreases in tryptophan fluorescence,
characteristic of its oxidation, increased levels of bityrosine, an indicator of
non-sulphydryl protein crosslinking induced by oxidation and increased carbonyl
formation.

These observations

suggest that protein glycation and oxidation are both occurring in cataractogenesis.
While this may be a coincidence, each being individually responsible for protein
post-translational modification and lenticular opacification, it has been suggested
that the two are inexorably linked.
In the normal lens protein thiols group are generally un-reactive and buried in
the protein structure, but in the human cataractous lens the thiol groups are
exposed and react more rapidly suggesting changes in the native conformation of the
lens protein. Stevens etal. (1 9 7 8 ) suggested that the conformational change
induced in proteins by glycation enhances either the susceptibility of the protein
thiols to oxidative stress or places them in a position where they may be subject to
oxidative stress. This, combined with the increase in oxidative stress and
decreased antioxidant status in the diabetic lens, has clear implications for
protein integrity and explains the increased oxidative modification concomitant with
increased glycation.
While the suggestion of Stevens et at. (1 9 7 8 ), goes someway towards explaining
the loss of crystallin sulphydryls concomitant with glycation, it is not clear why
glycation should enhance bityrosine formation, an indicator of protein oxidation and
non-sulphydryl protein-protein cross-linking, and carbonyl formation, an indicator
of metal catalysed protein oxidation. Further, levels of glycofluorophore formation
cannot be equated with the extent of protein structural damage, suggesting that it
is not glucose incorporation per se that is responsible for protein damage.
However, studies have shown that glucose attachment is invariably accompanied by
protein oxidation, while the addition of antioxidants to the hyperglycaemic
incubation media prevents the structural damage caused by exposure of protein to
glucose, therefore linking crystallin glycation with crystallin oxidation.
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3 .2 .3 Autoxidative glycation.

The above inconsistencies have led to further proposals regarding the
participation of glucose in the pathogenesis of diabetes and cataractogenesis. It
has been suggested (Wolff etaL, 1991 ) that the reactions that occur when protein
is exposed to glucose are far more complex than simple addition of glucose to the
free amino groups. Under physiological conditions glucose can, like other
alphaketoaldehydes enolize, reduce molecular oxygen in a reaction catalysed by
transition metals and yield alphaketoaldehydes which can form adducts with proteins,
a process enhanced by the known ability of the lens to accumulate transition metals,
such as Cu2+ (Cook and McGahan, 1986). This reaction produces highly reactive
oxidizing intermediates (Figure 13). Conformational changes induced in bovine serum
albumin when exposed to glucose under physiological conditions in vitro are
inhibited by the metal chelating agent diethylenetriamine penta-acetic acid
(DETAPAC), suggesting that free radicals and hydrogen peroxide produced in this
manner are a substantial cause of the protein damage which results when protein is
exposed to glucose in vitro. Chelating agents also inhibit protein browning induced
by glucose (Wolff etal., 1991), suggesting that inhibition of oxidative reactions
inhibits protein glycation. Further, when glycation is performed in the presence of
a reducing agent (sodium cyanoborohydride), which provides a reducing environment
but greatly increases the rate of glycation by trapping the Schiff base, then
virtually no fluorophore development is observed (Wolff etal., 1991). These
observations suggest that oxidative radical reactions are critical for the
production of glucose induced protein alterations and distinguish protein
alterations caused by the exposure of protein to glucose from the covalent
attachment of glucose to protein perse. DETAPAC also decreases the extent of ^‘‘C
glucose incorporation into a protein (Wolff and Dean, 1 98 7 ), whereas prior
irradiation of the glucose, which generates ketoaldehydes, increases the rate of
glucose attachment. This is consistent with the suggestion that alphaketoaldehyde
products of glucose contribute, in vitro, to the covalent attachment of glucose to
protein. The rate at which oxidizing intermediates are produced by this process is
slow, but this is consistent with the rate at which protein is modified in in vitro
glycation studies (days to weeks) and the slow progressive nature of cataract
formation. Further, the alpha-ketoaldehyde-protein adducts formed during this
glycation have also been suggested to be able to autoxidize, in a transition metal
catalysed reaction (Figure 1 3), and this may also contribute to the crystallin
oxidation in vivo.

Figure 1 3.
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molecular oxygen under physiological conditions (Hunt and Wolff, 1991 ; Wolff et a!.,
1 991). This process also results in the generation of alpha-ketoaldehydes, H 2 O 2 and
reactive oxidants, suggested to be hydroxy radicals from studies of their oxidizing
capacity (Hunt etaL, 198 8 ), and protein reactive dicarbonyl compounds (Figure 1 5).
Evidence for this proposal is similar to that supporting autoxidative glycation as a
substantial cause of the structural damage which results when protein is exposed in
vitroXo glucose. For example, the conformational alterations which occur when
bovine serum albumin is exposed to glucose under physiological conditions are
inhibited by transition metal chelating agents such as diethylenetriamine pentaacetic acid (DETAPAC). However, the studies of Hunt etal. (1 9 9 3 ) revealed that
proteins resistant to glucose attachment were also resistant to fragmentation,
despite the presence of glucose derived oxidants. This led to the conclusion that
although it is possible that glucose autoxidation does occur it is unlikely to be
the major mechanism of oxidant formation and protein damage when protein is exposed
to glucose in vitro or in vivo. (Wolff et a/., 1984)

It is, therefore, proposed that oxidants and protein-reactive aldehydes are
formed as a result of transition metal-catalysed glucose oxidation which can occur
either independently of glucose attachment to protein, after attachment or in the
process of attachment.

