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ABSTRACT:
This study has examined the key sequential changes in glutathione and intermediary 

metabolism of the diabetic rat lens. An in vivo streptozotocin-induced diabetic model 

and an in vitro hyperglycaemic incubation model have been used to evaluate the role 

glutathione maintenance plays in respect to oxidative processes and the ensuing 

pathological changes that occur in the diabetic lens and retina.

In the in vivo model, the glutathione levels fall 3 days after the induction of 

diabetes, this is followed by a decrease in the NADPH and ATP. Manipulation of the in 

vivo model by treatment with verapamil, a calcium blocker, vanadate, which mimics 

insulin action and nicotinamide, a diabetogenic protective agent, have also been 
studied.

The in vitro model, employing a 1 or 24 hour incubation, under normal and 
hyperglycaemic tissue culture conditions, showed similar changes to diabetes in 
lenticular glutathione levels and energy state. The effects of oxidative assault 
(hydrogen peroxide and altering oxygen tension) on these parameters was also studied. 
The results show that a depletion of glutathione is quickly followed by the fall in 
ATP and NADPH. These are important indicators of the development of cataracts. These 
results are discussed in relation to the competition between sorbitol formation and 
glutathione reduction, for NADPH. How pentose phosphate pathway activity and other 
metabolic routes of the lens are modulated by changes resulting from elevated glucose 
and depleted metabolites is discussed.
In the in vivo lens, metabolism proceeds under anaerobic conditions, the metabolic 

profile in the air/C02 and O2/CO 2 incubations are quite different, indicating studies 
closer to the physiological condition, could provide information on the level of 

oxidative stress at which normal energy status can be sustained.
A fall in glutathione appears to be one of the initial perturbations in cataract 

formation. Maintenance of the reduced sulphydryl environment is fundamental to lens 
clarity by maintaining an environment in which lens crystallins can provide the high 

refractive index necessary to focus light.
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INTRODUCTION

"The eye is the window o f the human body through which it feels its way and enjoys 

the beauty o f the world. Owing to the eye the soul is content to stay in its bodily 

prison, for without it, such bodily prison is torture."

Leonardo da Vinci (1452-1519)

The gift of sight is one of the most valuable senses humans possess, since it helps 

to shape our perception of our environment and how we interact with our 
surroundings. Alterations in our ability to see, greatly alters our perception and 
quality of life.
The eye is an encasement for a group of specialized tissues which interact by a 
complex series of metabolic processes. A study of any of these components of the eye 
must also consider the metabolic interplay between the different components, in 
order to maintain homoeostasis. This thesis involves the study of the lens and 
retina, contrasting tissues both functionally and histochemically. The cornea, 

ciliary body, aqueous and vitreous humour, will be discussed, as these tissues have 
a specific role in maintaining the supply of nutrients to the lens and retina, and 
in diseased states their function is altered. In order to understand the distinction 
between the tissues it is necessary to understand their anatomy and the environment 

in which they exist, as well as their source of nutrients.

1. THE EYE

The eyeball's function is to produce an optical image on the light-sensitive cells 

of the retina. The eyeball is encased in a pear-shaped cavity in the skull called 

the orbit, which is directed slightly upwards and inwards to the apices of the skull 

through which emerge the optic nerves, which correspond to the stalk of the pear.
The eye is held in place by a complex interaction of musculature and is protected 
from the environment by lids which slide over the eye.

1.1. ANATOMY AND PHYSIOLOGY OF THE EYE.

A cross-section of the eye is shown in Figure 1. The main components are the cornea, 

aqueous humour (anterior chamber and posterior chamber), the iris, ciliary body, 

lens, vitreous humour and the retina.
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FIGURE 1: Horizontal section of the right Human Eyeball.
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FIGURE 2: Anterior Chamber and surrounding structures.
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a) The Cornea: The cornea with the sclera, forms the outer continuous shell of the 
eyeball encasing the aqueous humour, vitreous humour and the lens. It is an 
avascular, transparent tissue consisting of a dense meshwork of collagen which joins 
the sclera at the limbus, near the Trabecular meshwork (see Figure 2). The cornea is 
constantly bathed in tear fluid, a secretion from the lacrimal glands in the upper 

portion of each orbit. Tear fluid's main constituent is lysozyme, a hydrolysing 

mucopolysaccharide enzyme with a bactericidal action which is maintained at a pH of 

7.4 and an osmotic pressure equivalent of 0.9% sodium chloride (NaCl). Tear fluid is 

the lubricant needed for lid movement, removes dust and other irritants from the 

eye, and maintains a clear thin film over the surface of the cornea.
The cornea consists of 5 cellular regions as shown in Figure 2. The pavement 

epithelium which comprises of 5 or 6 layers of epithelial cells, which derives its 
oxygen (O2) and carbon dioxide (CO2) supply directly from the atmosphere. Bowman's 
layer is a clear acellular layer which is a modified form of the stroma. The stroma, 
comprising 90% of the corneal thickness, is made up of connective tissue.
Descemet's membrane is made up of densely packed clear elastic fine fibrils which 
lie on a single layer of endothelial cells.
The cornea receives nutrients from the limbus, tear fluid and the aqueous humour. It 
is important to keep the cornea well hydrated in order to maintain clarity. This is 
achieved by an active bicarbonate pump in the endothelial layer. Therefore, any 
damage of the endothelium would impair transparency of the cornea and affect image 
processing to the retina. The cornea is quite a specialized tissue since, like skin, 
all the metabolic reactions occurring in the cornea are forced to take place at 

atmospheric temperatures rather than at blood temperature, since it is exposed to 
the environment and does not receive a direct blood supply.

b) The Aqueous Humour: The aqueous humour, hereafter referred to as the aqueous, 
lies between the cornea endothelium and the lens capsule, it is a clear avascular 
gelatinous body, which is divided into an anterior and posterior chamber. The 
anterior chamber is the region in front of the iris, see Figure 1, and the posterior 
chamber is the region behind the iris near the zonules, (or zonules of Zinn) which 
are the ligaments suspending the lens which alter the lens shape during 
accommodation.

The aqueous is produced in the ciliary body, flows into the posterior chamber, over 

the anterior surface of the lens capsule, through the pupil and into the anterior 
chamber. The main route of exit is through the Trabecular meshwork into the canal of 
Schlemm in humans and primates (Figure 2), and in lower mammals via the venous 
plexus. This continuous flow of aqueous provides nutrients, and removal of end



products of metabolism from the lens and cornea, which cannot be removed by 

diffusion into a stationary fluid. The aqueous also supplies the lens with oxygen in 
solution, allowing it to diffuse readily through the lens capsule. The concentration 
of some metabolites in the aqueous is often higher than plasma concentrations, for 

example, cystine, glycine, proline and threonine occur in high concentrations in the 
aqueous.
c) The Ciliary Body: The ciliary body consists of the ciliary muscle, the stroma and 

the epithelium (Figure 2). The lens is suspended by the ciliary body via the 
zonules, therefore when the ciliary muscle contracts the zonules pull on the lens to 
change its shape, allowing images to be focused on the retina. The ciliary body is 

important for producing aqueous fluid, supplying nutrients to the lens and cornea, 

and allowing water to enter passively into the posterior aqueous. The ciliary body, 
along with the iris, are the only areas of the anterior portion of the eye that 

receive an arterial blood supply.

d) The Vitreous Humour: The vitreous humour (vitreous) is located in the posterior 

region of the eye between the lens and retina (Figure 1). In this region, 99% of the 
volume is comprised of water, with the remaining 1% comprised of collagen and 

hyaluronic acid. The vitreous is a clear, gelatinous, avascular body which is 
impervious to cells and debris, and constitutes two-thirds of the volume and weight 

of the human eye. There are three specific characteristics of the vitreous, the 
existence of fibroblasts (Branwood, 1963) in a structural network of collagen 
fibrils which are interconnected with a matrix of mucopolysaccharides, proteins and 
glycoproteins. The hyaloid membrane is the outer surface of the vitreous and is in 
contact with the posterior of the lens capsule, the zonular fibres, pars plana 
epithelium (Figure 2), the retina and the optic nerve (Figure 1). The flow of the 
vitreous is not as great as in the aqueous, Kinsey et a l (1960) found in the 
rabbit vitreous that there is virtually no fluid flux, but there is some diffusion 
through the retina, optic nerve and the anterior chamber, but the preferential flow 
is posterially in most animals, except humans.
A cross-sectional analysis of the vitreous shows that it is not a homogeneous gel, 
there are varying concentrations of collagen and hyaluronic acid (Swann and 
Constable, 1972). There is no barrier, apart from the lens, between the aqueous and 
vitreous in the zonule region, allowing bulk flow, diffusion and active transport to 

occur. Potassium and amino acids leave the posterior of the lens by passive 

diffusion into the vitreous. The retina probably has the greatest influence on the 

metabolite content of the vitreous since it is a highly metabolically active tissue 
which is constantly exchanging metabolites and ions with the vitreous.
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e) The Lens: The bulk of the work in this thesis involves the study of lenticular 

metabolism. As is becoming increasingly apparent, the interrelationship between the 
lens and the other constituents of the eye is vital for maintaining lens clarity.

The human lens is an avascular, biconvex, colourless and almost completely 

transparent structure, suspended by the zonules, which are attached to the ciliary 

body, behind the iris. The lens is bathed by the aqueous humour anteriorly, and the 

vitreous humour, posteriorly. The lens consists of a lens capsule, a semipermeable 

membrane admitting electrolytes and water, the lens epithelial layer, the most 

metabolically active region of the lens, and the lens fibre cells which pack tightly 

around the embryonic nucleus.

The lens is a particularly interesting tissue because it is continuously growing 
throughout life. The lens epithelial cells move to the lens equator, the peripheral 
zone, (see Figure 3) where they elongate to form long lens fibre cells which grow 

anteriorly and posteriorly from pole to pole becoming superimposed on the already 
existing fibres (Hanna and Keats, 1966). As they stretch to the poles they meet the 
ends of other fibre cells outside the originally formed fibre cells, thus producing 
Y sutures of the lens which result from the end-to-end meeting of the fibre cells. 
The oldest cells in the lens are those in the lens nucleus, with the most recently 
formed cells in the outer layer. When the fibre cells have reached their full length 
they cease synthesizing proteins and their nucleus disappears (Modak and Perdue, 

1970). The lens epithelial cells only produce specific lens crystalline proteins 

during the elongation period before differentiation into fibre cells (Hockwin, 1985; 
Ramaekers et al.> 1984; Vooter et al.t 1990). In human lens epithelial cells 
undergoing differentiation, a -  and 3-crystallins are expressed throughout the 
elongation period (Nagineni and Bhat, 1989).
The anterior lens capsule is synthesized by the epithelial cells, and migrates 
outwards. The posterior lens capsule is produced from the fibre cells, but it does 
not migrate from the equator (Young and Ocumpaugh, 1960). In diabetes an excess 
synthesis of subcapsular material is produced (Caird et al1, 1969). The capsule 
contains mainly collagen which is stabilized by disulphide bonds (Dische, 1971). It 
is thought the collagen of the lens capsule is similar to the collagen found in the 
basement membrane, in that there are two types of collagen, a collagen cross-linked 
with disulphide bonds and the other held together by lysine-derived cross-links 

(Trelstad and Kang, 1974). The zonules are attached to the lens capsule layer and do 

not penetrate any further into the lenticular layers. It is through the posterior 
and anterior lens capsule that the lens epithelial layer and fibre cells receive 
their nutrients and oxygen supply, with the greater exchange being between the
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FIGURE 3: Schematic representation of the mammalian lens in cross-section.
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anterior capsule and the posterior chamber of the aqueous.

The main function of the lens is to focus images on the retina, this is done through 
alteration of the lens shape by a process called accommodation, a theory first 
proposed by Hermholtz in the mid 1800's (for Review see Mountcastle, 1968). The lens 

is surrounded by approximately 70 ligaments called zonules which attach radially 

around the lens equator and posterior surface of the lens, and are attached to the 

ciliary muscle (Figure 2). The lens in a relaxed state is under tension derived from 
the zonules which are constantly tensed by the elastic pull of their attachment to 
the ciliary body, therefore keeping the lens relatively flat. The shape of the lens 
is largely governed by the contraction of the ciliary muscle, which is divided into 
two sets of smooth muscle fibres, the meridional fibres and the circular fibres.
When the meridional fibres contract they pull the zonules forward therefore 
releasing tension on the lens. The circular fibres are arranged around the 

circumference of the eye, when they contract they produce a sphincter-type action, 

decreasing the diameter of the ligament attachments and allowing the lens to become 

more spherical. Contraction of both sets of muscles allows the lens to become more 
spherical therefore increasing the diotrophic strength of the lens.
This theory assumes that the lens is a gelatinous substance encased in a strong 

balloon-like capsule, but this is not so, the lens consists of tightly packed layers 
of fibre cells which resist stretching. Koretz and Handelman (1988) suggested that 
rather than a sliding or stretching action between the fibre cells occurring, the 
lens fibres bend. The lens fibres interlock at the sutures like interlocking fingers 
or a ball and socket hinge thus allowing the fibre cells to curve, increasing the 
curvature of the lens and increasing the refractive power (Kistler et al1, 1986). As 
the lens ages the curvature of the lens increases, which would suggest an increased 
refractive power, but this is not so in the aging lens, rather there is a decrease 
in refractive power with aging. It has been postulated that the decrease in 
refractive power is due to cytoplasmic changes in the lens fibre cells which 
decreases the refractive power, which is in turn accommodated for by an increased 
curvature of the lens, alternatively, there may be a decline in the refractive index 
of the aqueous and vitreous humour, the result being a decrease in clarity which is 
essential for the passage of light and, ultimately vision (Koretz and Handelman,
1988).
f) The Retina: The retina is a vascular multi-layered neural tissue attached to a 

single layer of pigmented epithelium. The retina can be divided into ten layers 
(Figure 4).
1. The pigment epithelial layer is the nutritional source for the other retinal cell



FIGURE 4: Diagram of the structure of the primate retina.
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layers but also has a mechanical and functional role. The pigment epithelial layer 

is attached to Buch's membrane which is at the posterior of the retina.

2. The second layer consists of the two classes of photoreceptors, the rods and 

cones. This is the light sensitive portion of the eye which is responsible for

colour vision (the cones) and dark vision (the rods). The rods and cones are excited 
by incoming light, and the stimulus is transmitted by neural signals in the retina 

to the optic nerve fibres which transmit the message to the cerebral cortex. There 

is only one region where the retinal organisation is disturbed, this is in the 

macula which consists of only cones and is necessary for detailed and acute vision. 
In the centre of the macula is the fovea. This is where all the other layers of the 
retina are displaced to one side allowing light to fall directly on the cones for 

more detailed vision.
3. The outer lining membrane is the framework on which the photoreceptors are 
anchored.
4. The outer nuclear layer.
5. The outer plexiform layer consists of the horizontal and bipolar cells.
6. The inner nuclear layer consists of amacrine cells.
7. The inner plexiform layer.
8. The ganglionic layer.
9. The layer of optic nerve fibres.
10. Inner limiting membrane.
The retina is able to convert the two-dimensional image focused by the lens into an 
electrical signal via the rods and cones which is sent to the brain for processing.

The most important function of the retina is the maintenance of the components 
necessary for vision.

1.2. THE BLOOD SUPPLY TO THE EYE.

When studying any part of the eye it is important to establish the source of 

nutrients and oxygen and the mode of "waste" removal. Figure 5 shows the vascular 
supply to the eye. The main blood supply is directed to the highly vascularized 

tissues, the iris, the ciliary body and the retina. This arterial blood supply 

originates from the ophthalmic artery. The venous drainage is through the cavernous 
sinus and the pterygoid plexus. The lens, aqueous and vitreous humour receive no 
direct blood supply.
The ciliary body and iris, although there is significant species variation, receive 
the bulk of their blood supply from the major arterial circle of the iris from which
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FIGURE 5: Vascular supply to the eve.
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vessels branch into the pupil and ciliary vessels and capillaries. Most of the 

capillaries flow into the marginal vein which runs along the crest of each ciliary 
process anterio-posteriorly to drain into the vortex system of veins.

The retinal blood supply is derived from the central retinal artery which enters 
near the optic nerve then divides supplying the inner two-thirds of the retina. The 

other one-third of the retina, that is Bruch's membrane, the pigment epithelial 

cells, the photoreceptors, the outer plexiform and nuclear layers, receive their 
blood supply from the choriod capillaries, a tight complex network of capillaries 
attached to Bruch's membrane. This is the only blood supply available to the fovea 

and therefore any damage to this blood supply, for example in retinal detachment 
would cause irreparable damage.
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2. DIABETES MELLITUS AND THE EYE.

In 1980 diabetes mellitus was the most common cause of blindness in people who were 
aged between 45 and 65 years of age in the United Kingdom. The diabetics in this 
group of people were 25 times more likely to lose their sight than their non

diabetic contemporaries. Surveys of diabetic patients in the U.K. show that 30% of 

all diabetics have retinopathy (Houston, 1982) of which 1.2% will develop sight- 

threatening changes each year (Foulds et al., 1983).

In 1980 the World Health Organisation estimated that there were 30 million diabetics 
throughout the world. In the U.K. alone there are approximately 750000 diagnosed 
diabetics with there being an estimated further 250000 undiagnosed, that is, in 

total approximately 2% of the population of the U.K. For every 60000 cases diagnosed 

each year 3200 patients are under 20 years of age (Nabarro, 1988).
Diabetes mellitus was recognised as a disease as long ago as in the 2nd century A.D.

It was at this time that Aretaeus of Cappadocia, used the greek term 'diabetes', 
that is, 'to flow through a syphon', to classify the symptoms of diabetes such as, 
the wasting of the muscle and polyuria. In the 18th century glucose was identified 
in the urine of diabetic patients and 'mellitus,' meaning 'honey', was added to the 
term referring to the diabetic syndrome. Although the syndrome had been named there 
was very little known about diabetes mellitus and following diagnosis death usually 
followed 1 to 2 years later. In 1899, Von Mering and Minkowski studied 
depancreatized dogs and found that these dogs showed all the symptoms of diabetes. 
This discovery lead De Myer in 1900 to suggest that the lack of pancreatic secretion 
induced diabetes and called this secretion insuline. In 1921, Banting and Best 
isolated insulin from pigs and found that this extract was able to alleviate some of 
the symptoms of diabetes in depancreatized dogs. This meant that blood glucose 
levels in diabetes could be controlled by the injection of insulin, vastly 
increasing the life span of a diagnosed diabetic. Before 1921, these patients had a 

short lifespan, but once the life span was extended the longterm effects of the 

condition, albeit controlled, manifested themselves and the true intricacies of the 
disease revealed.
A diabetic is defined by having a fasting blood glucose higher than 8mM and a plasma 
glucose concentration higher than 1 ImM, 2 hours after a glucose tolerance test 
(National Diabetes Group 1979; Nabarro, 1988). Impaired glucose tolerance is defined 
as having a fasting venous glucose concentration of less than 8mM, but after a 

glucose tolerance test having a blood glucose between 8 and 1 ImM. This group is not 
defined as being diabetic, but they have a higher risk of developing diabetes or



developing diseases such as atherosclerosis, hypertension and lipidaemia.

There are two major forms of diabetes mellitus, they are insulin-dependent diabetes 
(Type 1: IDDM) and non-insulin-dependent (Type 2: NIDDM), with IDDM being the less 
common of the two, affecting 25% of all diagnosed diabetics. IDDM is usually 
diagnosed in patients under the age of 30, and is associated with a total, or nearly 
total, failure to secrete insulin. Therefore these patients must have daily insulin 
injections. The insulin producing cells of IDDM patients have often been destroyed, 
the incidence of this damage has been correlated with the presence of human 

leukocyte antigens (HLA) genes which control specific immune responses.
NIDDM most commonly occurs in patients over 30 years of age and is often associated 

with the body's inability to respond to insulin since insulin is being produced by 
the pancreas. NIDDM is the most common form of diabetes constituting 75% of diabetic 

patients. Of these patients, 30% are able to control their blood glucose by 

regulating their diet, 50% are on tablets and 20% require insulin injections.
Complications are more prevalent in NIDDM patients where the blood glucose is poorly 
controlled. In uncontrolled diabetics there is an elevated blood glucose, an 

increase in glycogen breakdown, gluconeogenesis, fatty acid oxidation, and increased 
urea production in liver. In tissues freely permeable to glucose the high ambient 

glucose level allows the polyol pathway to function leading to sorbitol and fructose 
accumulation (Keen and Jarrett, 1982), glycosylation of haemoglobin (Gonen and 
Rubenstein, 1978) and lens proteins, (Furth, 1988) complexing of proteins and 
glucosamine, glycogen accumulation and thickening of the basement membranes 
(Williamson and Kilo, 1976). A more detailed examination of these complications of 
diabetes is presented below.

2.1 GLUCOSE OVER-UTILIZATION AND UNDER-UTILIZATION.

The complications of diabetes, especially in NIDDM patients have been attributed to 
the glucose over-utilization and under-utilization in insulin-independent and 

insulin-dependent tissues respectively (Spiro, 1976).

Tissues which are dependent on insulin for glucose uptake and/or phosphorylation, 

for example, muscle, adipose tissue, liver, exhibit aspects of glucose 

overutilization in diabetes (Keen and Jarrett, 1982; Spiro and Spiro, 1971). In 
general, glucose metabolism by the glycolytic and the pentose phosphate pathway 
(PPP) is decreased, as is the synthesis of glycogen; in liver gluconeogenesis is 
increased. A switch over from synthetic to degradative routes is seen in lipid 
metabolism with a marked decrease in lipid synthesis and increased mobilisation of
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fat from adipose tissue and oxidation by liver and peripheral tissues, linked to 
this changeover is the production of ketone bodies in severe diabetes. The activity

of glucokinase (hexokinase Type IV) in the liver and of hexokinase Type II in

adipose tissue and in insulin-dependent tissues such as lactating mammary gland is

severely depressed (Katzen et al., 1970; Walters and McLean, 1968). In this context,

it is interesting to note the change in the apparent intracellular distribution of

hexokinase with an early decrease in the proportion of the bound form of hexokinase
(Walters and McLean, 1968).
The changes in tissues which do not require insulin for glucose uptake and 
phosphorylation, for example, kidney, lens and retina, stand in sharp contrast to 
the profile seen in the liver and adipose tissue. In general, there is a higher 
concentration of glucose 6-phosphate and flux of glucose through the PPP, there is 

also a rise in the formation of sorbitol, although the metabolic pattern found in 

diabetes is dependent upon the balance among different routes (see Figure 6). The 

kidney, which grows in diabetes, has a significantly higher tissue concentration of 

glucose 6-phosphate and UDP-glucose (Sochor et al., 1988), glycogen accumulates with 

levels up to 30 times the normal value and the enzymes of the PPP increase markedly 
(Needleman et al., 1968). While aldose reductase activity is present in the kidney 
it may contribute to renal changes (Beyer-Mears et al., 1983). The activity of the 
polyol pathway is low relative to the glycolytic flux and thus the disturbances of 
metabolic routes by sorbitol accumulation appears not to be a major factor in the 
altered renal metabolism in diabetes.
The lens exhibits certain specific aspects of glucose overutilization in diabetes, 
the increased activity of hexokinase and raised glucose 6-phosphate content being 

similar to levels found in other insulin-independent tissues (Gonzalez et al.,
1978). The metabolic consequences of diabetes in the lens are largely dictated by 
the very active polyol pathway and the high rate of sorbitol and fructose 
accumulation, which results in shifts in the redox state of NADP+/NADPH and 
NAD+/NADH, such that the PPP and polyol pathway is promoted and glycolysis 
restricted (Hothersall et al., 1988).
Retinal changes in diabetes have been less studied, however the work by MacGregor et 
al., (1986) has shown sorbitol and glucose concentrations are increased in the 
different layers of the diabetic retina. There is evidence for an increase in 
glycoprotein synthesis leading to basement membrane thickening, a common feature of 

longstanding diabetes in tissue exposed to high intracellular glucose levels 

(Brownlee and Spiro, 1979).

It is apparent that while certain broad generalisations may be drawn between the
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FIGURE 6: Glucose over-utilization and under-utilization in Diabetes.

SOME PATHWAYS OF GLUCOSE UNDERUTILIZATION BY INSULIN REQUIRING CELLS IN DIABETES

HEXOKINASE

GLUCOSE 1-P

GLYCOGEN 
LIVER UDP-GLUCOSE

I
UDP-GALACTOSE

LACTOSE

MAMMARY
GLANO

I

GLUCOSE

i
GLUCOSE S-P

I s ** NAI 

> PG

LIVER. ADIPOSE, 
MAMMARY GLANO

FR U C T O S E l*P

I
FRUCTOSE 1,6-P

I
„ T R IO S E -P

I GLYCEROt-P f
PYRUVATE\ IE '

\  I\ I
\  iH ti

AcCaA

IN O S IT O L

PHOSPHATIDYL
INOSITOL

NERVE I
L I P I D  

LIVER. ADIPOSE, 
MAMMARY GLAND 

NERVE

A T P

BIOSYNTHETIC
REACTIONS

SOME PATHWAYS OF GLUCOSE OVERUTILIZATION BY NO N-INSU LIN REQUIRING CELLS IN DIABETES

GLYCOHACM OGLOBIN • A ,c  --------■* Ml*A H f « M  a f f i n i t y  A t ia s w a  i m i i

t t
GLUCOSE r

^G L U C O S E  I  P ------

SO R B IT O L — FR U C T O SE  
N E R V E .L E N S .S E M IN A L  VESICLE

t
G L U C O SE  1 -P

J

GLYCOGEN
K ID N EY .W BC

t
F R U C T O S E  E -P

/ I
—  U D P -G L U C O S E  G LU CO SA M IN E t - P

I I
u o p - g a l a c t o s e  N -A C ETY L-G LU C O SA M IN E E -P

1 I

GLYCOSYLATION OF A -C R Y ST A L L IN l ■  C a ta r a c t  
LEN S P R O T E IN S  f n r m a t ia n

» l t <i r

U D P - N - ACETYL -GLUCOSAM INE -

BASEMENT M EM BRANE 
K ID N E Y .C A P IL L A R IE S . 

W BC

GLUCOSAM INE -  PR O T E IN  

V IT R E O U S H U M O R t
O tfK tiv f M lK tiv* filtration 

in kidnoy

Derived from Spiro, 1971, 1976: Cerami and Koenig, 1978)

16



under- and over-utilization of glucose there is a spectrum of response which is 

dictated by the basic enzyme pattern of the tissue.
Glucose overutilization may also be considered to encompass the glycosylation of 

proteins by glucose and glucose 6-phosphate leading to alterations in protein 
structure (see Review Wolff &t al., 1991). Similarly, the shift in redox state of 

the nicotinamide nucleotides and glutathione resulting from high glucose levels, may 
be considered as a promoter in the free-radical generation which has an important 
link with the complications of diabetes (Hothersall et al., 1988).
More recent research has indicated that diabetes is, in fact, a more complex 

interaction of events implying that there are additional factors, in particular free 

radical generation, which may have a role in the development of diabetic 
complications (Wolff, 1987; Hunt et al., 1988; Furth, 1988; Oberley, 1988).

2.2. FREE RADICALS IN BIOLOGICAL SYSTEMS.

Free radicals are any species capable of an independent existence that contain one 

or more unpaired electrons, this definition includes the hydrogen atom, most 
transition metals and the oxygen molecule (Halliwell and Gutteridge,al984).
Free radical induced tissue damage has been found to have a contributory role in 
aging and diseases such as arterial disease (Belch et al., 1989), cancer (McBrien 
and Slater, 1982) and malaria (Clark et al., 1989) and have been implicated in the 
development of complications in diabetic patients (Oberley, 1988). They have also 
been found to be involved in the resulting tissue damage during periods of ischaemia 

and reperfusion (Darley-Usmar et al., 1989).
Active oxygen species are ubiquitous intermediates of oxidative cellular metabolism 
(Fridovich, 1984) which are potentially harmful to cells through their ability to 
damage macromolecules, such as lipids, proteins and DNA, and which eventually, lead 

to necrosis, tissue damage and ultimately death (Slater, 1984).
The four most commonly occurring are:
i) Singlet oxygen -02 is the most important in biological systems (Halliwell and 

Gutteridge, 1984) and is produced when biological pigments such as chlorophylls, 
flavins and porphyrins are illuminated in the presence of oxygen. Two singlet states 

of oxygen exist, singlet oxygen with no unpaired electrons which is more important 

in biological systems and singlet oxygen which has two unpaired electrons which 
rapidly decays to the ground state of oxygen. Singlet oxygen is not classified as a 
free radical, but is able to initiate free radical chain reaction processes such as 
lipid peroxidation. Singlet oxygen generation occurs in vivo in the lens and retina 
(Zigler and Goosey, 1981; Katz et al., 1982).
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ii) Superoxide is produced when a single electron is accepted by the ground state 

oxygen molecule generating a superoxide radical. Superoxide is generated in almost 

all aerobic cells (Fridovich, 1975) in particular by phagocytic cells (e.g

neutrophils and monocytes) when they encounter foreign particles or immune complexes 

(Baboir, 1978).

iii) Hydrogen peroxide is generated when there is an addition of a secondary 

electron to superoxide, producing a peroxide ion which at physiological pH 
protonates to give hydrogen peroxide (H2O2). The overall reaction is:

202“+ 2H+ -> H 2O2 + O2

iv) Hydroxy radical *0H. A mixture of hydrogen peroxide and iron (II) salts forms

•OH and was first shown by Fenton in 1894 (see Walling, 1982 for a Review). Copper 

(I) salts also produce *OH and this radical reacts with a great variety of molecules 

found in living cells from sugars to DNA bases (Wilson, 1978). The reactivity of

hydroxyl radicals is so great that they will, if formed in living systems, react

immediately with whatever molecules are within their vicinity, producing secondary 
radicals of variable reactivity.