Whether one mechanism occurs in preference to the other is uncertain. In
vitro, it has been suggested that free radicals, hydrogen peroxide, and alpha
ketoaldehydes produced by glucose autoxidation appear to be primary mediators of
protein modification under physiological conditions of pH, temperature, and glucose
concentration. In vivo, however, it has been suggested that autoxidative glycation
plays only a minor role (Wolff etal., 1991), while the studies of Hunt et al.
(1 9 9 3 ) suggest that protein damage cannot be directly attributable to autoxidation
of free glucose. Therefore it would appear that glucose attachment by the Amadori
pathway and subsequent metal catalysed oxidation of the Amadori product may be more
important and the reason for the inextricable link between glycation and protein
oxidation.
In v/Vothere may be a change as diabetes progresses, in the early stages of
diabetes, any glucose autoxidative damage may be independent of attachment but
later, as the quantity of protein bound glucose increases, oxidative damage may be a
result of autoxidation of protein bound glucose.
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Figure 1 5.
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In either mechanism, observations support the catalytic role of transition
metals, such as Cu^+, as well as glucose, either free or bound. Unfortunately the
lens has been shown to accumulate transition metals such as Cu^+ and more so in
cataractogenesis (Garland etal., 1986; Woollard eta!., 1990; Young eta!., 1992).
It is interesting that protection may be provided against metal catalysed oxidative
processes by so called 'sacrificial' proteins such as albumin, these bind Cu2+ and
may thus suffer metal-catalysed oxidative damage. This is not significant since the
half life of the protein is 1 7 - 2 3 days and they are rapidly turned over. However,
if lens crystallins bind Cu^+ this is much more detrimental because of the longevity
of lens crystallins. To compound matters, histidine residues have been shown to
bind Cu2* (Dean etal., 1 98 9 ). In albumin, the most likely residues for glycation
are located in Lys-Lys, Lys-His, Lys-Lys-Lys and Lys-His-Lys sequences, therefore
the binding of Cu^+ and glucose are in close proximity to each other, increasing the
likely-hood of detrimental metal-catalysed reactions.
The above proposed mechanisms for the production of active oxygen species may
be compounded by the suggestion of Stevens ef a/. ( 19 78), that glycation induces
conformational changes in lens crystallins which increase the susceptibility of the
crystallins to oxidative insult. These are further compounded by the decreased
antioxidant status of the diabetic lens.

Glycation or the presence of glucose is therefore, inexorably linked with
oxidation in the cataractogenic process. The suggestions that, glycation induces
conformational changes enhancing the susceptibility of crystallins to oxidative
insult (Stevens eta!., 1 97 8 ) and that, protein bound glucose is able to autoxidize,
with concomitant active oxygen species production and protein damage (Wolff et ai.,
1 99 1 ), link the formation of protein-glucose adducts with oxidative damage. If the
binding of glucose is directly linked to oxidative post-translational modification
of proteins then this property should transferable,1hat is, that glycated
crystallins from the diabetic animal would be subject to greater damage in the
presence of transition metals or a metal catalysed oxidative insult, than
crystallins from a control animal.
The central theme of this thesis was to examine the early aetiology of
cataractogenesis, postulating that while the early post-translational modifications
of lens crystallin may not induce lenticular opacification, it may render the
crystallin weakened or more susceptible to further stresses. By establishing
clearly the changes that occur in the early aetiology of diabetic cataract
formation, it will enable firstly, the identification of possible targets for
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cataract prevention and secondly, provide a model on which possible preventative
compounds may be tested. Therefore an investigation was made into whether the early
stages of diabetes do increase the susceptibility of crystallin to further oxidative
insult.

3 .2 .6 Effects of diabetes on the susceptibility of lens crystallins to oxidative
stress.

The findings reported here provide support for the proposal that diabetes does,
indeed, render crystallins more susceptible to oxidative stress, especially the a
and 3 l crystallins. It is shown here that when diabetic crystallin is subjected to
oxidative stress in vitro, there is a particularly striking loss of detectable
sulphydryl groups from a and 3 l crystallin, at all levels of stress, indeed, the
sulphydryl group content is decreased to zero (Tables 24 to 29). In the case of 3 l
crystallin, glycation increases an already-high sulphydryl susceptibility to
oxidation as, unlike other crystallins, the majority of pL crystallin sulphydryl
groups are exposed on the crystallin surface (Slingsby etal., 1 98 8 ). Both a and 3 l
crystallins experience an increase in the level of oxidation induced, non-sulphydryl
crosslinks (bityrosine) and metal catalysed oxidation induced, carbonyl groups.
The results reported here, show that after only 21 days of diabetes lens
crystallin are increasingly modified in vivo and, when subjected to a m etalcatalysed oxidative insult, in vitro, crystallins from a diabetic lens will sustain
a greater degree of post-translational oxidative modification than crystallins from
a control.

Why crystallins from a diabetic lens should sustain a greater degree of
oxidative modification on the application of in v/Yrooxidative stress, suggesting a
lowered capacity to withstand oxidative stress, can be explained by reference to the
observation that diabetic crystallin contains proportionally more glycated groups
than control crystallin (van Boekel and Hoenders, 1991 ) and the proposals described
above.
Stevens etal. (1 9 7 8 ) speculated that glycation may induce conformational
changes in lens crystallins resulting from changes in the surface charge,
specifically the cancellation of positive charges on the protein and changes in
hydrogen bonding capacity. These changes unmask the protein thiol groups (vital to
the maintenance of protein integrity and lens clarity) increasing their
susceptibility to oxidation. Since this study used crystallins taken from a lens of

an animal which had beeen diabetic for a duration of 21 days, this is indeed a
possibility since glycation after this period is known to be significantly
increased.
Alternatively, this increased susceptibility to oxidative stress can be
explained by reference to the proposed autoxidation of protein bound glucose in the
presence of metal ions (Wolff and Dean, 1987; Hunt and Wolff, 1991). The extent of
reactive species production, in vitro, by the autoxidation of glucose is dependent
on the quantity of protein-bound glucose present. Crystallins from the
streptozocin-diabetic rat are, due to diabetic hyperglycaemia, significantly more
glycated (Swamy and Abraham, 1991). It would thus be expected that in the presence
of Cu2+, diabetic crystallins would, in comparison with control crystallins, be
subjected to a greater degree of autoxidative-related protein structural damage.
The proposed autoxidation of free glucose or autoxidative glycation as a
mechanisms for crystallin damage, in vivo, are not implicated in the posttranslational oxidative modification of crystallins in vitro, since these mechanisms
require the presence of unbound glucose, all free glucose would have been removed
from the crystallin environment by the sephacryl gel chromatography and dialysis.
Since chemiluminescene is derived from the presence of reactive oxygen species,
Wilhelm and Hothersall (1 9 9 3 ), also used the ultra-weak chemiluminescence assay to
quantitate reactive oxygen species produced by the same oxidative radical reaction
as was used in the present study (Cu^*, ascorbate, O 2 and H2 O 2 ). This system
produces a reproducible level of chemiluminescence over a given time. Wilhelm and
Hothersall (1 9 9 3 ) revealed that the addition of lens homogenate to the reaction
quenched the level of chemiluminescence produced by this system by 58% . The
homogenate of a diabetic lens however, quenched the chemiluminescence by only 26% .
This suggests that, in the presence of a metal catalysed oxidation system, a
diabetic lens homogenate is less able to quench free radical activity or, there is
increased free radical production in the presence of diabetic crystallins.
Chemiluminescence was also quenched by 26% upon addition of the homogenate of a
control lens which had been previously glycated in vitro, suggesting that the
differences in chemiluminescence measurements, and free radical production, in the
presence of protein and oxidative agents is related to the glycated state of the
protein. The, in vitro, studies of Mullarkey etal. (1 9 9 0 ), using electron
paramagnetic resonance measurements, have shown that both Schiff base and Amadori
glycation products are found to generate free radicals in the ratio 1:5.
It is, therefore, proposed that glycation and oxidation are inexorably linked
in the cataractogenic process, through not only the autoxidation of protein bound