Cu+ + H 2O2 -> Cu2+ + -OH + OH 
Fe2+ + H 2O2 -> Fe3+ + -OH + OH 

Free radicals are highly reactive and are able to react non-enzymatically by:
1. Hydrogen abstraction, e.g. RH + X- -> R- + XH
2. Addition reactions, e.g. R-CH=CH-R + X- -> R-CHX-C-H-R
3. Electron transfer, e.g. X- + Y- -> X" + Y-
4. Self-annihilation, e.g. CCb* + CCh* -> C2CI6

5. Disproportionations. e.g. CH3CH2* + CH3CH2 * -> CH2=CH2 + CH3-CH 3 

There are many sources of free radicals in biological systems, auto-oxidation of the 
highly reactive intermediates with one another or transition metals (Garland,
1990), generation of superoxide by enzymatic reactions and by organelles such as 
mitochondria and nuclei (Boveris and Chance, 1973). In biological systems there are 
enzymes such as xanthine oxidase and superoxide dismutase which generate free 
radicals. Free radicals are able, in turn, to react with proteins (Siezen, et al1,
1989), DNA and lipids (Halliwell and Gutteridge, 1985), leading to damage of these 
molecules which in turn continue to propagate free radicals, eventually resulting in 

tissue damage or inflammation.

The human lens contains micromolar amounts of hydrogen peroxide (Bhuyan and Bhuyan,
1977) and body tissues contain sufficient amounts of iron and copper for the Fenton 
reaction to occur. For this reason, mechanisms have evolved to protect cells from 

dangerous species. In biological systems protective mechanisms such as antioxidants 

in the form of low molecular weight molecules, for example a-tocopherol and ascorbic

18



acid, and enzymes, such as catalase and glutathione peroxidase scavenge circulating 

free radicals. a-Tocopherol (vitamin E), ascorbic acid (vitamin C) and (3-carotene 

are able to scavenge singlet oxygen, whereas sulphydryl compounds such as 

glutathione, are able to scavenge hydrogen peroxide and organic peroxides. Ascorbate 

is able to scavenge hydroxyl radicals and related compounds preventing the 

initiation of lipid peroxidation and protein oxidation.

Free radical scavenging enzymes such as glutathione peroxidase, catalase, superoxide 
dismutase and glutathione-S-transferase are all able to detoxify harmful cellular 
radicals (Fridovich, 1984). Superoxide dismutase is an enzyme specific for 

superoxide whereas glutathione peroxidase is able to react with all peroxides. These 

enzymes will be discussed in further detail, with respect to lens and retina 

metabolism in Sections 3.4.2. and 4.7.

The balance between free radical generation and destruction via the scavenging 

systems is crucial for cellular homoeostasis. In conditions where this balance is 

perturbed, the result may be an increase in the concentration of circulating free 
radicals resulting in cellular damage and, on a broader level, tissue damage. There 

is evidence that there is an elevation of oxidants in diabetes and the ability of 
specific tissues to resist damage which is dependent on its ability to counteract 
free radical attack with scavenging enzymes and antioxidants may be compromised.

It is obvious that there is a complex interrelationship between the various 
components of the eye, each being a specialized tissue that is interactive with its 
environment, therefore any disturbance of metabolism and integrity of any one part 
of the eye will effect the other components. In the syndrome diabetes mellitus there 

are such disturbances or complications, of the components of the eye. In the 
diabetic lens there is the possibility of the development of a diabetic cataract, 
senile cataract and there can be sudden changes in the refractive index of the lens. 
Also under diabetic conditions there may be the development of retinopathy, changes 
in the iris such as increased vascularization, extraocular palsy and optic 
neuropathy. This thesis is directed to the metabolic changes which modify free 
radical generation in diabetic cataract formation and only to a lesser degree to 
retinopathy.

19



2.3. CLINICAL ASPECTS OF THE COMPLICATIONS OF DIABETES:

A. LENS.

1. Cataracts:

In diabetes two types of cataracts can form. They are diabetic cataracts and 

those of early onset senile cataracts, the later being the most common form of 
cataract in diabetic patients.

a) Diabetic Cataracts: Diabetic cataracts are very rare and occur in adolescents 
with IDDM (Duke-Elder, 1969). The onset of diabetic cataracts is often quite rapid, 

first appearing as cloudiness in the cortex, and subcapsularly in the posterior and 
anterior regions of the lens (snow-storm cataract). If the patient is not treated at 
this stage there is further opacification of the cortex leading to total lens
opacity.
b) Senile Cataracts: Senile cataracts are the most common form of cataract which 
develops in NIDDM these occur in the normal aging population but appear earlier and 
more frequently in diabetes. Senile cataracts are divided into two groups, nuclear
or hard cataracts, and cortical or soft cataracts. As the name suggests, the nuclear 
cataract begins in the nucleus of the lens then progresses outwards to the cortex, 

causing a dehydration of the lens. Cortical cataracts accumulate fluid between the 

lens fibres leading to an opacification of the lens cortex due to the denaturation 
of the lens fibre cell proteins.
2. Decreased refraction of the lens: In uncontrolled diabetes there can be a rapid 
decrease in the refractive power of the lens, aqueous or vitreous humour. In the 
vitreous humour clarity may be lost when there is excessive proliferation of the 
retina which impinges on the vitreous, resulting in photocoagulation or retinal 
detachment altering the refractive capacity of the eye (Engerman et al., 1982). The 
corneal epithelium in streptozotocin-induced diabetic rats has been found to thicken 
and have an increased glycogen content which in turn alters the refractive power of 
the cornea (Fukushi et al., 1980).

B. RETINA:

Retinopathy is usually detected in NIDDM at the time of diagnosis and is often one 

of the first symptoms of diabetes detected in this group, whereas IDDM patients 
usually develop retinopathy some 10 to 20 years after diagnosis.
There are many factors associated with retinopathy in diabetes, such as high 
circulating triglyceride levels, an increased blood viscosity, abnormal platelet and 
leukocyte function, and an increase in affinity of glycosylated haemoglobin for 
oxygen.
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The presence of genes specific for immune response and control, in particular HLA-B8 

and HLA-A1, if detected in diabetics are an indicator of microangiopathy. When only 

HLA-B8 is found, this is correlated with the incidence of severe retinopathy 

(Cudworth and Bodansky, 1982).

Retinopathy is divided into two groups, nonproliferative and proliferative diabetic 

retinopathy.
a) Non-proliferative retinopathy: The initial form of non-proliferative retinopathy 

in the diabetic patient is termed as background retinopathy. The first signs are a 
thickening of the capillary endothelial basement membrane, a reduction in the number 

of pericytes (Kuwabara and Cogan, 1963), an increase in the permeability of the 

basement membrane and the development of microaneurysms (Luenberger et al1, 1971). 

At this stage the capillaries of the retina produce a fluid which consists of a
lipid precipitate which remains as a hard exudate (Engerman et a l 1982).

b) Proliferative retinopathy: Pre-proliferative diabetic retinopathy develops after 

continual ischaemia produced by microvascular occlusion of capillaries. There is no 

vessel development and the appearance of microinfarcts of the nerve fibre layer 
occurs. This is accompanied by microvascular abnormalities and dilated capillary 

beds. At this stage of retinopathy, the degeneration of the retina can be slowed by 
controlling blood glucose (Vaughan and Asbury, 1986).
Proliferative diabetic retinopathy is the sight-threatening stage of retinopathy, 
resulting from continual severe ischaemia of the retinal capillaries. There is 
stimulation of vessel production which leak proteins and serum, eventually 
encroaching into the vitreous humour which results in the vitreous moving away from 
the retina. If the vitreous continues to pull on the retina the result is retinal 
detachment, retinal tearing or haemorrhaging of these vessels leading to a loss of 
sight.
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3. METABOLISM OF THE LENS

Although, Banting and Best isolated insulin in 1921, and found it was able to 
decrease the blood glucose in pancreatectomised dogs, it later became apparent that 
the control of blood glucose via insulin in diabetes was not the "cure" it promised 
to be. As diabetics lived longer they developed the so called "complications of 
diabetes", for example lens cataracts. It is therefore, pertinent to look at the 
development of lens research from this early period to the present day.

Early research was concerned in the establishment of glucose metabolism, the 

maintenance of the redox state of glutathione and its possible role in the lens and 

the maintenance of the energy balance, and the role of the polyol pathway. More 
recent research has concentrated on the role of free radicals in lens metabolism, 

protein modification and on the morphology of the lens.
Kronfeld and Bothman (1928) were the first researchers to confirm that glucose was 

converted to lactate in the rabbit lens. Further work by Kronfeld (1933) confirmed 

that the lens metabolized glucose by glycolysis and oxygen diffused into the lens.

In the same year using a diabetic animal model, pancreatectomised dogs, it was 
confirmed that these animals developed cataracts after long-term hyperglycaemia 
(Chaikoff and Lachman, 1933). The presence of hexokinase in the lens was confirmed 
in 1938, (Weekers and Suellmann) and its regulatory role in glycolysis hypothesized.
In the 1940's very little research was done on the eye, with the first notable 
advance after World War II, being in 1952, when it was discovered that lenticular 
energy deprivation led to a drop in the glutathione level (Inoue, 1952). The 
interest in the diabetic cataract led to the finding that cataract formation was 
proportional the blood glucose concentration in experimental diabetes (Patterson,
1953). Oxygen was found to be essential for lens viability, providing the first 
seeds of interest in oxygen metabolism and, more recently, free radical metabolism 
in the lens. Van Heyningen and Pirie (1953) demonstrated the presence of glutathione 

reductase in the lens and Kinoshita (1955) proposed a nicotinamide adenine 
diphosphate (NADP)- link between the pentose phosphate pathway (PPP) and glutathione 

maintenance. The presence of the polyol pathway in the lens was confirmed by Van 

Heyningen (1958,1959). This led Kinoshita et al., (1962) to propose the osmotic 

theory of diabetic cataracts, that there is, in diabetes, an increase in cellular 

glucose and therefore, an increased flux through the polyol pathway, thus leading to 

an increase in the production of sorbitol and fructose in the lens which does not 
diffuse out of the cell. This accumulation of sorbitol and fructose induces an 
increased cellular osmotic pressure causing water to enter the cell, leading to cell 
rupture, and damage of lenticular cells. The osmotic theory of diabetic cataracts
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did not, however, diminish the interest in glutathione. It was found that the rate 

of glutathione synthesis was highest in the rabbit lens epithelium (Reddy et al.,
1980) and this was associated with high levels of NADPH, NADH and reduced 

glutathione. More recent work has concentrated on the role of free radicals in the 

lens and proposed that competition for NADP+ between the polyol pathway and 

glutathione maintenance exists (Hothersall, et al., 1988). The activation of the 
polyol pathway by high glucose concentrations results in an increased demand on the 

NADPH supply resulting in a cellular inability to reduce glutathione by glutathione 

reductase. Therefore the cellular glutathione levels drop and the peroxide 
concentration increases (Srivastava, et al., 1990). The result of this is an 
increase in circulating peroxides, which are able to react with proteins and lipids 

in the lens, leading to cell damage. Wolff and Dean (1987) have suggested, when high 

concentrations occur glucose undergoes auto-oxidation causing an increased demand on 
NADPH derived from the pentose phosphate pathway (PPP). This area of research is 
growing rapidly and is encouraging new ideas and perspectives on an old problem.
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3.1. GLUCOSE METABOLISM IN THE LENS.

In the normal lens the majority of glucose is metabolized anaerobically via 
glycolysis as there is very little tricarboxylic acid cycle (TCA) activity present 

(Kinoshita and Wachtl, 1958) (see Figure 7).
Glucose is transported into the lens by facilitated transport, and therefore does 

not require insulin for glucose uptake (Di Mattio, 1984). In the lens, glucose is 
phosphorylated to glucose 6-phosphate by hexokinase which is the rate-limiting 

enzyme of glycolysis (Van Heyningen, 1965; Chylack, 1975; Gonzalez et al., 1978) 
(Figure 7). There are two isoenzymes of hexokinase, Type I and Type II in rat, calf, 

rabbit and human lens (Chylack, 1973). Both Type I and II are increased in alloxan- 
induced diabetic rats (Gonzalez, et al., 1978). Glucose 6-phosphate is able to be 

channelled into the PPP or glycolysis. Anaerobic glycolysis produces 2 ATP molecules 
when glucose is fully metabolized to produce lactate and the majority of ATP in the 
lens is produced via glycolysis (Kinoshita, 1955). Mitochondria are only present in 
the lens epithelium, therefore this is the only region where ATP derived from 
oxidative phosphorylation is available.
Hexokinase, pyruvate kinase and phosphofructokinase are the normal regulatory points 
in glycolysis with the concentration of glucose 6-phosphate and ATP regulating these 
enzymes (Lou and Kinoshita, 1967). Glucose concentration also has a regulatory role 
in glycolysis, at normal glucose concentrations both hexokinase and 
phosphofructokinase activity are 50% of the maximal activity (Van Heyningen, 1965). 
There are two types of pyruvate kinases in tissues, they are the liver and muscle 
type, in the lens the muscle type of pyruvate kinase is found (Banroques et al.,
1978). Lens pyruvate kinase is inhibited by ATP. A decrease in energy charge 
increases both pyruvate kinase and phosphofructokinase activities (Atkinson, 1970).

In the mammalian lens there are 5 isoenzymic forms of lactate dehydrogenase 
(Gershbein et al., 1975) all of which have a decreased specific activity with aging 
(Hockwin, 1974) and cataract formation (Friedburg, 1973).
The main route of glucose metabolism is via glycolysis but in old rat lens, if there 

is an elevated glucose concentration, the polyol pathway is increased and there is 
an increase in cellular fructose which is unable to leave the cell (Kuck, 1963).

Gillis and Chylack (1982) subsequently found that fructose could be metabolized to 

lactate via glycolysis. Ketohexokinase (EC 2.7.1.3.) phosphorylates fructose to 
fructose 1-phosphate and has been found in the bovine lens with the highest specific 
activity in the lens equator, followed by the anterior cortex, posterior cortex and 
nucleus (Ohrloff and Hockwin, 1973).
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FIGURE 7: Pathways of Glucose metabolism in the lens.
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3.2. PENTOSE PHOSPHATE PATHWAY

In the normal lens the pentose phosphate pathway (PPP) activity uses 5% of the 
lenticular uptake of glucose (Kuck, 1962). In the hyperglycaemic lens polyol pathway 

activity is increased, the NADPH generated by the PPP is used as a cofactor for 
aldose reductase, the first step in the polyol pathway, and glutathione reductase.

The carbohydrate products of the PPP may be channelled into glycolysis and 

metabolized to lactate and the pentose phosphates produced used in part for nucleic 

acid synthesis.

Under conditions of high glucose there is an increase in the concentration of 
glucose 6-phosphate, which is channelled into the PPP therefore increasing flux in 

this pathway. Glucose 6-phosphate dehydrogenase (G6PDH) activity is highest in the 

lens epithelium and has been found to decrease with age (Bullard and Pirie, 1964;
Dovrat and Gershon, 1981).
The complete cycle of pentose phosphate pathway enzymes are found in the lens, 
including transketolase and transaldolase, thus ribose 5-phosphate can be recycled 
back to glucose 6-phosphate. The activity of G6PDH is regulated by the NADP+/NADPH 
ratio, which, when increased raises PPP activity (Krebs and Veech, 1969; Greenbaum 
et al., 1971). Both NADPH and NADH protect G6PDH from inactivation by oxidized 
glutathione and ATP (Cheng and Chylack, 1977). The 6-phosphogluconate dehydrogenase 
reaction is responsible for the carbon dioxide produced in the lens (Kinoshita and 
Watchl, 1958). 6-Phosphogluconate measured in vitro under optimal conditions appears 
to be the rate-limiting enzyme in the PPP in other tissues and it has been proposed 
that this may also be the case in lens. However, the actual role of the NADP+/NADPH 
quotient in regulating G6PDH and thus the supply of 6-phosphogluconate must be kept 
in mind.

3.3. POLYOL PATHWAY

The polyol pathway consists of two enzymes aldose reductase (EC. 1.1.1.21) and 
sorbitol dehydrogenase (EC. 1.1.1.14) and is involved in the conversion of glucose to 
fructose via sorbitol (Figure 7). The presence of polyol sugars in the lens was 
first detected by Van Heyningen in 1959, and it was not until 1961, that the 
presence of the sorbitol pathway in the lens was confirmed (Kuck, 1961) and later 
measured in the lenses of experimental models of diabetes (Cheng et al., 1989).
Recent studies have confirmed the presence of two types of aldose reductase in the 
bovine lens, an inactivated form "b" and an activated form "a". The b form is 
inhibited by an aldose reductase inhibitor, sorbinil, and in the presence of oxygen

26



radicals is converted to the active form of aldose reductase (Del Corso et al.,
1989). Aldose reductase mRNA has been identified in the lens (Bekhor et al., 1989).
In the human lens the majority of aldose reductase is located in the lens epithelium 

(Jedziniak et al., 1981).
The presence of aldose reductase has been a controversial subject, on one hand the 

existence of aldose reductase has been confirmed in the lens (Van Heyningen, 1959) 
but this has been refuted by Wolff and Crabbe (1985) claiming that glucose auto
oxidation, which also requires NADPH as a cofactor, also occurs. Therefore, in an in 

vivo physiological system glucose auto-oxidation has a significant effect on 

cellular metabolism.
Sorbitol dehydrogenase has been identified in the bovine, rat, and rabbit lens and 

found to have a pH optimum of 8.4. In the human lens sorbitol dehydrogenase is found 
in both the lens epithelium and cortex (Jedziniak et al., 1981). There is a limited 
amount of work done on this enzyme with the majority of work concentrating on aldose 
reductase.
There has been a vast amount of research into the effect of aldose reductase 

inhibitors, such as alrestatin and sorbinil, to name a few (see Reviews, Benfield,
1986; Hotta et al., 1990; Stribling, 1990), in in vitro and in vivo systems. The 
polyol route and accumulation of sorbitol is not only important in lens metabolism 
but is thought to be instrumental in the development of diabetic neuropathy where a 
link between increased sorbitol and decreased myoinositol has been established 
(Finegold et al., 1983). The importance of the polyol route has been emphasised as 
a potential site for drug targeting for which clinical trials are presently underway 
(Stribling, 1990). In the lens, studies of the effects of aldose reductase 
inhibitors have greatly contributed to our understanding of the interrelationships 

of lenticular metabolism (McLean et al., 1985; Gonzalez et al., 1986).
In the human lens there is very little aldose reductase activity and in cataracts 
there is little or no accumulation of sorbitol, in contrast to animal models of 
diabetes, suggesting in the human lens aldose reductase activity could be 
contributing to the perturbations but not the sole cause of cataracts (Varma et al.,
1979; Jedziniak et al., 1981).
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3.4. GLUTATHIONE METABOLISM

There is an unusually high concentration of total glutathione in the lens of 
approximately 2.0 pmoles/g, higher than other tissues for example, the liver has a 
concentration of 0.35 pmoles/g, this is in direct contrast with the very low 

concentration found in the aqueous humour of 0.017 pmoles/g. In the rat lens the 

free glutathione concentration is approximately 8mM; protein-bound glutathione is 

approximately ImM and total lens thiols lOmM (Reddy and Han, 1976). Glutathione is 
not evenly distributed throughout the lens, there is a higher glutathione content in 

the lens cortex than the nucleus (Kinoshita and Merola, 1958).
The lens is permeable to oxidized glutathione but not reduced glutathione which 

constitutes 99% of the glutathione in the lens (Srivastava and Beutler, 1968).
The role of glutathione in lenticular metabolism has been of interest ever since the 

early days of lens research. Glutathione maintenance is important for a variety of 
metabolic processes, such as, the detoxification of hydrogen peroxide and other 
organo peroxides (Pirie, 1965), the maintenance of protein thiols in a reduced 
state, preventing the formation of high molecular weight protein aggregates 

(Kinoshita, 1964) and the protection of sulphydryl groups in membranes which are 
necessary in allowing cation transport and permeability to function (Epstein and 
Kinoshita, 1970).

3.4.1. GLUTATHIONE SYNTHESIS

Glutathione is a thiol-containing tripeptide, S'-glutamyl-cysteinyl-glycine 
synthesized from glycine, cysteine and glutamic acid (see Figure 8). The synthesis 
of glutathione consumes 2 ATP for every glutathione molecule synthesized and 
consumes 11% of the lenticular ATP derived from glycolysis (Rathbun, 1984). Reddy et 
al1, (1980) estimated the rate of glutathione synthesis in the rabbit lens to be 
0.22pM/g lens/h.

6-Glutamyl transpeptidase is a membrane bound enzyme which transports amino acids 
bound to a 5-glutamyl moiety. d'-Glutamyl transpeptidase (also called 5-glutamyl 
transferase) has been found in bovine lens (Rathbun and Wicker, 1973), in low 

amounts in rabbit lens epithelium (Kinoshita and Masurat, 1957; Ross, et al., 1973) 

and a low activity is present in the human lens (Miller, et al., 1976). Glutamate is 

required for glutathione synthesis and is transported into the lens via a mechanism 
in which L-glutamine is transported into the lens and is deamidated to yield 
glutamate by the enzyme glutaminase. Cystine is transported into the lens and
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FIGURE 8: Glutathione Metabolism:
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converted to cysteine, catalysed by cystine reductase.

The first enzyme involved in glutathione synthesis is S'-glutamylcysteine synthetase, 

this enzyme catalyzes the formation of a peptide linkage between the ^-carboxyl 

group of glutamate with cysteine to produce Sf-glutamylcysteine. Glycine and 6- 

glutamylcysteine are then linked together to produce glutathione (fiT- 
glutamylcysteinyl glycine) the reaction being catalysed by glutathione synthetase 
(see Figure 8). Both reactions require ATP and magnesium ions. fir-Glutamyl-cysteine 
synthetase has been measured in the bovine lens using a spectrophotometric method 
detecting the change in ATP consumption (Rathbun and Gilbert, 1973; Rathbun, 1967). 
The spectrophotometric method has been superceded by an high pressure liquid 
chromatography (HPLC) method, which appears to be accurate and reproducible (Denna 
and Kula, 1986) and has been adapted to measure both jP-glutamylcysteine synthetase 
and glutathione synthetase. Glutathione synthetase is also able to catalyse the 
reaction between S'-glutamylamino butyric acid and glycine to produce ophthalmic acid 
(Cliffe and Waley, 1958).

3.4.2. GLUTATHIONE REDOX PATHWAY.

Glutathione is used as a substrate for glutathione peroxidase and glutathione 

transferase, both of which are involved in free radical detoxification. The end 

product of these reactions is oxidized glutathione which can either be transported 
out of the cell or in the presence of NADPH and glutathione reductase, reconverted 
into glutathione (see Figure 8). This is a very important system under conditions of 
oxidative stress, since it maintains the glutathione levels required by glutathione 
peroxidase and glutathione transferase to remove potentially harmful free radicals.
In the aqueous humour of diabetic rats with cataracts, there is an elevated 
hydrogen peroxide level. There is no glutathione peroxidase present in the aqueous 
humour and therefore, these free radicals cannot be removed enzymatically, although 
there is a high concentration of ascorbate present. The lens epithelial cells have 
the highest glutathione peroxidase activity, an important feature of this region of 

the lens providing a system for detoxifying hydrogen peroxide and organic 
hydroperoxides transported into the lens from the aqueous humour. In animal tissues 

two types of glutathione peroxidase have been identified, the selenium-enzyme and 

the non-selenium enzyme. Lenticular glutathione peroxidase is able to react with 

hydrogen peroxide and organic hydroperoxides (Srivastava, 1976), which is 
characteristic of the selenoenzyme (Bergad, et al, 1982). The non-selenium 
glutathione peroxidase only reacts with organic hydroperoxides (Wendel, 1980). It 
has been proposed that glutathione peroxidase is the dominant oxidative defence
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enzyme in the lens (Srivastava, et al., 1980).

2GSH + O2 -> GSSG + H2O2

2GSH + H 2O2 ->GSSG + 2 H 2O 

Glutathione-S-transferases (EC.2.5.1.18) are involved in a series of detoxification 
reactions in the lens resulting in mercapturic acid formation. Glutathione-S- 

transferase conjugates hydrophobic compounds with an electrophilic centre with 

glutathione.
GSH + electrophile(E)-X -> E-GS + HX 

In the liver, glutathione-S-transferase is able to use lipid peroxides as a 

substrate whereas the glutathione-S-transferase in the lens is not able use lipid 

hydroperoxides as a substrate. Mammalian glutathione-S-transferases have been 

categorised into 3 major classes a, n and p (Mannervik et al., 1985) . In the bovine 

lens two isoenzymes of glutathione-S-transferase have been identified corresponding 

to the p class (Ahmad, et al., 1988). Glutathione-S-transferase activity has been 

found to drop by 73% in human cataracts (Rao, et al., 1983).

Glutathione reductase has the primary role of retaining glutathione in its reduced 
form, using NADPH as a hydrogen donor.

GSSG + 2NADPH + H+ <=> 2GSH + 2NADP+

Kinoshita (1955) has shown that glutathione reductase is an important link between 
glutathione maintenance and NADPH generation by the PPP. It is found in bovine (Van 
Heyningen and Pirie, 1953), human, rabbit, rat, sheep and human lenses (Srivastava 
and Beutler, 1973). The activity of glutathione reductase does decrease in senile 
cataracts in humans, but does not decrease with age. The enzyme is also able to 
reduce mixed disulphides of crystallins and glutathione to produce protein thiols 
and glutathione (Srivastava, 1971). Glutathione reductase has proved to be the 
important link between the antioxidant defence mechanism and glucose metabolism 
(Giblin, McCready and Reddy, 1982).
Two other enzymes involved in free radical scavenging, although not directly 

reacting with glutathione are catalase (EC 1.11.1.6.) and superoxide dismutase (EC
1.15.1.1.). Both of these enzymes have been identified in the normal lens and in 
cataractous lenses. In cataractous lenses only superoxide dismutase activity 

decreased (Fecondo and Augusteyn, 1983). There is evidence of cataract development 
in experimental animals treated with a catalase inhibitor 3-amino-1,2,4-triazole (3- 

AT), suggesting catalase does have a role in maintaining lens clarity (Bhuyan, et 
al., 1973).
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3.5. PYRIMIDINE SYNTHESIS

In the hyperglycaemic lens, the functioning of the polyol route and changes in the 

redox state of NADP+/NADPH and NAD+/NADH, leads to an increase in the PPP and 

decrease in ATP levels. This has led to the speculation that the increased flux 

through the PPP by increasing the supply of ribose 5-phosphate, may also lead to an 

increased PPRibP formation, which is a key substrate and activator of purine and 

pyrimidine synthesis (see Becker et al.> 1979).

Ribose-5-phosphate is one of the two major products produced by the PPP and is an 
important intermediate for the synthesis of RNA and DNA, via phosphoribosyl 
pyrophosphate which is used for purine and pyrimidine synthesis. The lens is 
continually growing except in conditions such as diabetes, thus it has a constant 
demand for the synthesis of DNA and RNA.
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4. THE RETINA

The retina in contrast to the lens, is highly vascularized. The majority of 
biochemical research on the retina has concentrated on the biochemistry of vision, 

which requires a constant supply of ATP, ions and amino acids. Initial studies into 

retinal metabolism were greatly hindered by the fragile nature of the tissue, which 
in more recent years has been partly overcome by the use of tissue culture 
techniques.

4.1. GLUCOSE METABOLISM.

In the retina, as in the lens and central nervous tissue, the major source of energy 

is derived from glucose. The early histochemical studies of the individual layers of 
the monkey and rabbit retina by Lowry et al., (1956) showed the distribution of 
various glycolytic enzymes in the different regions of the lens, for example lactate 
dehydrogenase is located in regions where the blood supply is limited. Studies by 
Winkler et al. (1977) found that the rate of glycolysis in the rat retina was 
dependent on whether a bicarbonate/C02 or phosphate buffer was used, although the 
pattern of glucose utilisation was the same in both buffers. All subsequent 
experiments on the retina used a bicarbonate/CC>2 buffer, due to the retinas affinity 
for carbon dioxide, thus allowing comparisons of results.
The retina has a high rate of glycolysis and respiration, producing lactate at the 
rate of 1.12 pmoles/mg wet w t/h under aerobic conditions, that is, 70% of the total 
glucose utilized aerobically is converted to lactate. In the lens, lactate 
production accounts for 95% of the glucose utilized (Kuck, 1970). Under anaerobic 

conditions lactate production is increased by 80% due to the Pasteur effect, which 
is due to the inhibition of glycolysis by oxygen (Winkler, 1981).
The transport of glucose into the retina is not dependent on insulin, it enters by 
facilitated transport. There is a diffusional curve of glucose uptake, the outer 
retinal glucose concentration equal to the choroidal blood concentration and the 
inner retinal glucose concentration the same as the vitreal glucose concentration 
(MacGregor and Matschinsky, 1986).
In the retina glucose is the preferred and most effective substrate for ATP 
generation via glycolysis and the tricarboxylic acid cycle (TCA). In the absence of 

glucose, lactate and pyruvate maintain ATP, as do glutamate and glutamine via the 

TCA cycle, demonstrating the TCA cycle is very active in the retina.

Retinal enzymes and metabolites are not uniformly distributed throughout the retina, 
as would be expected from the diversity of cellular types which make up the tissue.
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The highest glycolytic activity in the retina is in the photoreceptor cells, where 

the sum of the adenine nucleotide levels, as a result of a high turnover rate, is 
relatively low. Hexokinase and phosphofructokinase (PFK) are particularly high in 
the photoreceptor cells, hexokinase being located in the inner segments and PFK in 
the synaptic terminals; the outer segments are low in glycolytic enzymes. A high 
concentration of cGMP, guanylate cyclase and cyclic-GMP dependent phosphodiesterase 

is characteristic of the outer segments (Lowry et a/., 1961; Zimmermann et al.,
1976).