11-9

glucose but also the proposal that glycation may be the initiating step in diabetic
cataractogenesis, inducing conformational changes in proteins such as to increase
their susceptibility to oxidative stress (Stevens etaL, 1978; Beswick and Harding,
1 987; Swamy and Abraham, 1991).

4. Studies of in vitro glycation confirm that givcation increases the susceptibility
of lens crystallins to oxidative stress.

To examine further, the increased susceptibility of diabetic crystallin to
oxidative stress, in v/fro incubations of lens crystallins with carbohydrates known
to be elevated in diabetes were performed.

4.1 Post-translational modification of lens crystallins incubated in vitro for 7
days in the presence of carbohydrates.

Tables 3 8 - 4 6 show the comparative effects of high and low carbohydrate
incubation on crystallin post-translational modification before the application of
in v/frooxidative stress. Some patterns are seen to emerge. Pre-incubation with
sorbitol appears to be the least damaging most notably in the 3 l crystallin
incubation and least so in the r crystallin incubation. Incubation in high sorbitol
does not increase the formation of AGEP fluorescence, this is not unexpected given
that sorbitol lacks the reactive carbonyl group characteristic of glycating
compounds. However, on this basis, the fluorescence observed in the O.SmM sorbitol
incubation cannot be attributed to sorbitol binding and the formation of AGEPs and
must therefore be referred to as non-tryptophan fluorescence.
The occurrence of oxidative damage in these crystallin incubations, in the form
of bityrosine formation, tryptophan oxidation and sulphydryl group loss, before the
application of oxidative stress, is hard to explain. The absence of oxygen and
transition metals from the incubations should have prevented the production of
active oxygen species and protein damage by autoxidative glycation or glucose
autoxidation. The only explanation is that transition metals may be present bound
to the protein and that oxygen removal, from the incubation and dialysis buffers, by
Nz purging was incomplete.
These incubations were performed to identify which of the glycating species
would induce the greatest susceptibility to oxidative stress and therefore shed
light on the results of the previous experiment in which it was found that diabetic
crystallins are increasingly susceptible to oxidative stress. However, the finding

m

of significant oxidative post-translational modification before the application of
oxidative stress affects the validity of these results.

4 .2 Post-translational modification of lens crystallins subiected to metal catalysed
oxidative stress in v/fro following in v/Yro incubation for 7 days in the presence
of carbohydrates.

Following the application of oxidative stress, it is seen that pre incubation
of lens crystallins with glucose and fructose is the most detrimental in terms of
damage sustained when oxidatively stressed. Pre incubation of a or P l crystallins
with glucose or fructose leads to complete loss of sulphydryl groups on the
application of oxidative stress while pre-incubated r crystallin undergoes a
significant loss of sulphydryl groups on the application of oxidative stress. The
failure of the oxidative system to remove all the sulphydryl groups from the r
crystallin can be explained on the basis that F crystallin has, in comparison with
other crystallins, a much higher content of sulphydryl groups and that they are, in
comparison with P l crystallins, not exposed on the crystallin surface, but buried
within the molecule. AGEP measurements in the F crystallin are generally lower than
seen with a and P l crystallin suggesting F crystallins are the least glycated, a
and pL crystallins are glycated, as measured by AGEP formation, to similar levels
but Pl crystallins experience a total, 100% , loss of sulphydryl groups on the
application of stress. This can be explained by the observations of Slingsby etal.
( 1 98 8 ) that most of the sulphydryl groups of the Pl crystallin are exposed on the
crystallin surface. The observation that F crystallins are the least modified under
conditions of OH- production has also recently been reported by Guptasarma and
Balasubramanian (1 9 9 2 ) and suggested to be perculiarities of its structure and size.
Sorbitol again appears to be the least damaging of the carbohydrates, pre incubation
with 20mM sorbitol dramatically having no significant greater influence on a
crystallin oxidative modification than pre incubation with O.SmM sorbitol.
The results lead to the conclusion that it is elevated levels of glucose and
fructose in cataractogenesis that can lead to increased non-enzymic glycation of the
lens crystallins with concomitant structural changes to the crystallins and an
increase in susceptibility to oxidative stress. It is therefore, increasingly
apparent from the above studies that fructose, not just glucose, plays an important
role in cataractogenesis. It is suggested that fructose may, indeed, be of greater
detriment to the lens than glucose since it has been shown that fructose is ten
times more likely, than glucose, to glycate proteins in vitro {Suarez etal., 1989).
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Fructose related crystallin damage may be of greater significance in human cataract
as the relatively high activity of polyol dehydrogenase means that sorbitol does not
accumulate, but is rapidly converted to fructose. The formation and accumulation of
a fructose-protein adduct has been shown to occur in human lens with age and
cataract (McPhearson etal., 1 988).
In light of the apparent detrimental effect of elevated levels of fructose, in
terms of its potential for protein glycation and subsequent increased susceptibility
to oxidative damage, the wisdom of advising diabetic patients to use fructose
instead of sucrose as a sweetener must be questioned.
An interesting point arises from the above observations. Sorbitol in terms of
protein glycation and induction of increased susceptibility to oxidative stress
would appear to be less detrimental than fructose. In the rat lens, the conversion
of sorbitol to fructose is regarded to be the rate limiting step of the polyol
pathway. This slower production of fructose and accumulation of sorbitol may, in
the hyperglycaemic or diabetic rat lens, be beneficial. It is in doubt whether
sorbitol accumulation can achieve a concentration at which it counteracts the blood
glucose producing the osmotic imbalance postulated to cause cataractogenesis, while
the inhibition of fructose formation decreases the potential within the lens for
metal-catalysed oxidative reactions. Aldose reductase inhibitors may be of benefit
by not only eleviating the detrimental effects of increased aldose reductase
activity and concomitant NADPH depletion, but also, by inhibiting the first step of
the polyol pathway, preventing fructose accumulation.