Lactate dehydrogenase (LDH) is mainly found in photoreceptor cells not containing 

mitochondria. Five isoenzymes of lactate dehydrogenase are found in the retina, all 
of which, are capable of using either NADPH or NADH as a cofactor, but 
preferentially use NADH (Futterman and Kinoshita, 1959). This ability to use NADPH 

or NADH can be significant when there is a limited availability of one or both of 
the cofactors. Glucose is also a source of carbon atoms for amino acids synthesis 

including glutamate, aspartate and 6-amino-butyric acid (GABA). Glutamine is a 
precursor of glutamate, aspartate and GABA, and readily enters the retina from the 
vitreous humour, which, in the human, has a glutamine concentration of 500yM 
(Voaden, 1968; Durham et al.t 1971)). Of these carbons, 20% are incorporated into 
glutamate and aspartate, the highest concentrations of which are found in the 
photoreceptor cells. Glutamine and GABA are also found in the inner nuclear and 
ganglion cell layers. These amino acids are all important neurotransmitters in the 
retina, therefore their synthesis is essential for synaptic transmission.

4.2. PENTOSE PHOSPHATE PATHWAY

In the retina approximately 25% of the total glucose concentration is utilised by 

the PPP. When the retina is oxidatively stressed, for example when diamide is used 

to decrease the cellular level of glutathione, there is stimulation of the PPP 
(Anderson, 1983). The PPP generates NADPH which is an important substrate for many 
metabolic reactions, for example, the reduction of retinaldehyde in vision processes 
(Futterman, 1963), conversion of 2-oxoglutarate to glutamate, or isocitrate and 
citrate formation via isocitrate dehydrogenase, carbon dioxide fixation by malic 

enzyme, pyridine nucleotide transhydrogenases and glutathione reductase. There is 

evidence that there may be a similar link between glutathione maintenance and the 

PPP (Heath et a l 1963) as observed in the lens. It must be remembered, however, 
that the retina has a range of other metabolic processes which also demand a supply 
of NADPH, therefore before this hypothesis can be fully explored a detailed map of 
the metabolism of the retina needs to be elucidated.
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4.3. GLYCOGEN

The glycogen content in the ox retina is less than 10 mg % and it has been confirmed 

that glycogen synthesis does occur in the rat retina (Graymore and Towlson, 1965).

In the alloxan-diabetic rat there is an increase in the rate of glycogen synthesis 

and of the glycogen content. Associated with these increases, is an increase in the 
uridine diphosphate glucose (UDPG) pathway and an increase in UDPG transferase 
activity (Newell et al., 1963).

4.4. LIPID CONTENT IN THE RETINA.

The lipid content of the retina varies throughout the retinal layers. Published 

values for the percentage of lipid in the whole bovine retina varies between 17.3% 
to 30.9% (Fliesler and Anderson, 1982). It is generally accepted that lipids 

represent 20% of the dry weight of the retina, two-thirds of which is phospholipids, 
with neutral lipids (that is, acyl glycerides, sterols and free fatty acids) 
constituting one-quarter of the total retinal lipids.

Lowry et al., (1956) found that the monkey retina has the highest lipid content in 
the nerve fibre layer (34%), the lowest lipid content (12%) being in the outer 
nuclear layer and the photoreceptors a lipid content of 22-25% of the total dry 
retina weight. Comparison between different retinal regions of diabetic and control 
rabbits reveals that the retinal lipids do not change between the groups except for 
a slight drop in the diabetic retina lipid content in the inner nucleus and ganglion 

layers (MacGregor et al., 1986). In the outer segment membranes of the retina there 
is a high concentration of long-chain polyunsaturated fatty acids which are 
particularly susceptible to lipid peroxidation (Anderson et al., 1975).
In the diabetic rabbit retina, myo-inositol concentrations are decreased by 22-40% 
in retinal layers (MacGregor et al., 1986) and this has been correlated with 
abnormal phospholipid metabolism and altered sodium and potassium fluxes. Myo
inositol is actively transported into the retina, for example from the vitreous 
humour where the myo-inositol concentration is 7.5 times higher than in serum.
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4.5. POLYOL PATHWAY

Sorbitol dehydrogenase, aldose reductase, sorbitol and fructose have all been 

identified in whole retina homogenates. In the diabetic retina there is an 

accumulation of sorbitol and fructose produced via the increased flux through the 

polyol pathway (Heath, et al., 1976; MacGregor, et al., 1986; Engerman, et al.,

1986). The accumulation of polyol sugars is thought to result in tissue damage in 
the whole retina under the same mechanism as described by Kinoshita's osmotic 
hypothesis for the lens (1962). In the diabetic rat retina it has been found that 
fructose, produced by the polyol pathway is able to enter glycolysis via fructose 1- 

phosphate. Fructose 1- phosphate is split into glyceraldehyde and dihydroxyacetone 
phosphate bypassing phosphofructokinase (PFK), a regulatory enzyme of glycolysis, 

finally to produce lactate.
The administering of aldose reductase inhibitors to experimental animal models of 
diabetes and galactosaemia has prevented the development of capillary basement 
membrane thickening, endothelial cell proliferation and the accumulation of sorbitol 
and fructose (Robison, et al., 1990).
Alternatively, it has been proposed that aldose reductase inhibitors do have some 
antioxidant activity. Polyols which are produced may act as a cellular protective 
response to oxidative stress, they are able to act as hydroxyl radical scavengers or 
act to stabilise membranes and proteins.

4.6. GLUTATHIONE METABOLISM IN THE RETINA.

The presence of glutathione and glutathione reductase in the retina was established 
in 1945 by Herrmann and Moses, relatively little work being published on glutathione 
in the retina since then. In alloxan-induced diabetes there is a decrease in the 
total glutathione levels whereas the glutathione levels in red blood cells (RBC) 
remain normal (Heath et al., 1962). Associated with this drop in glutathione is a 
decrease in NADPH levels and an increase in glutathione reductase activity (Heath, 
et al., 1962).
In the human retina 5-glutamyl transpeptidase activity is 10.85 + 0.46 mU/mg total 

protein contrasting with the whole lens where the activity is 0.033 + 0.007 mU/mg 

total protein (Miller et al., 1976). The system exists for the components for 
glutathione synthesis to be transported into the retina, however, there is no 
confirmation that glutathione synthesis does actually occur in the retina. 5- 
Glutamyl transpeptidase probably has a more important function, that is to transport 
amino acids into the cells to be used for neurotransmitter function. Relative to the
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lens, the retinal glutathione concentrations are significantly lower than levels in 
the lens (see Results). Retinal glutathione synthesis is probably not as important 
since the retina has a constant blood supply and therefore has a constant supply of 
glutathione, it is particularly in times of ischaemia that it becomes important.

4.7. FREE RADICALS IN THE RETINA.

In the retina the free radical-scavenging enzymes glutathione peroxidase, superoxide 

dismutase and catalase, have all been found in the retinal pigment epithelium layer 

(Atalla et al, 1988). Glutathione reductase, although not strictly a free radical 

scavenging enzyme, is present and is able to reduce oxidized glutathione and may be 

responsible for the decreased NADPH levels in diabetes.

In the rat retina both the selenium-dependent and selenium-independent glutathione 
peroxidases are present, as is glutathione-S-transferase (Naash and Anderson, 1989). 

Two isoenzymes of glutathione-S-transferase have been identified in the retina with 
molecular weights of 23500 and 24500 (Ahmad, et al., 1988). In the retina the p and 
n classes of glutathione-S-transferase isoenzymes are expressed (Ahmad, et al.,
1988).
Catalase is located in the peroxisomal fractions, with this localisation its 
capability to take part in cytosolic antioxidant defence mechanisms is limited.
The retina has a high concentration of unsaturated fatty acids especially 
decosohexanoic acid (22:6) therefore it is highly susceptible to lipid peroxidation.
The cells of the retina are constantly bombarded with light and have a high oxygen 
flux, therefore there is an environment leading to the generation of free radicals.
In conditions such as diabetic retinopathy the capillaries in the retina are 
subjected to ischaemia/reperfusion damage due to capillary occlusion.
The retina is rich in anti-oxidants such as a-tocopherol and ascorbate which are 
able to trap free radicals thereby reducing the potential for lipid peroxidation and 
oxidative damage. Ascorbic acid, another important factor, is not synthesized in the 
retina, it is solely derived from the blood supply (Heath et al., 1962).
In the human retina an increase in a-tocopherol concentration is observed with 
ageing (Organisciak et al., 1987), with the greatest concentration of a-tocopherol 
in aging being in the retinal pigment epithelium. In rats it has been found that the 

depletion of a-tocopherol takes considerably longer in retinal pigment epithelial 

cells and the rod outer segments, than in other tissues of the eye or other organs 
of the body (Stephens et al., 1988).
The complexity of the retinal structure requires a sophisticated histochemical 
approach as developed by Matschinsky et al., (1966). The affect of
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diabetes on specific pathways, particularly if it is located in specific layers of 

cells, is a useful approach which will be considered in the analysis of the results 

in the Discussion.
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5. EXPERIMENTAL MODELS:

In this thesis the sequence of metabolic events leading to cataractogenesis and 

their relationship to glutathione metabolism and balance will be studied.

Glutathione is essential for maintenance of a reduced sulphydryl environment in the 

lens and it is a key component in the ability of the tissue to scavenge 

intrinsically generated free radicals, and so resist tissue damage. The aim was to 

manipulate the lens environment and, using a rat model in vivo and in vitro to 

explore the use of antioxidants and oxidative stress on the integrity of the 
glutathione system.

5.1. IN  VITRO MODEL

The earliest in vitro studies of the lens metabolism were investigated using a
perfusion procedure where the lens was continuously bathed in a large volume of
solution. This system was not suitable for measuring metabolic changes since these 
changes were very small and fine manipulations of the environment were required. The

rate of perfusion in vitro was approximately 14 mls/2 hours whereas the natural rate
of flow of the aqueous humour in the rabbit is approximately 4 mis in 24 hours,
therefore the clearance of metabolites was far in excess of the in vivo condition
(Von Bahr, 1940).

Merriam and Kinsey (1950) proposed a method in which the lens was bathed in 
solution. The initial problems encountered were a) depletion of the lenticular 

nutrients during the incubation time, b) build-up of lactate and other acids which 
would alter the pH of the media and c) accumulation of metabolites and toxins in 

the media which would alter lenticular metabolism. All these limiting factors were 

overcome in the present study by the use of tissue culture media supplemented with 

nutrients in physiological concentrations which were adequately buffered and the 
replacement of media every 8-10 hours to avoid build-up of toxic metabolites.

The initial experiments in this thesis were studied in 1 hour incubations in high 
(50mM) or low (lOmM) glucose. The 1 hour incubations were in Krebs-Ringer 
bicarbonate buffer gassed with O2/CO 2 (95%/5%). Oxygen was required for respiration, 

which in the rabbit lens is O .lpl/mg/hr of oxygen (Kinoshita and Wachtl, 1958) and 

the carbon dioxide was necessary for maintenance of the carbon dioxide/bicarbonate 
buffer system. Experiments of a duration greater than 2 hours were incubated in 
tissue culture media 199 supplemented with 10% foetal calf serum, Earles' modified 
salts and L-glutamine. The lOmM glucose incubations are considered, in the 1 hour 
incubations, to be equivalent to the normal in vivo conditions. Trevithick et al.,

39



(1981) found that the lowest level of glucose in the media necessary from cataract
formation in a 24 hour incubation was 13.9mM, further, glucose concentrations of
less than ll.lm M  the lens excludes glucose to maintain a lenticular glucose level of

0.56mM (Kuck, 1961). When lenses are incubated in 55.6mM glucose there is strong
globular degeneration after 24 hours. Lenses incubated in media 199 with 55.6mM
glucose develop a visible cataract in 18 to 24 hours in the in vitro whereas in in
vivo a diabetic animal shows such changes only after 6 weeks. The flakiness of the
surface of the epithelial cells which appears after 2 to 4 hours in the in vitro
system is not seen in vivo for 3 weeks. In the in vitro incubations there is a
swelling of the lenses especially in lenses incubated in 55.6mM glucose. The maximum

increase of 38% of the lens weight occurs after 4 hours incubation. These lenses
return to their normal weight biphasically after 48 hours (Trevithick et aL, 1981).
In the evaluation of all the results the changes due to swelling were assessed by 
weighing the tissue before the incubation.

It has been proposed that the changes that occur in the early stages of diabetes 

may, in fact, lead to changes involved in cataractogenesis. Therefore it is 

important to observe the very early stages of the diabetic condition in conjunction 

with the later stages. The in vitro incubation provides a useful model of the 

diabetic condition and therefore the majority of the in vitro work reported here was 
studied in incubations containing lOmM glucose, considered as the "normal" or 

control condition, and the 50mM glucose incubation mimicing hyperglycaemia or the 

diabetic condition.

5.2. IN  VIVO MODEL OF THE DIABETIC LENS:

There are two common agents which are used to induce diabetes in vivo, they are 

alloxan and streptozotocin, both have been extensively used in metabolic studies.

5.2.1. ALLOXAN AND STREPTOZOTOCIN AS MODELS OF DIABETES.

The first animal model of diabetic cataracts involved surgery, that is 

pancreatectomy, on dogs (Chaikoff and Lachman, 1933). In the last 40 years animal 

models of diabetes have been chemically induced, the most common agents being 

alloxan and streptozotocin. In animals treated with either alloxan and 
streptozotocin there is a decrease of lenticular glutathione, ATP and an elevation 
of blood glucose (Waters, 1950).
Alloxan is highly specific for insulin-producing (3-cells (Dunn and McLetchie, 1943). 
There is evidence suggesting that alloxan action is via the direct generation of
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free radicals (Asayama et al., 1984a; Gandy et al., 1982). An injection of alloxan 

has been found to produce an increase in malondialdehyde products (MDA), a result of 
lipid peroxidation, in plasma and tissue. The tissue damage following the induction 

of diabetes appears to be a function of the glutathione peroxidase levels, that is, 
in tissues with a low glutathione peroxidase activity there is evidence of free 

radical damage.

Streptozotocin also damages the (3-cells of the pancreas, but it does not do so 

through the direct formation of free radicals, as does alloxan (Asayama et al.,
1984b). A comparative study on the the effect of a metal chelator, 

l,10,phenanthroline on both these diabetogenic agents, showed that the metabolic 

changes due to alloxan are protected by l,10,phenanthroline, but streptozotocin was 
not (Eizirik et al., 1986). This implies that streptozotocin does not act via free 

radical generation. The mode of action of streptozotocin still remains 
controversial, although recent evidence, such as, protection against streptozotocin 
action by the administering of an inhibitor of poly ADP-ribose synthetase, 1,1— 
dimethyl urea (Wilson et al., 1984), implies that streptozotocin does not act via 
free radical generation to induce (3—cell damage, but rather by DNA strand breakage 
which requires the poly(ADP-ribose) system for repair, resulting in a decrease of 
NAD+ in the (3-cells (Wilson et al., 1984).
Alloxan is known to act via free radicals, therefore in this thesis the 
streptozotocin-induced diabetic model has been chosen, keeping in mind the pitfalls 
of this model, constantly questioning whether this model is a reflection of 
hyperglycaemia or hyperperoxidaemia.