5. Chemilumimetric assay of oxidative radical reactions.

Chemiluminescence is associated with oxidation reactions involving molecular
oxygen and indicates the generation of short-lived free radicals or excited states
derived from the free radical process. The luminescence originates from the
relaxation of excited species (singlet oxygen and carboxyl species) from the free
radical termination reactions and their decay to the ground state. In particular,
the production of chemiluminescence has been shown (Miller and Fridovich, 1986;
Hodgson and Fridovich, 197 3 ) to involve excited carbonyl species derived from both
O 2 " and OH".
The chemiluminescence produced by the H 2 0 2 /as c o rb a te / 0 2 /C u 2 + system in vitro \s
shown in Figure 1 0. A large increase in chemiluminescence was produced by the
addition of CuS04 and ascorbate in the absence of H2 O 2 . This degree of oxidative
stress was also responsible for the largest changes in oxidative damage indices in
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the crystallins. The addition of H2 O 2 increased the chemiluminometric yield, in
proportion to the level of H2 O 2 , although a ten fold increase in H2 O 2 induced only a
3 0 % increase in chemiluminescence. The level of oxidative damage apparent in
crystallins after oxidative stress was proportional to the level of
chemiluminescence produced by the metal-catalysed oxidation reaction. Major protein
damage is inflicted by addition of ascorbate and Cu^*, with little increase seen on
addition of H 2 O 2 . Since chemiluminescence is derived form OH- and O 2 ". These
studies suggest that the major effect of this in v/fro oxidation is due to hydroxyl
radical production with little additional effect due to hydrogen peroxide for most
parameters.

6. Studies of the lenticular proteolytic degradation pathway.

The results reported in this thesis represent preliminary investigations of the
effect of diabetes on the lenticular proteolytic degradation pathways. Since the
post-translational modification of lens crystallins is implicated in the
cataractogenic process it has been suggested that the provision of a protein editing
function, capable of removal of damaged proteins from the lens, may constitute a
secondary defence mechanism against cataractogenesis (Taylor and Davies, 1987). It
has been proposed that attenuation of this proteolytic capacity may occur during
cataractogenesis potentiating the effect of increased post-translational
modification by allowing damaged lens proteins to accumulate, increasing the
potential for aggregation. However, others (Sharma and Ortwerth, 1986) have
suggested that excess proteolysis may occur during cataractogenesis fragmenting
essential, non-modified, crystallins.
In this study the proteolytic susceptibility of lens crystallins was seen to be
influenced by diabetes and in v/fro oxidative stress. Diabetes of 21 days duration
increased the susceptibility of a crystallins to proteolytic hydrolysis, while
decreasing the susceptibility of P l crystallins, r was unchanged. In vitro
oxidative stress, while not changing the susceptibility of crystallins from a
control lens to proteolytic enzyme hydrolysis, decreased the susceptibilty of a
crystallin and increased the susceptibility of P l crystallin from a diabetic lens.
This apparent inconsistency in the effects of diabetes and oxidative stress can be
explained by the observations of Taylor and Davies (1 9 8 7 ) who reported that the
proteolytic susceptibility of damaged proteins appears to vary with the extent of
protein modification. Mild oxidative dénaturation was reported to increase the
proteolytic susceptibility of albumin, haemoglobin, superoxide dismutase and
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catalase, to red cell proteases or other purified proteases. However, extensive
oxidative modification, resulted in decreased proteolytic susceptibility. In the
latter case, it was suggested that the proteins, when modified, were forming
covalent, hydrophobic aggregates capable of effectively excluding proteolytic
enzymes. Whether a crystallin falls into the mild or extensive oxidative
modification catagory after a given oxidative insult will depend on many factors
including structure, size and level of glycation. In light of these observations
the changes in susceptibility to oxidation reported here and the effects of the
various therapeutic agents cannot be stated to be beneficial or detrimental since an
increase in susceptibility could be beneficial, allowing removal of damaged proteins
or detrimental, allowing fragmentation of proteins.

7. Potential cataract therapy.

The above studies indicate points in the cataractogenic process at which
intervention may be made and suggest that by dietary supplementation with oxidation
or glycation inhibiting compounds, the inhibition or attenuation of cataract
formation may be attained. Studies were therefore initiated, with the criteria that
any potential agent should be freely available, non toxic, inexpensive and
preferably naturally occurring, using an anti-oxidant (ascorbate) and an antiglycation compound (acetylsalicylic acid). These studies were intended to allow the
development of a relatively simple dietary regime of one agent, or a combination of
the agents, which could be recommended to the cataract susceptible patient, to
prevent lenticular opacification.

7.1 Effect of dietary ascorbate supplementation on the aetiology of diabetic
cataractogenesis.

Ascorbate is a powerful reducing agent, and a scavenger for highly reactive
oxygen-derived free radicals (Blondin etal., 1 98 6 ; Taylor etal., 1987; Young et
al., 1 99 2 ; Vue etal., 1 98 9 ) and thus, an attractive candidate for therapeutic use
against the oxidative damage evident in the diabetic lens. The importance of
ascorbate to the lens is shown by the fact that the human lens contains 30 times
more ascorbate than blood, and the eye lens is able to concentrate ascorbate against
a gradient (Blondin etal., 1 9 8 6 ). Diabetes and diabetic complications are
associated with the depletion of plasma and lenticular levels of ascorbate and an
increase in the ratio of dehydroascorbic acid to ascorbate (Young etal., 1992),
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while supplementation at the dose used in this study has been shown to elevate
plasma ascorbate levels to above that found in the control (Yue eta/., 1989).
In this study the supplementation of the diabetic diet with ascorbate appears
to afford protection from the increased in wVo post-translational oxidative
modification of lens crystallin. The protective effects of the ascorbate
supplementation are most pronounced in the P l crystallin and least so in the a
crystallin. In all three crystallins types, the ascorbate supplement prevents the
loss of sulphydryl groups and the formation of AGEPs in vivo. Supplementation also
appears to afford protection from the increased susceptibility of diabetic lens
crystallins to in wfropost-translational oxidative modification.
The mechanism by which ascorbate may be beneficial in the prevention of
cataract or more generally diabetic complications is subject to debate. However the
results reported here, taken with other published literature, allow some speculation
as to the mechanism by which protection is achieved.
The ability of ascorbate to prevent the in wVo modification of lens
crystallins can be attributed to the ability of ascorbate to act as a scavenger for
highly reactive oxygen free radicals and therefore alter lenticular anti-oxidant
status.
Ascorbate has been shown to be an important antioxidant both in vitro and in
vivo. When plasma is exposed to a free radical generating source, in vitro, lipid
peroxidation does not occur until all of the ascorbate present has been oxidized
(Vatassery etal., 1 9 8 9 ). In addition, aqueous ascorbate can recycle lipid-phase a tocopherol and spare urate and bilirubin in vitro under oxidative stress (Frei et
a!., 198 9 ). Plasma a-tocopherol levels do not change in untreated diabetes, while
ascorbate levels are decreased. This is consistent with the in v/fro observation
that ascorbate will preserve and recycle a-tocopherol in the presence of increased
free radical production (Young etal., 1992), even at low ascorbate levels.
Further, supplemention of the diabetic diet with 116mg of ascorbate per day
increased plasma levels of a-tocopherol and retinol, supporting the suggestion that
ascorbate may be important in recycling oxidized forms of these vitamins (Young et
al., 1 992). Therefore, in this study it is probable that ascorbate supplementation
enhances antioxidant status and decreases oxidative stress in the diabetic. A
growing literature (Blondin etal., 1 98 6 ) suggests ascorbate can protect lens
components against photooxidative insult, its role as an anti-photo oxidant is
suggested since, its concentration is consistently higher in diurnal animals than
nocturnal animals. In w/ro experiments have shown that ascorbate can delay uvinduced changes to lens proteins, proteases, lipids and the Na+/K+ pump
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(Blondin etal., 1986).
If ascorbate functions as an antioxidant, it would contribute to the
maintenance of a lenticular protein integrity, and suggest that crystallins from the
lenses of dietary-supplemented animals would exhibit a lower degree of oxidative
damage, and properties closer to those found in control lenses. In this study, it
has been seen that crystallins from supplemented animals do, indeed, exhibit less
post-translational modification, to the extent that tryptophan oxidation and
carbonyl formation in ascorbate-supplemented diabetic lens crystallins are below
that seen in controls.
However, the use of ascorbate to prevent free radical-mediated protein damage
in pathological conditions is controversial. Ascorbate can act as a pro-oxidant
generating, in the presence of Cu^*, oxygen and H2 O 2 , OH- radicals via the Fenton
reaction. Ascorbate supplementation, at a dose three times greater than used in
this study, failed to decrease the increased plasma levels of malondialdehyde and
diene conjugates observed in untreated diabetes (Young etal., 1 992). This suggests
that pro-oxidant effects of ascorbate may be significant in vivo, although the
findings may be related to the higher ascorbate dose.
Ascorbate has been described as a 'double-edged sword' because of its pro
oxidant and antioxidant properties (Wolff, 1991). However, in the same publication
the author concluded that ascorbate is generally antioxidant and can become pro
oxidant when it accidentally comes into contact with decompartmentalized transition
metal or dietary photosensitizers, a phenomenon described as 'occasional bad luck'.
The risk of cataract as a result of 'pro-oxidant' reactions is a compromise which
has been struck during the evolutionary process.
While ascorbate can react with copper in vivoXo yield free radicals, it may
also react with iron. Oral ascorbate can cause increased iron absorption and thus
ascorbate may be harmful in iron overload states. Young etal. (1 9 9 2 ) therefore
proposed that supplementation with ascorbate should be accompanied by administration
of an iron chelator, such as desferroxamine.
While ascorbate supplementation may be of benefit in reducing oxidative stress
in diabetes, the effects of ascorbate on free radical production are complex. The
relative contribution of antioxidant and pro-oxidant effects may depend on a number
of factors such as, the dose, the route of administration and the patients
transition metal status.
The action of ascorbate as a free radical scavenging compound does not explain
the, observed, ability of ascorbate to confirm on the crystallin the ability to
resist oxidative stress in vitro. In the present experiments, the presence of
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ascorbate in wVo should have no direct effect on the oxidation of isolated
crystallins in vitro, since it is removed before incubation. The ability of
crystallin derived from ascorbate-treated diabetic animals, to withstand the
deleterious effects of the oxidative stress in vitro must, therefore, be related to
events that occurred in vivo. Of the protective effects of ascorbate against
subsequent in wYro oxidative damage, the most striking is the eradication of the
increased susceptibility of diabetic crystallin sulphydryl groups to oxidation.
This, and the ability of ascorbate to prevent metal-catalysed, protein oxidative
modification (carbonyl group formation) in v/fro would suggest an anti-oxidant
mechanism.
An explanation for this is proposed on the following basis. Ascorbate by
enhancing the free radical scavenging ability of the diabetic, prevents crystallin
modification and restores control crystallin characteristics to diabetic