6. AIMS:

The aim of this thesis is to study the sequential changes in intermediary metabolism 

on the glutathione system. Both an in vivo and an in vitro model of the diabetic 
condition have been used to derive information which would permit some evaluation of 
the role of glutathione maintenance with respect to free radical generation and 
neutralization, and in the origins of the pathological events which are encountered 
in the diabetic lens and retina. These parameters will be explored through the 
manipulation of glutathione status, glucose concentration, ATP and the cellular 

redox state of NADPH/NADP+.
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MATERIALS AND METHODS

1. MATERIALS

Purified enzymes, coenzymes and substrates used in all experiments were obtained 

from Sigma Chemical Company (Poole, Dorset, U.K.) or Boehringer Corporation Ltd. 
(Lewes, East Sussex, U.K.). Medium 199 containing Earle's modified salts with L- 
glutamine and without phenol red, and foetal calf serum were both purchased from 
Gibco (Paisley, U.K.). Streptozotocin was purchased from Boehringer Corp. Ltd. 
L-6-Glutamyl-L-a-aminobutyric acid was purchased from Bachem (Bubendorf, 
Switzerland). 1-Chloro 2,4-dinitrobenzene (CDNB) was obtained from Aldrich and 
recrystallised from ethanol-water, then dissolved in ethanol and stored in the dark. 
5-L-Glutamyl-L-cysteine was synthesized using a modification of the method by 

Griffith (1980). Glutathione-ester was prepared as described by Anderson et al.,

(1985).
Radiochemicals were purchased from Amersham PLC (Aylesbury, U.K.) with the exception 
of [3,4-14C]glucose and [carboxyl-14C]orotic acid which were obtained from New 
England Nuclear, Dupont Ltd (Stevenage U.K.). The carbon dioxide absorber, Scintran-: 
(2-methoxyethylamine) was obtained from BDH Chemicals Ltd. (Poole, England). 
Scintillation fluid Optiphase 'safe(containing ethyl substituted benzenes) was 
purchased from Pharmacia (Milton Keynes, U.K.).
All chemicals and reagents were of analytical grade.

2. METHODS

2.1 ANIMALS
Eyes were obtained from male albino Wistar or Sprague-Dawley rats weighing 200-250g, 
unless otherwise stated. All animals were maintained on a standard laboratory cube 
diet and allowed free access to water.
Streptozotocin-induced Diabetes

Male rats weighing 160-180 g were injected intravenously with streptozotocin (60mg 

streptozotocin/ kg body weight) dissolved in 5mM citrate buffer, pH 4.0. Insulin was 

not administered and the animals were maintained on a standard laboratory cube diet 
and water allowed ad lib. The successful induction of the diabetic state was 

confirmed by (the matted appearance of the coat, decreased growth rate and body 
weight) the presence of glucose in the urine and a blood glucose concentration above 

15mM. Glucose in the urine was measured using a Diastix stick7̂ (Ames Division, Miles 
Laboratories Ltd. Slough, U.K.). Blood glucose was measured in 50ul of whole blood
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taken directly from the heart, immediately after killing and diluted in water (1:5), 

mixing vigorously to prevent clotting. The samples were frozen and thawed to 
complete haemolysis and centrifuged at 20000 g mins. The supernatant was used to 

determine glucose concentration in an automated Beckman Glucose Analyser by a method 

using glucose oxidase.

Treatment with Glutathione-Ester
Male rats which had been diabetic for 11 days were injected intraperitoneally with 

0.5ml 2M glutathione ester pH 7.0-7.8 (2M glutathione-ester was dissolved in 

distilled water and the pH adjusted to 7.0-7.8 with 10N sodium hydroxide (NaOH)).
The final concentration of glutathione-ester was 5mM per kg body weight. Animals 

were used for experiments two weeks after the induction of diabetes. Each experiment 
comprised of diabetic rats, diabetic rats treated with glutathione-ester and age- 
matched controls.

Treatment with Verapamil
Male wistar rats were divided into 6 groups: controls, controls treated with 
verapamil, 1 week diabetics and 2 week diabetics and 1 and 2 week diabetics treated 
with verapamil. Streptozotocin-diabetes was induced as previously described. 5 Days 

after the induction of diabetes verapamil treated animals were injected twice daily 
with a dose of 8 mg verapamil/kg body weight (Verapamil Stock 2.5mg/ ml 0.01M HC1). 
Treatment with Vanadate
Male wistar rats (180-200g) were divided into three groups: untreated controls, 
diabetics and vanadate-treated diabetics. Diabetes was induced with streptozotocin 
as previously described, 1 week later vanadate treatment commenced and was continued 

for 2 weeks. The untreated rats drank a 0.5g NaCl/100ml solution containing 
orthovanadate. The rats did not like the taste of the vanadate therefore treatment 
was gradually increased, starting with 0.2 mg/ml for the first two days, 0.4 mg/ml 

for days 3 and 4, and from day 5 to day 14, 0.6 mg/ml of orthovanadate (Pugazhenthi 

and Khandelwal, 1990). The solution was freshly prepared each day. The vanadate 

solution was dissolved in a NaCl solution because it is known NaCl reduces the 
toxicity of vanadate (Heyliger et al.y 1985).

Treatment with Nicotinamide
Groups of rats were pre-treated with nicotinamide (500mg/kg body weight) 10 minutes 

before administration of streptozotocin, or in the case of control groups, of 
saline. This treatment is known to counteract the diabetogenic effects of 
streptozotocin (Rerup, 1970). The animals were used 3 days after treatment with the 
age-matched control.
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2.2. REMOVAL OF TISSUES

The animals were stunned by a blow to the head and killed by cervical dislocation.

The eyes were enucleated by cutting the optic nerve with small curved scissors.

2.2.1. Lens. An incision was made radiating from the optic nerve to the ciliary 

epithelium. The lens was gently prised through the incision and any accompanying 

vitreous or aqueous humour was carefully removed. Care was taken to ensure that the 

lens epithelial cells were not damaged during the dissection and subsequent 

handling.
2.2.2. Retina. The eyes were removed and placed with the cornea in the anterior 
position in a suitable sized perspex well and the eye was held in position with a 

perspex lid with an equivalent sized well. An incision was made above the ciliary 
body with a razor blade, and a pair of fine tipped curved scissors used to cut 

around the cornea, leaving the hemispherical posterior half of the globe containing 
the lens, vitreous humour and retina intact. The lens and vitreous humour were 
carefully lifted out of the cup with fine tipped forceps. The eye cup was 
transferred to a petri dish containing saline solution and inverted. Using two pairs 
of fine forceps the circumference of the retina was teased from the sclera and 
choroid and the whole retina weighed and used.
The time between dissection and the commencement of the incubation was 2-3 minutes. 
Tissue required for metabolite estimations was rapidly frozen in liquid nitrogen and 
kept at -70°C.

2.3. TISSUE PREPARATION

2.3.1. ACID EXTRACTION
An acid extraction was used for acid stable nucleotides and low molecular weight 

metabolites such as ATP and ADP. The frozen tissue was weighed and homogenised in a 
2ml Dounce glass homogeniser, in either 0.5mls cold 0.5N perchloric acid (PCA) and 

the pH adjusted with IN potassium hydroxide (KOH) or, 10% trichloroacetic acid 
using 46M triethanolamine to adjust the pH. The homogenate was centrifuged at 20000 
g mins in an Eppendorf 3200 centrifuge.
2.3.2. ALKALI EXTRACTION
An alkali extraction was used for reduced nucleotides and metabolites which are 

stable in an alkali environment. The weighed frozen tissue was homogenised in 0.5mls 
of hot 0.125M sodium hydroxide (NaOH) which was preheated in a boiling water bath. 
The homogenate was heated at 95°C in an Eppendorf heater for 1 min, then lOOpl of 

0.5M glycylglycine pH 7.6 was added. Hydrochloric acid (1M)(HC1) was then added to
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neutralise the sample. The homogenate was centrifuged at 20000 g mins and the 

supernatant was used immediately to measure NADPH luminometrically using a reduced 

nicotinamide adenine dinucleotide phosphate (NADPH) Bioluminescence kit (Bio-Orbit 

U.K. Ltd. Berkshire).
2.3.3. TISSUE EXTRACTION FOR MEASURING ENZYME ACTIVITY.
To prevent temperature sensitive ionic and proteolytic denaturation of enzymes, 

extraction was carried out in 0.5ml ice-cold 50mM potassium phosphate buffer pH 7.4, 
or in 0.25M sucrose, 20mM triethanolamine, lOOmM dithiothreitol pH 7.4, (sucrose 

buffer), using a 2ml glass Dounce homogeniser. Homogenates were centrifuged at 
300xl03g mins for cell-free extracts, the pellet containing nuclei, unbroken cells, 

blood and blood vessels. Extracts requiring only the soluble protein fraction were 
centrifuged at 3.15xl06g mins. Whole homogenates were used as stated in the methods.
2.3.4. LIPID EXTRACTION.
The method for lipid extraction used was as described by Dole (1956). The tissue was 
homogenised in 50mM potassium phosphate buffer pH 7.4 in a glass Dounce homogeniser 
under argon and 2.7mls of a mix of hexane, propanol and 0.00IN sulphuric acid 
(H2SO4) (40:10:1), 1.7mls hexane, 1ml 0.001N H2SO4 added, and vortexed. The aqueous 

and organic phases were separated by centrifugation at 25000g mins in a Beckman J -  
6B. The upper organic layer contained the total lipid, which was carefully removed, 
dried under nitrogen and stored at -20 °C under argon.
2.3.5. FREE FATTY ACID EXTRACTION.
a) Free fatty acids were extracted by the method described by Dole (1956). The total 
lipid fraction was treated with an alkali, separated and acidified, to isolate the

free fatty acids. The tissue was homogenised in 6 mis propanol:hexane:0.001N H2SO4 

mix (40:10:1), then 3mls hexane and 3mls H2SO4 added and vortexed. After standing 
the aqueous and non-aqueous layers separated and 4mls of the hexane phase was 
pipetted into lOmls 0.5N K O H  and shaken. The aqueous layer now contained the free 
fatty acids, this layer was transferred to a clean tube and 2 drops of 0.02% 
alcoholic phenolphthalein were added and the sample acidified with 2N H2SO4. The 
sample was washed 3 times with 5 mis hexane and the combined hexane layers dried 
under nitrogen and stored under argon at -20°C.

b) The method by Greenbaum and Glascock (1957) was used to extract free fatty acids 
from the retina. The retinal tissue (30mg) was homogenised in 2 mis of 5% KOH (5%
KOH in ethanol), transferred to a test tube and heated for one hour at 90°C in a 

water bath. After one hour 2mls of 50% ethanol and lOOmg NaCl was added, mixed and 

acidified with 10N H2SO4. The aqueous phase was removed and 5mls of petroleum ether 
(40-60°, 60-80°) were added, shaken and allowed to separate into aqueous and non- 

aqueous layers. The petroleum ether organic phase contained the free fatty acids and
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cholesterol. The top organic layer was transferred to a clean test tube and washed 

with 5mls of petroleum ether. The combined petroleum ether layers were washed with 5 

mis water and acidified with 0.5N HC1, mixed and allowed to separate into different 

phases. The water layer was removed and the remaining organic phase dried with 

anhydrous Na2SC>4 . After shaking this was evaporated to dryness in the fume cupboard 

and stored under argon at -20°C.

3. ENZYMATIC ANALYSIS.

3.1. SPECTROPHOTOMETRIC ASSAYS:
Spectrophotometric enzyme assays measured the change in absorbance of 340nm due to 

the reduction of nicotinamide adenine dinucleotide/nicotinamide adenine dinucleotide 

phosphate (NAD+/NADP+) or the oxidation of reduced nicotinamide adenine 
dinucleotide/reduced nicotinamide adenine dinucleotide phosphate (NADH/NADPH), at 

25°C recorded on a Pye Unicam SP8-200 or an LKB Ultrospec 4000 spectrophotometer. 
The enzyme unit is defined as the amount of enzyme catalysing the conversion of a 

limole of coenzyme to product per minute at 25°C. The enzymatic reaction was 
initiated by the addition of extract unless otherwise stated.
a) Glycolytic. Pentose Phosphate Pathway and Tricarboxylic Acid Cycle Enzymes: 
Hexokinase, Type I and II (ATP: D-hexose phosphotransferase EC 2.7.1.1.) were 
assayed by the method described by McLean and Brown (1966), using a final glucose 
concentration in the cuvette of 5mM. Phosphofructokinase (ATP: D-fructose 1- 
phosphate 6-phosphotransferase EC 2.7.1.56.), glyceraldehyde 3-phosphate 
dehydrogenase (D-glyceraldehyde 3-phosphate: NAD+oxidoreductase EC 1.2.1.12.), 
phosphoglycerate kinase (ATP: 3-phospho-D-glycerate 1-transferase EC 2.7.2.3.), 
enolase (2-phospho-D-glycerate hydrolase EC 4.2.1.11.), pyruvate kinase (ATP: 
pyruvate 2-O-phosphotransferase EC 2.7.1.40.) and lactate dehydrogenase (L-lactate: 
NAD+oxidoreductase EC 1.1.1.28.) were assayed by methods described by Bergmeyer 
(1974). Glucose-6-phosphate dehydrogenase (D-glucose 6-phosphate: NADP+1- 
oxidoreductase EC 1.1.1.49.) and 6-phosphogluconate dehydrogenase (6-phospho-D- 
gluconate: NADP+2-oxidoreductase (decarboxylating) EC 1.1.1.44.) were both assayed 

using methods developed by Glock and McLean (1953).

The activities of isocitrate dehydrogenase (threo-Ds-isocitrate: NADP+oxidoreductase 

(decarboxylating) EC 1.1.1.42.) and malate dehydrogenase (L-malate: 

NADP+oxidoreductase (oxaloacetate-decarboxylating) EC 1.1.1.40.) were assayed by 
methods as given by Bergmeyer (1974).
b)Polyol Pathway Enzymes:

Aldose reductase (alditol: NADP+oxidoreductase EC 1.1.1.21.) was assayed using the
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method described by Kinoshita et al., (1963), which measures the oxidation of NADPH 

at 340nm. The non-enzymatic decay of NADPH must be taken into consideration, by 
determining the activity of a blank cuvette without either, extract, or glucose, 

this activity was subtracted from the final result. Aldose reductase activity was 
also measured using DL-glyceraldehyde (lOmM) as a substrate rather than glucose, as 

described by Haider and Crabbe (1984).
Sorbitol dehydrogenase (L-iditol: NAD+oxidoreductase EC 1.1.1.14) activity was 
measured in the opposite direction to the physiological direction as assayed by 
Flynn (1986).

c) Glutathione Synthesizing and Metabolizing Enzymes:
Glutamate and cysteine are transported into cells by glutamyl transpeptidase, (6- 

L-glutamyl-peptide: amino acid 8*-glutamyl transferase EC 2.3.2.2.), which is present 

in the rat retina, but not in the rat lens. The activity of 5-glutamyl 

transpeptidase was determined in whole retina homogenates as described by Szasz 
(1969) and Tate et al., (1973). The assay procedure used S'-glutamyl-p-nitroanilide 

as the peptide carrier of the glutamyl residue and glycylglycine is the acceptor for 
the enzymatically released glutamyl group. The concentration of 8*-glutamyl 
transpeptidase is proportional to the rate of p-nitroaniline formation as detected 
at 405nm. One unit of 8*-glutamyl transpeptidase was defined as the amount of enzyme 

that will liberate one pmole of p-nitroaniline per minute at 25°C. 
fr-Glutamyl-cysteine synthetase (L-glutamate: L-cysteine fch-ligase (ADP-forming) EC
6.3.2.2.) is responsible for the first step of glutathione synthesis, that is, the 
coupling of glutamic acid and L-cysteine to form S'-glutamyl-cysteine. The enzyme can 
be measured both spectrophotometrically and by a High Pressure Liquid Chromatography 
(HPLC) method which is discussed in the HPLC section. The spectrophotometric method 
used was that of Rathbun and Gilbert (1973), and run using a double beam and 
employing phosphoenolpyruvate, lactate dehydrogenase and pyruvate kinase to 

regenerate ATP.
Glutathione synthetase (5-L-glutamyl-L-cysteine: glycine ligase (ADP-forming)

EC 6.3.2.3.) in lens and retinal tissue extracts was measured using the method 
developed by Rathbun et al1, (1977).