crystallins. Thus, when subjected to in wfro oxidative stress, they behave like
control crystallins and do not exhibit the diabetes-related increase in crystallin
susceptibility to oxidative modification. It is however, appropriate to report the
results of another study that suggests that ascorbate contributes to the maintenance
of control crystallin characteristics during diabetes. Blondin etal. (1 9 8 6 ) have
reported that ascorbate supplementation decreases the loss of exopeptidases from the
diabetic lens. Preventing the loss of these enzymes, vital to the removal of
modified, damaged crystallin, would maintain efficient removal of damaged
crystallins from the lens, therefore contributing towards the maintenance within the
lens of undamaged crystallins. However, in the streptozocin rat lens in this study
no change in either endopeptidase or exopeptidase activity was seen after diabetes
of duration 21 days. Supplementation was also seen to have no effect on the level
of these enzymes.
The interesting work of others has revealed other possible properties of
ascorbate which may influence the integrity of lens crystallins.
It has been suggested (Davie etal., 1992; Khatami etal., 1988; Stolba etal.,
1987; Stolba etal., 1 9 8 8 , Svoboda etal., 1 9 9 2 ) that ascorbate inhibits the
glycation of proteins. Ascorbate is known to react with the free amino groups of
proteins and it has been shown that this binding is via an ionic reaction (Davie et
al., 1 99 2 ). It is possible that ascorbate and its further oxidation products
dehydroascorbate and diketogulonic acid can react with free amino groups to form
schiff bases. This has been proposed to inhibit subsequent protein glycation by
glucose, it is proposed here that glycation by fructose may also be inhibited.
Several studies have shown that ascorbate affects the glycation of proteins.
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Stolba etal. (1 9 8 7 and 198 8 ) have shown that ascorbate inhibited the glycation of
human albumin in vitro and also revealed that dehydroascorbate enhanced glycation.
Khatami at ai. (1 9 8 8 ) found that both ascorbate and dehydroascorbate inhibited
glycation. Differences between the two studies were that Stolba used ascorbate at a
concentration of 1 mM whereas Khatami at ai. used ascorbate and dehydroascorbate at a
concentration of 5mM. In a later study, Stolba at at. (un-published data)
supplemented the diet of 10 insulin-dependent subjects with 1 -5 g of ascorbate per
day for 21 days. A significant fall in plasma fructosamine was seen. As no change
in glycaemia was observed, the results suggested that ascorbate inhibited glycation
of plasma proteins . Davie at at. (1 9 9 2 ) supplemented the diet of 1 2 non-diabetic
subjects with 1 g of ascorbate per day for 3 months and found that this decreased
significantly the glycation of haemoglobin and albumin. When supplementation was
stopped, glycation of both of these proteins returned to normal in 2 months and 1
month respectively, reflecting the turnover of the proteins under normal conditions.
In v/fro studies (Davie atal., 1992) confirmed ascorbate could react with
haemoglobin to form a stable linkage, therefore, adding weight to the suggestion
that ascorbate may inhibit the glycation of proteins by competing with glucose for
reaction with the free amino groups of the protein. The structures of ascorbate and
dehydroascorbate suggest that they are only capable of forming a schiff base whereas
the structure of diketogulonic acid may allow it to form three different schiff
bases, all of which can undergo Amadori rearrangement to form a ketoamine capable of
protein cross-linking (Davie atal., 1992). It is possible therefore that all 3
ascorbate-related compounds will compete with glucose, and fructose, for binding to
proteins.
If ascorbate reacts with proteins to produce a stable linkage, it may have
deleterious effects similar to glucose especially if the ketoamine is formed. In
v/froascorbate reacts with lens crystallin producing extreme cross-linking similar
to that seen with glucose (Benesch atal., 1 98 5 ; Ortwerth and Olsen, 1988).
However, in these experiment 2 0 -1 OOmM ascorbate was used, which compared to normal
plasma concentrations of 4 0 -9 0 v iM is extremely high. Also it has been suggested that
under the conditions used, ascorbate was oxidized rapidly to highly reactive
products which are probably absent or maintained at very low concentrations in vivo.
These findings cannot, therefore, be directly applied to the in wVosituation.
While it has been shown that ascorbate supplementation reduces the glycation of
short lived plasma proteins in vivo, the binding of the three ascorbate-related
compounds has not been studied in detail, for example, is the binding reversible?
Another mechanism by which ascorbate may affect the metabolism of the
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individual arise from in wfro studies that have suggested that ascorbate and
glucose share the same tissue-transport carrier (Mooradian, 198 7 ). Thus glucose and
ascorbate may compete for entry into the lens, this would have implications on
tissue ascorbate levels. Studies of neuroglycopenia however, showed that while
ascorbate, at a wide range of doses, did not inhibit brain uptake of glucose under
normal conditions, under conditions of hyperglycaemia, the cellular uptake of
ascorbate was reduced. Whether enhancing plasma levels of ascorbate down regulates
the effects of hyperglycaemia, helping to maintain ascorbate levels in the lens, is
unknown.
It should be mentioned that a criticism of using the rat for the study of
ascorbate supplementation, and assuming that these findings could be applied to
prevention of human cataract, is that the rat, since it is able to synthesize
ascorbate, does not share a need with humans for dietary ascorbate. However,
despite the rat being able to synthesize ascorbate, McLennan etal. (1 9 8 8 ) have
shown the pattern of changes in ascorbate metabolism during diabetes in rats and
human to be very similar. Studies using the guinea pig, which like the human lens,
shares a need for dietary ascorbate, have shown that early markers of light-induced
protein damage such as the decrease in exopeptidase activity and an increase in
protein aggregate formation are diminished by a high ascorbate diet (Blondin etal.,
1 986).
The data reported here, provide support for the proposal that, during diabetes,
when lens crystallin is increasingly glycated, it becomes more susceptible to
oxidative stress than it would otherwise be. Further, treatment of diabetic animals
with ascorbate, has a marked ability to restrict crystallin modification in vivo,
and the increase in susceptibility of crystallin to oxidative stress in vitro.
These results may be of clinical significance, since they imply there is the
possibility of retarding the cataractogenic process by administration of antioxidant, free-radical scavengers.
Clearly, further elucidation of the effects of ascorbate is required. However,
the marked improvement in the extent of damage indices shown here, in the absence of
glycaemic control, either hormonal or dietary, lends support to the belief that
ascorbate supplementation, at the levels used in this study, acts in a beneficial
way, and may be of potential therapeutic benefit in the prevention of
cataractogenesis.
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7 .2 Effect of dietary acetylsalicylic acid supplementation on the aetiology of
diabetic cataractogenesis.