Glutathione-S-transferase (EC 2.5.1.18) catalyzes the reaction of potential 

alkylating agents with the sulphydiyl groups of glutathione by neutralising their 
electrophilic sites and rendering the products more water soluble. Glutathione 

transferase activity was determined by the method developed by Habig et al., (1974) 

and Pabst et al., (1974), and modified by Saneto et al., (1980) to measure 
glutathione-S-transferases in the bovine lens.

The spectrophotometric method for measuring glutathione peroxidase (Glutathione:
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hydrogen-peroxide oxidoreductase EC 1.11.1.9.) by Hochstein (1968) and Prohaska 

(1976) involves the coupling of glutathione peroxidase with NADH oxidation by 
glutathione reductase using cumene hydroperoxide as the substrate and to start the 

reaction. Glutathione peroxidase activity is a measure of the rate of NADPH 

oxidation at 340nm at 25°C.
Glutathione reductase (NAD(P)H: oxidized glutathione oxidoreductase EC 1.6.4.2.) 

catalyses the reduction of oxidized glutathione by NADPH. The method used was 
described by Bergmeyer (1974) and required the addition of oxidized glutathione to 

start the reaction.

3.2. RADIOISOTOPIC ENZYME ESTIMATIONS:
a)Hexokinase:
The radioactive method for measuring hexokinase was employed when low activities or 

optically dense extracts did not permit the use of the spectrophotometric method.

The method developed by Walters and McLean (1968), relies on the production of 14CC>2 

from [ l - 14C]glucose in the presence of excess ATP/NADP+, glucose 6-phosphate 
dehydrogenase and 6-phosphogluconate dehydrogenase. Lenses were homogenised in 
sucrose, triethanolamine (TRA) buffer pH 7.0. 20pl of the whole homogenate was added 
to the assay mix in flasks containing centre wells and incubated for 30 minutes. The 
reaction was stopped with 0.2mls 5M HC1 and 0.5mls Scintran1̂ methanol (1:4) injected 
into the centre well to collect 14CC>2 for 1 hour. The scintran was transferred to 
insert vials, the centre wells washed with 1.5mls methanol and 4.5mls of scintillant 
(Optiphase "safe"^; all transferred to the same vial and 14CC>2 was counted in a 
Beckman scintillation counter LS 5000CE.
b)Complex II: Orotate phosphoribosyl transferase and Orotidylate decarboxylase:
Complex II is a complex containing orotate phosphoribosyl transferase (orotidine 5 '- 

phosphate: pyrophosphate phosphoribosyl transferase EC 2.4.2.10.) and orotidylate 
decarboxylase (orotidine 5'-phosphate carboxylase EC 4.1.1.23.), this is the second 

multi-enzyme complex in the de novo pathway of pyrimidine synthesis. The radioactive 

method developed by Brown et al., (1975) relies on maintaining the two enzymes as a 

complex. Phosphoribosyl pyrophosphate (PRibPP) in the presence of [14C- 

carboxyljorotic acid converts to an intermediate, orotidine monophosphate, which, in 
the presence of orotidylate decarboxylase, produces uracil monophosphate (UMP) and 

14COz. 14CC>2 was collected in a centre well containing 0.5mls Scintran-methanol 
(1:4). After an equilibration time of one hour the scintran was washed with 1.5mls 

methanol, transferred to a vial and 4mls of scintillant added to each vial and 14C
was counted in a Beckmann LS5000 SE scintillation counter.

c) Uracil Phosphoribosyl Transferase:
Uracil phosphoribosyl transferase (UMP: pyrophosphate phosphoribosyl transferase EC
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2.4.2.9.) (UPRTase) is a pyrimidine recovery pathway enzyme which converts uracil 

and 5-fluorouracil, to uracil monophosphate (UMP) or 5-fluorouracil monophosphate 

(5-FUMP) respectively, by a direct reaction with phosphoribosyl pyrophosphate 

(PRibPP). The method for measuring UPRTase activity is a radioactive method 

dependent on electrophoretic separation as developed by Kizaki and Sakurada (1976).

The assay mix contained 5-fluoro[6-14C]uracil, PRibPP and thymidine 5'-triphosphate 

(TTP), which was necessary to stop the breakdown of UMP. Maximal activity for the 

enzyme was achieved by using 5-fluoro[6-14C]uracil at pH 10. Lens samples contain a 
high protein concentration therefore special attention was focused on the degree of 

precipitation. 10pl of 4N formic acid was found to be inadequate, 20pl of IN 

perchloric acid was a more efficient precipitant. The electrophoretic separation was 
carried out using a Shandon electrophoresis unit and cellulose acetate strips. The 

tank buffer used was 0.1M Tris-HCl pH 8.0 and the cellulose acetate strips were 
soaked in lOmM Tris-HCl pH 8.0 buffer. The strips then had the excess buffer removed 
and a 5pl aliquot of the supernatant of the assay mix was loaded onto a baseline of 
5yl of carrier solution (2mM F-UMP and 2mM 5-fluorouracil). The samples were run for 
90 minutes at 150 volts at 4°C. At the end of the run the strips were cut into 
eleven equal portions and each section was put into 4mls of Optiphase "safe"^ and 
counted in a scintillation counter.
Each strip has at the baseline 5-fluoro[6-14C]uracil which has no charge therefore 
does not migrate under an electric field. The peak of radioactivity which does 
migrate is the product F-UMP which has a negative charge therefore migrates towards 
the anode.
3.3. OXYGEN ELECTRODE: 

a) Catalase:

Catalase (hydrogen peroxide: hydrogen peroxide oxidoreductase EC 1.11.1.6.) 
catalyzes the enzymatic decomposition of hydrogen peroxide to water and oxygen, and 

is capable, in the presence of a steady supply of hydrogen peroxide, of inducing 

peroxidase-type reactions with alcohols. Catalase can be measured 

spectrophotometrically as described by Bergmeyer (1974) by the decomposition of H 2O2 

as followed by the decrease in its extinction at 240nm. A more sensitive and simple 

method uses the oxygen electrode to measure the liberation of oxygen. lOOpl of whole 
homogenate was treated with 10% triton and added to 2mls of 50mM potassium phosphate 
buffer pH 7.2, allowed to equilibrate, then lOOpl of H2O2 (final concentration 30mM) 
was injected and the increase in O2 monitored on a calibrated chart recorder.
3.4. HIGH PRESSURE LIQUID CHROMATOGRAPHY (HLPC):
a) Glutamyl-cysteine synthetase activity was determined by the method of Denna and 

Kula (1986), using HPLC. This method measures the quantity of 5,5'-dithio-bis-(2-
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nitrobenzoic acid) (DTNB) derivatized products of the synthesis reaction, that is, 

cysteine, 5-glutamylcysteine and glutathione in the incubation mixture without any 

prior separation of substrates and by-products. Lens and retinal tissue was 

prepared as previously described, then added to the incubation mixture containing 

40pmoles Tris-HCl, 4pmoles magnesium chloride (MgCh), lOpmoles L-glutamate sodium 
salt, 4pmoles L-cysteine, 2umoles dithiothreitol (DTT), 2pmoles adenosine 

triphosphate (ATP), lOpmoles phosphoenolpyruvate and 10pl concentrated pyruvate 

kinase in a volume of 1 ml and incubated for 30 minutes at 37°C. Blanks were 

obtained by omitting ATP from the incubation mix. After 30 mins the assay mix was 

placed in a 95°C water bath for 2 mins to stop the reaction. The protein was removed 

by centrifugation at 20000g mins. Glutathione and 5-glutamylcysteine were 
derivatized using 15pl of 0.2M DTT and lOOpl 200mM DTNB (dissolved in water and the 
pH adjusted to 8 with NaOH). The derivatized samples were separated on a Beckman 
system Gold HPLC combined with a Beckman 506A autosampler, a 280nm wavelength UV- 
monitor and an IBM compatible computer integrator.
The separation of 5-glutamylcysteine and glutathione was carried out at a constant 
temperature of 20°C on an ODS (0.46cm x 25cm) column monitoring the effluent at 
280nm at a flow rate of 1.5 ml/min. Solvent A was 0.023M ammonium formate, pH 5.0 
and was used for column equilibration and sovent B, the eluting solvent was methanol.

The elution of the DTNB derivatives was performed by using a linear gradient to 10% 
solvent B within 5 mins followed by isocratic elution with 10% solvent B for 5 mins. 
Regeneration of the column was carried out by increasing solvent B to 30% for 8 min 
and equilibration with solvent A for 5 mins.

4. METABOLITE ESTIMATIONS.

4.1. SPECTROPHOTOMETRIC ASSAYS:
Metabolites were assayed according to the standard enzyme-linked methods described 

by Bergmeyer (1974). The principle of these metabolite estimations are summarised in 
Table 1. Metabolites were measured by following the reduction of NAD+/NADP+ or the 
oxidation of NADH/NADPH in a Pye Unicam SP8-200 or an LKB Ultrospec 4000 

spectrophotometer at 25°C and a wavelength of 340nm.
Sorbitol was assayed spectrophotometrically with soluble NAD+-dependent sorbitol 
dehydrogenase as described by Bergmeyer (1974), with an excess of NAD+ at pH 9.5. 

Total glutathione determination involved the recycling of reduced glutathione via 
DTNB which is present in excess with glutathione reductase as developed by Owens and 
Belcher (1965). The amount of glutathione is determined by the rate of reduction of 

DTNB+ to DTNBH at 412nm. Each assay mix is standardized using oxidized glutathione.
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TABLE 1: A summary of the reactions employed in the assay of steady state 
metabolites.

Metabolites were assayed as described in Bergmeyer (1974). To achieve maximum use of limited 
quantities of sample several metabolites can be linked in one assay.

METABOLITE REACTION PRINCIPLE ENZYME

06P G6P + NADP*----------— > 6PO +NADPH 06PDH

F6P F6P --------------------- G6P POI

OIP OIP -------------------------->G6P POM

S7P S7P+ OAP -------------—>• F6P + E4P TA

PYR PYR + NADH + H* ~ —> LAC + NAD* LDH

PEP PEP + ADP ------------- — > PYR + ATP PK

2PO 2PO ----------------------—» PEP + HiO ENOL

3PO 3PO ----------------------—> 2PO POM

LAC LAC + NAD* ----------- -> PYR + NADH + H* LDH

aOP aOP + NAD* ----------- NADH + DHAP + H* ODH

MALATE MALATE + NAD* ---- — > OAA + NADH + H* MDH

OLUCOSE GLUCOSE ------ > G6P + NADP* ----- > 6PO + NADPH HK
Q6PDH

FRUCTOSE FRUCTOSE ----- > F6P HK

F6F ---------> G6P + NADP* -------► 6PO + NADPH POI, 06PDH

ALANINE ALANINE+ aKO ---- }► PYR + NADH —» LAC + NAD* OPT, LDH

The reactions employed in the estimation of the metabolites in Table 1 were measured 
by following the reduction of NAD*/ NADP* or the oxidation of NADH/NADPH in an LKB 
Spectrophotometer or a Pye-Unicam P-200 Spectrophotometer at 25°C at a wavelength of 340nm.
See list of abbreviations.



Reduced glutathione is measured using the method described in Bergmeyer (1974), 

reduced glutathione reacts quantitatively with methyl glyoxal in the presence of 

glyoxalase to give S-lactyl-glutathione which is monitored at 240nm.

Oxidized glutathione was measured using the method by Griffith (1980) using 2- 

vinylpyridine which reacts with reduced glutathione at a slightly acidic pH where 
the spontaneous formation of glutathione disulphide is minimal. Total glutathione is 

measured as described by Owens and Belcher (1965) in an aliquot of the sample and in 
another aliquot 2-vinylpyridine is added, left at room temperature for 30 minute and 
then the total glutathione measured. The difference in the two readings will be 

equivalent to the amount of reduced glutathione.

4.2. RADIOISOTOPIC METABOLITE ESTIMATIONS: 

a) Phosphoribosyl Pyrophosphate (PPRibP):
Lenses (4) or retinas (8) were homogenised (1:5) in hot 0.1M potassium phosphate,

ImM ethylenediamine tetraacetic acid (EDTA) buffer pH 7.4, in a boiling water bath, 
heated for 5 minutes at 95°C, then put onto ice. An aliquot of the supernatant 
obtained by centrifuging at 20000 g mins supernatant was assayed. The assay mix 

contained lOmM potassium phosphate pH 7.4 buffer, 4mM magnesium chloride (MgCh),
0.2mM orotic acid, 0.2uCi [14C-carboxyl]orotic acid and an enzyme mix of orotate 
phosphoribosyl transferase (OPRTase)/orotidylate decarboxylase (ODCase) (3mg/ml) and 
400pl of supernatant. The assay was carried out in centre-well flasks and started 
with the addition of the enzyme mix, incubated in a shaking water bath for 10 
minutes at 37°C and the reaction was stopped with 0.5mls 2N H 2SO4 . The 14C02 
released was collected in 0.5ml Scintran-methanol (1:4) injected into the centre 
well. The Scintran was washed with 1.5mls methanol, transferred to a scintillation 
vial, 4mls of Optiphase "safe"- added and 14CC>2 counted in a Beckman Scintillation 
counter 5000CE for 5 minutes. A blank containing water instead of extract and a 
lnmole standard of phosphoribosyl pyrophosphate were assayed in parallel with the 
extract incubations.

4.3. BIOLUMINESCENT ASSAYS:

a)Adenosine triphosphate (ATP):

ATP levels were measured by a bioluminescence method using an ATP monitoring kit 
(Bio-Orbit U.K. Ltd. Berkshire). The bioluminescence technique has a detectable 

range for ATP levels from 10-11 to 10*6 M. An LKB-Wallac 1250 Luminometer was used 

to detect the light resulting from an enzyme reaction catalysed by Firefly
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luciferase. The reaction is:

ATP + Luciferin + O2 -> Oxyluciferin + AMP + PPi + CO2 + Light 

The assay system was calibrated with an ATP standard which was used as an internal 
standard with each sample. The ratio of reconstituted monitoring reagent volume to 
the final volume of the assay sample is 1:5. The monitoring reagent contains Firefly 

luciferase, D-luciferin, 50mg bovine serum albumin, 0.5mmole magnesium acetate and
O.lpmole inorganic pyrophosphate. The sample was extracted in acid as described in 

the preparation of homogenates, it was not necessary to adjust the pH of the 
homogenate for this measurement.

b)Reduced Nicotinamide Adenine Dinucleotide Phosphate (NADPH):

The measurement of reduced nicotinamide adenine dinucleotide phosphate (NADPH) over 

the concentration range of 10~10 to 10-7 M was carried out using an NADPH 
bioluminescence kit (Bio-orbit U.K. Ltd. Berkshire). The bioluminescent assay relies 

on the constant level of light generated from two coupled reactions:
NADPH + FMN + H+ -> NADP+ + FMNH2 (Enzyme: NADPH: FMN oxidoreductase) 

FMNH2 + RCHO + O2 -> FMN + RCOOH + H 2O + light (Enzyme: Luciferase)
The NADPH levels are directly proportional to the light emitted as measured using 
an LKB-Wallac 1250 Luminometer. Each assay included an internal calibration of an 
NADPH standard. The monitoring reagent contained luciferase, NADPH: FMN 
oxidoreductase, FMN (5xl0_8moles), bovine serum albumin (lOmg) and decanol.
The samples were prepared using the alkali extraction described in the tissue 
preparation section.