Cataract formation is associated with increased post-translational modification
of lenticular crystallins and therefore ascorbate, which has been shown to have free
radical scavenging properties, was administered in an attempt to inhibit the
characteristic oxidative damage. Acetylsalicylic acid did not follow this
conventional route, its inclusion into the group of compounds with cataract
inhibiting potential came about by accident rather than by design. Cotlier and
Sharma (1 9 8 1 ) noticed that patients taking acetylsalicylic acid for the treatment of
arthritis were less susceptible to cataracts, further epidemiological studies
reinforced the relationship between aspirin consumption with cataract prevention
(see Introduction section 5 .3 .3 ). However, while the protective effect against
cataract of acetylsalicylic acid has been established, the biochemical basis of this
protection is, as yet, unclear.
Treatment of diabetic animals with acetylsalicylic acid was seen, in this
study, to prevent the increased post-translational modification of diabetic
crystallin in vivo, and provide significant protection against the increased
susceptibility to post-translational oxidative modification of diabetic crystallin
when subjected to oxidative stress in vitro. Of the protective effects, of
acetylsalicylic acid, against in v/frooxidative damage, the most striking is the
decrease of the characteristic indicator of metal-catalysed protein oxidative
modification (carbonyl group formation) and AGEP-like fluorescence.
The presence of acetylsalicylic acid in v/vo should have no direct effect on
the oxidation of isolated crystallins in vitro, since it is removed before
incubation. The ability of crystallin derived from acetylsalicylic acid-treated
diabetic animals to withstand the deleterious effects of the oxidative stress in
wfromust, therefore, be related to events that occurred in vivo and suggests that
this property is embedded in the protein structure so that it can be demostrated ex
vivo.
Many authors have established the ability of acetylsalicylic acid to acetylate
proteins. Crompton et ai. (1 9 8 5 ) showed this to occur to lens protein in vitro. It
has also been established that the bond between the acetyl group and the e-amino
group of the protein is strong, remaining bound to protein during dialysis for 25
days (Rao and Cotlier, 1 98 8 ; Rao etal., 198 5 ). This reaction has also been shown
by Sen etal. (1 9 9 0 ), using fluorescence and near uv circular dichroism spectra, to
influence the micro-environment of lens crystallins, by changing their tertiary
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structure or altering their surface charge network, without conformational changes
that could disrupt the crystallin short range order and thus lens clarity. The £ amino groups of all crystallins and N-terminal groups of F-crystallin are accessible
to non-enzymic reactions such as glycation, which in turn leads to crystallin damage
by routes outlined previously. It is suggested that acetylsalicylic acid acetylates
lens proteins and that this acétylation limits the binding of glucose or fructose to
the crystallin. The pattern of acétylation has been shown to be consistent with the
free g-amino group status of crystallin being highest in a-crystallin.
The prevention of glycation would have several beneficial effects, it would
prevent, firstly, the accumulation on the protein of AGEPs and the resulting
formation of inter- and intra-molecular protein-protein cross-links, secondly, the
conformational changes the binding of glucose induces in the protein which increase
the reactivity at other lysyl residues or thiol groups and make the crystallin more
susceptible to oxidative stress and, thirdly, the protein structural damage
resulting from the binding of glucose to the protein and its subsequent autoxidation
in the presence of metal ions. The observed ability of acetylsalicylic acid to
confer on the crystallin, a resistance to metal-catalysed oxidation and carbonyl
group formation supports the latter two proposals while the decrease in AGEP-like
fluorescence seen in the un-stressed and stressed crystallin from the supplemented
animal supports the first suggestion. This study therefore supports the proposal
(Crompton ef a/., 198 5 ) that acétylation prevents the initial modification by
glycation and suggests that this is beneficial as it prevents the further post
translational modification of the protein possibly due to metal catalysed
autoxidation of glucose and/or glycation.
However, acetylsalicylic acid may act be other routes. An interesting study by
van Heyningen and Harding (1 9 8 6 ) revealed that other aspirin-like analgesics, such
as ibuprofen and paracetamol, were also associated with a protective effect against
cataract. Their reported observations allow speculation that aspirin may protect
lens proteins by additional mechanisms in cataract prevention since, while
paracetamol (acetaminophen) has an acetyl group, there are no acetyl groups on the
other analgesics studied which were reported as lowering the risk of cataract.
Acetylsalicylic acid and the other aspirin-like analgesics are capable of inhibiting
prostaglandin synthesis. A characteristic of diabetes is an increase in
prostaglandin synthetic activity in the kidney, concomitant with this is an increase
in plasma malondialdehyde (MDA) (van Heyningen and Harding, 1986). Malondialdehyde
can post-translationally modify proteins, and possibly lens crystallins, leading to
their aggregation. The inhibition of prostaglandin synthesis, malondialdehyde
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production and therefore, the possibility of subsequent protein modification in the
diabetic, would explain the observed decrease in damage indices in the native
crystallin from the supplemented diabetic, but not the observed decrease in the
diabetic's susceptibility to in v/fro oxidative damage. However a mechanism
involving changes in prostaglandin levels is unlikely since paracetamol a,
relatively, feeble inhibitor of prostaglandin synthesis appears powerfully
protective against cataract whereas indomethacin, a potent inhibitor of
prostaglandin synthesis, was found to not provide protection against cataract (van
Heyningen and Harding, 1986).
Other possible mechanisms by which aspirin may be beneficial in the prevention
of cataract also involve glucose. Acetylsalicylic acid and other aspirin-like
analgesis lower fasting blood glucose levels in diabetics and non diabetics (Rao et
a/., 1986; Reid etal., 1957), diminish glycosuria in diabetic patients and alloxan
diabetic rats, they improve glucose tolerance in diabetes and non-diabetes and also
improve the insulin response to glucose (Hecht etal., 1959; Micossi etal., 1978;
Reid etal., 1957). These properties shared by acetylsalicylic acid and paracetamol
are not shared by indomethacin. Acetylsalicylic acid is also known to be beneficial
to the diabetic rat kidney preventing the usually observed fall in glomerular
filtration rate and the increase in glomerular basement thickening (Moel etal.,
1987). The improved overall metabolic control in the diabetic may enhance the
general well-being of the diabetic and make the animal better able to resist
diabetes-related damage. While this explains the decrease in crystallin
modification in vivo, it is not easy to understand the decrease in susceptibility to
subsequent oxidative stress in vitro. The latter may be explained on the basis that
the overall better metabolic control of the acetylsalicylic acid-supplemented
diabetic animal means that crystallins subsequently purified will express
characteristics similar to control crystallins.
Cataract has been associated with the reaction of lens crystallin with other
compound such as cyanate (Crompton etal., 1985). The ability of aspirin to prevent
the reaction of cyanate with lens crystallins in vitro, and crystallin aggregation
provides support for an acétylation related mechanism.
Thus, there are several routes by which acetylsalicylic acid may act and it is
likely that it is a combination of some, if not all, which, contribute to the
beneficial qualities of acetylsalicylic acid. It would appear from the studies of
others and the results presented here, principally that the beneficial effect of
acetylsalicylic acid supplementation can be demonstrated ex vivo, that the most
likely mechanism by which aspirin acts, is by the prevention of crystallin post-
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translational modification by acétylation

of

the reactive, glycation susceptible,

e-

NHz groups of the lens crystallins.
The present results provide support for the proposal that, during diabetes,
when lens crystallin is increasingly glycated, it becomes more susceptible to
oxidative stress than it would otherwise be. Further, treatment of diabetic animals
with acetylsalicylic acid may be beneficial in the prevention of cataract, by not
only inhibiting crystallin modification in wVobut also by conferring on the
crystallin an ability to resist the increased susceptibility to in wfro m etalcatalysed oxidative stress. Acetylsalicylic acid may therefore, be valuable in the
prevention of post-translational crystallin modification due to glycation and/or
metal-catalysed oxidation, both significant factors in diabetic cataractogenesis,
given the transient periods of hyperglycaemia and accumulation of the metal ion Cu2+
in the diabetic lens.
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Summary.

Cataract is the most common cause of blindness afflicting some 1 7 million
people worldwide, by establishing clearly the aetiology of cataractogenesis it may
be possible to find a means of attenuating the cataractogenic process. Current
evidence supports the view that cataractogenesis is a process in which lens
crystallins are post-translationally modified, enhancing their aggregation,
fragmentation and precipitation.
Preliminary studies in this thesis, using the in vitro, 24 hour, hyperglycaemic
incubation of whole lens revealed that during hyperglycaemia increased activity of
aldose reductase leads to competition for available NADPH between aldose reductase
and glutathione reductase. This competition leads to a decreased capacity of the
lens to re-reduce GSSG, compromising lenticular antioxidant status, inducing a
situation conducive to protein post-translational modification and lens
opacification. The addition of the ethyl-ester of glutathione ester was seen to
prevent some of these perturbations. Similar perturbations of lenticular metabolism
were also seen in vivo, in the first 21 days of experimental diabetes, but changes
in crystallin subunit profile, crystallin aggregation and lenticular opacification
were not yet evident. Detailed examination of each crystallin group revealed
increased post-translational oxidative modification of lens crystallins occurring
early in the aetiology of diabetic cataractogenesis, concomitant with crystallin
glycation. While the depletion of lenticular GSH and NADPH under hyperglycaemic
conditions explained the increased oxidative post-translational modification of lens
crystallins in diabetes, an inextricable link between glycation and oxidation was
suggested. Further studies revealed that during the early stages of diabetes, when
the lens crystallins are increasingly glycated, they become increasingly susceptible
to metal-catalysed oxidative stress. This increased susceptibility of diabetic
crystallins to oxidative stress could be demonstrated ex vivo, suggesting that the
increased susceptibility is conferred on the crystallin in vivo and remains embedded
in the crystallin. This added further support to the proposal that glycation and
oxidation are inexorably linked in the cataractogenic process and supported the
proposals that, glycation induces conformational changes in lens crystallins
increasing their susceptibility to oxidative stress and/or protein bound glucose can
in the presence of transition metals autoxidise producing reactive oxygen
intermediates capable of extensive crystallin damage. In v/fro glycation studies
revealed that both fructose and glucose play an important role in cataractogenesis,
inducing conformational changes in crystallins and increasing their susceptibility
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to oxidative stress. It is apparent that these factors all contribute to the posttranslational modification of lens crystallins , a significant factor because of the
longevity of lens crystallins. There are other routes to cataract formation,
however, crystallin post-translational modification would appear to be central to
many such routes (Figure 16).
These studies, carried out over the first 21 days of diabetes in rat but
representing decades in man, revealed points in the cataractogenic process at which
intervention may be made and suggested that dietary supplementation with oxidation
or glycation inhibiting compounds may enable the attenuation or inhibition of
cataractogenesis.
Ascorbate supplementation was able to prevent the post-translational
modification of lens crystallins in the diabetic in v/Voand the increased
susceptibility of the diabetic lens crystallins to in v/fro oxidative stress. While
the protection from post-translational modification in wVocan be attributed to the
antioxidant nature of ascorbate, the mechanism by which ascorbate is able to confer
on lens crystallins the ability to resist post-translational oxidative modification
in vitro \s subject to debate. Ascorbate, by increasing the antioxidant status in
the diabetic, which is depleted in diabetes, may contribute to the maintenance of
control crystallins characteristics in the diabetic. However, ascorbate may act as
a glycating inhibiting compound, the prevention of glycation would prevent the
associated crystallin damage resulting from autoxidation of protein bound glucose or
the conformational changes in the crystallin which increase its susceptibility to
oxidative insult.
Treatment of diabetic with acetylsalicylic acid was seen, in this study, to
prevent the increased post-translational modification of diabetic crystallin in
vivo, and provide significant protection against the increased susceptibility to
oxidative modification in vitro. The results support the proposal, since the
effects could be demonstrated ex vivo, that acetylsalicylic acid acetylates lens
crystallins preventing the initial modification and suggests that this is beneficial
as it prevents the further post-translational modification of the protein due to
metal catalysed autoxidation of protein bound glucose or the conformational changes
induced by glycation, which increase the susceptibility of crystallins to metalcatalysed oxidative stress.
The present studies provide support for the proposal that during diabetes, when
lens crystallins are increasingly glycated, they become more susceptible to
oxidative stress than they would otherwise be. The therapeutic agents were
beneficial by not only inhibiting crystallin modification in v/Vobut also by
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Figure 16.
The multifactoral nature of cataractogenesis.
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conferring on the crystallin the ability to resist the increased susceptibility to
in vitro, metal-catalysed oxidative stress, a significant factor in the lens since
the lens accumulates the metal ion Cu^*. It is interesting that both supposed
oxidation and glycation inhibiting compounds although intervening at different
stages of the cataractogenic process were both seen to inhibit the cataractogenic
process, supporting the suggestion that there is an inextricable link between
glycation and metal catalysed autoxidative processes in cataract formation.
The marked improvement in the extent of damage indicies shown here in the
absence of glycaemic control, either hormonal or dietary, imply the possibility of
inhibiting post-translational modification of lenticular proteins and therefore the
cataractogenic process by administration of relatively inexpensive, non toxic, anti
oxidant free radical scavengers or glycation inhibiting compounds.
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