4.4. FLUOROMETRIC METABOLITE ESTIMATIONS: 

a)Malondialdehyde (MPA):
The presence of lipid peroxidation products was determined using a modification of 
the thiobarbituric acid (TBA) fluorescence method of Yagi (1987). Malondialdehyde 

standards from (l,l,3,3,)tetramethoxypropane were prepared from a stock solution 

prepared in 1% sulphuric acid, at concentrations ranging from lOOpmoles to lOnmoles.

A stock solution of 0.53% TBA was dissolved in lOOmls NaOH and the pH adjusted 

to 3.5 with acetic acid and filtered prior to use. Each lens was homogenised in 1ml 

10% trichloroacetic acid (TCA), centrifuged at 20000g mins and 1ml of the 
supernatant added to 1ml of TBA reagent. This mixture was incubated for 60 minutes 

in a water bath at 85°C, cooled on ice for 15 minutes, then 4mls of butanol were 
added and the sample vortexed. In order to separate the aqueous and nonaqueous 
layers the samples were centrifuged at 25000g mins in a Beckman J6-B centrifuge. The 

butanol layer was taken for fluorometric measurements at an emission wavelength of
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553nm and an excitation wavelength of 510nm using a Perkin Elmer LS5 Fluorimeter.

4.5. HIGH PRESSURE LIQUID CHROMATOGRAPHY (HLPCV.

a) Measurement of Nucleotides and Nucleotide Sugars: Lenses were homogenised in

0.5ml of 0.5N perchloric acid, centrifuged at lOOOOg minutes and the extracts 

neutralized with 1M triethanolamine and KOH. The potassium perchlorate was removed 

by centrifugation at lOOOOg minutes and the entire sample, following filtration 

through a 0.2p nylon filter (Whatman), was applied to the HPLC column.

Nucleotide sugars were separated on a Spherisorb amino column 4.6 x 25cm (Phase 
Separation) at room temperature using a Gilson 714 gradient system. Samples were 

eluted at a flow rate of 1 ml/minute, with a concave gradient formed by an initial 
buffer of 0.08M potassium phosphate pH 2.8, containing 35% acetonitrile, and a final 

buffer of o.8M potassium phosphate pH 3.6 over a period of 110 minutes, which 

included a 10 minute wash and re-equilibration. Nucleotide peaks were detected by UV 
spectrophotometry at 254nm and their areas estimated from standards using Gilson 714 
integration software. Peaks were identified by comparison with the retention time of 
purified standards. The method used for separating nucleotides and nucleotide sugars 
was an adaptation of the method of Cortes et al., (1982).

4.6. ULTRA WEAK CHEMILUMINESCENCE:
The use of ultra weak chemiluminescence to measure the decay of singlet oxygen 
(O2) to the ground state is now an established procedure (Boveris et al., 1981;
Cadenas, 1984; Iwaoka et al., 1987). The detection of singlet oxygen by ultra weak 
chemiluminescence requires highly sensitive photon detection equipment, thermo- 
electrically cooled to eradicate as much as possible of the electrical dark current 

inherent within the photomultiplier tube (see Figure 9). The basis of this 

instrument is to direct photons from a chamber containing the sample containing 
light emitting radicals which is set within a light tight housing onto a highly 

sensitive gallium arsenite photomultiplier tube (PM) which has been 

thermoelectrically pre-cooled to -20°C to reduce the background dark current to a 
minimum (5-10cps). This was accomplished by the orientation of mirrors and lenses 

within the housing to achieve as close to 4pi optics as is technically feasible. The 

sensitivity and quality of the components of the apparatus has to be of the highest 

order to achieve accurate and efficient counting. Therefore the most sensitive 
photomultipliers and rapid pulse time rating of electronics is necessary. The main 
sources of error were 1) stray light entering the thermostated housing and 2) 
interference from unsuppressed electrical equipment on the same mains circuit. The
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FIGURE 9: ULTRA WEAK CHEMILUMINESCENCE MONITOR:
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first can be erradicated by performing measurements in a cooled darkened room with 

the equipment enclosed in a ventilated blackened compartment, the second by using a 

power source for all components of the apparatus in which a current filtered 

circuit, separate from other equipment is used.

a) Lipid Peroxides:

Lipid peroxidation has been implicated in the cause of secondary damage in many 

diseased states, such as atherosclerosis and diabetes mellitus, as a result of an 

initial free radical assault. A method was developed to measure lipid peroxidation 

reactions generated in arachidonic acid and linoleic acid standards, and in retinal 
lipid extracts by soybean lipoxygenase Type I.

Soybean lipoxygenase Type I (EC 1.13.11.12.) catalyzes the oxidation of
polyunsaturated fatty acids containing a l,4-cis,cis-pentadiene system to a
pentadienyl radical intermediate. In order to confirm the viability of the
lipoxygenase and the lipid extract, diene conjugation was measured in 3mls 5pM
lipid standard or retinal lipid extract, after the addition of 30pl lipoxygenase
(lmg/2mls 0.1M Tris-HCl pH 9.0) at 235nm on a Pye-Unicam SP8-200 Spectrophotometer
(Recknagel and Glende, 1984).

A method was developed for measuring the potential lipid peroxidation reactions 
using a combination of methods described by Laakso et aL, (1984) and Yamamoto et 
al., (1987). Lipoxygenase was used to initiate lipid peroxidation in the samples and 
the resulting emission of chemiluminescent light was measured by an ultra weak 

chemiluminescent detector. The generation of free radical intermediates by 
lipoxygenase was coupled to the oxidation of luminol and microperoxidase to enhance 

chemiluminescence (Eskola and Laakso 1983; Boveris et al., 1980). The assay 
contained 0.1M borate buffer pH 9.5, ImM luminol, microperoxidase (lmg/20mls) and 
varying concentrations of lipid extract, at 37 °C. The resulting peak of light was 
expressed as peak area and related to the standard curves obtained for the lipid 
standards.

5. IN  VITRO  TECHNIQUES:

An in vitro technique for studying lens metabolism was first proposed by Merriam and 

Kinsey (1950) and later confirmed (Chylack and Kinoshita 1969; Creighton et al.,
1980) as a suitable model to study the changes in lens metabolism and conditions 

leading to the development of diabetic cataract. In order to maintain lens clarity 
and osmotic integrity of the rat lens in vitro, two different types of media are 

required depending on the time length of the incubation. Incubations of up to 4 

hours were maintained in Krebs-Ringer bicarbonate buffer pH 7.4 (Merriam and Kinsey,
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1950) and time periods of 4 to 48 hours required Medium 199 containing Earle's 

modified salts with L-glutamine without phenol red, supplemented with 10% foetal 

calf serum and antibiotics (Gibco, Paisley, U.K.) (Creighton et al., 1980). The 

media was replaced asseptically every 12 hours. The lens was dissected, weighted and 

placed into flasks containing media pregassed for 30 minutes with O2/CO 2 (95%/5%), 

and normal (lOmM) or high (50mM) glucose. Incubations were kept at 37°C in a 

waterbath without shaking for 1 to 24 hours. At the end of the incubation time 
lenses were removed, rinsed in saline, freeze-stopped in liquid nitrogen and stored 
at -70°C until required for metabolite estimations.
This technique was used to investigate changes in lens metabolism induced by various 
oxidative insults. They were:

1) The effect of varying concentrations of hydrogen peroxide (H2O2) or tertiary- 
butylhydrogen peroxide on lens metabolism when incubated in normal or high glucose 

concentrations.
2) The effect of hypoxic conditions compared with normoxic conditions by gassing 
with either O2/CO 2 (95%/5%) or air/CC>2 (95%/5%) under conditions of normal or high 
glucose.
3) The effect of altering glutathione content in the lens by a) increasing 
glutathione concentration by adding glutathione-ester to the media, and b) 
decreasing glutathione content by pre-incubating with diamide or buthionine 
sulphoximine (BSO).

6. GLUCOSE FLUX STUDIES:

a) Measurement of glucose oxidation to carbon dioxide using differently labelled 
glucose.

All lenses were incubated in Krebs Ringer bicarbonate buffer pregassed with O2/C O 2 

(95%/5%) containing lOmM or 50mM glucose. The lens from one eye of the rat was 
incubated in lOmM or 50mM glucose and the lens from the other eye was incubated in 
the same glucose concentration with the addition of phenazine methosulphate (PMS).
In each incubation lpCi of [1-14C]-, [2-14C]-, [6-14C]-, [3,4-14C]-, or [U-14C]- 
glucose was added in the presence of lOmM or 50mM glucose in a final volume of 4mls. 
The stoppered flasks were gassed for 10 minutes and incubated for a further 60 

minutes in a 37°C water bath. After this time the incubation was stopped with the 

injection of 0.2mls of 5N HC1 and 0.5mls of scintran^methanol (1:4) was injected 

into the centre-well to collect the released 14CC>2 . After an hour of equilibration, 

the scintran with the 0.75mls of methanol used for washing the centre well, were 

transferred to a vial and 5mls of scintillant, Optiphase "safe" was added.
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b) Measurement of Tritium exchange between glucose and water.

The incubation containing lpCi of [2-3H]glucose did not contain a centre well and 

the reaction was stopped with the addition of 0.5mls 10% TCA and the whole 

incubation frozen in liquid nitrogen. 3H 2 0  was vacuum distilled from the incubation 
mix by the method of Hutton (1972) and 400iil of the distillant added to 5 mis of 
Optiphase "safe".

c) Measurement of glucose transport.
2-Deoxy[2-3H]glucose uptake was measured using the same incubation procedure. However 

centre wells were not required. At the end of the incubation time, the tissue was 
removed, washed thoroughly with saline, homogenised in 3mls of 10% TCA and 
centrifuged at 25000g mins in a Beckman J-6B centrifuge and the supernatant added 

to 15mls of scintillant. The radioactivity of the total sample was determined using 
a Beckman Scintillation Counter Model LS 5000CE.

d) Measurement of radioactively labelled lactate derived from labelled glucose.

Lenses were incubated in [U-14C]- or [ l - 14C]-glucose as previously described and the 
reaction was stopped by freezing the whole incubation mixture including the lens in 
liquid nitrogen. The mixture was thawed and the lens homogenised in the 4mls of 
incubation media. In order to separate the radiolabelled lactate from the 
radiolabelled glucose and other contaminants present, an ethanol extraction was 
preferred ; and lactate was separated from other labelled compounds by ion-exchange 
chromatography as described by Kuehn and Scholz (1982). An aliquot of 1ml of the 
homogenate was added to 5mls of ethanol, mixed thoroughly, centrifuged at 25000g 
mins and 5mls of the ethanol extraction dried under nitrogen. The residue was 
resuspended in 5mls of water and 4mls loaded onto an acetate form Dowex 1X8 (10mm x 
40-50mm) column pre-washed with water. The column was washed with 25mls of water, 
25mls of eluate was collected and an aliquot counted to determine the percentage of 
recovery, this first wash contained all the labelled compounds except lactate. The 
second wash was with 20mls of 2M acetic acid, the total 20 mis collected contained 
radiolabelled lactate and was dried under nitrogen. To the dried labelled lactate
15mls of scintillant was added, vortexed thoroughly and the 14C counted in a 

Beckman Scintillation Counter LS 5000CE. Flux rates were expressed as pmoles/g 
lens/hr.
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7. INTERPRETATION OF RADIOLABELLED GLUCOSE FLUX RESULTS:

The flux of glucose through various pathways in the lens can be approximated by 

using a wide range of specifically labelled glucose. This method has greatly 
contributed to our fundamental understanding of glucose metabolism in the lens, 

through the measurement of a) 14CC>2 and 3H20 released (Kinoshita and Wachtl 1958: 
Van Heyningen 1965: Giblin, Nies and Reddy 1981: Gonzalez et a lt 1986: Varma et 
al,., 1987) or b) the measurement of labelled glucose metabolites (Wolfe et al.,
1985).

The initial flux studies on the activity of the pentose phosphate pathway (Bloom et 
a l 1953: Blumenthal et aL, 1954) provoked the generation of various critical 

reviews of the methodology, the most notable by Wood (1955) and Katz (1961) which 

highlighted some of the imperfections of the measurement. Katz (1961) presented a 
thorough analysis of the interpretation of the flux results, which takes into 

account, to some degree, the recycling of intermediates and the changing pool size 
of these intermediates. Although at first this analysis seems complicated it gives a 
more detailed analysis of glucose flux than previously described, since it does take 
into consideration specific activities rather than the counts per minute. The carbon 
flux through various metabolic pathways was calculated in this study from the 
released 14CC>2 or 3H20 taking into account the specific activity of glucose and 
recycling of the pentose phosphate pathway, as described by Katz et al, (1966) and 
Hothersall et al., (1979).
This method was used to demonstrate or highlight any changes in the channelling of 
glucose carbons through the alternative metabolic routes due to oxidative stress or 
conditions where the metabolic demand is shifted and how this shift is accommodated. 
Glucose, once it enters the glycolytic pathway, is able to enter the pentose phosphate 
pathway as glucose-6 phosphate or it is able to proceed through glycolysis to 

produce two pyruvates which may either be converted to lactate, or can, through the 

action of pyruvate dehydrogenase, be converted to acetyl-CoA and then enter the 

tricarboxylic acid pathway or lipogenesis. To evaluate glucose flux a number of 
aspects must be considered (see Figure 10):

1. The equilibrium obtained between dihydroxyacetone phosphate and glyceraldehyde-3- 

phosphate at the triose isomerase step in glycolysis.
2. The activity of the tricarboxylic acid cycle.

3. The degree of recycling occurring in the pentose phosphate pathway.
4. The production of acetyl-CoA from pyruvate.

5. The preferred direction in the reversible reaction between glucose-6-phosphate 
and fractose-6-phosphate.
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FIGURE 10: Fate of radiolabelled carbons of glucose in metabolism.
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6. Lactate production with respect to glucose equivalents and pyruvate breakdown to 

acetyl-Co A.
Glucose is split by aldolase into two 3-carbon components which are 

interconvertible, dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3 phosphate 

(GAP) due to the action of triose phosphate isomerase and are assumed to be in 

equilibrium. These 3-carbon components are converted to two pyruvates consisting of 

carbons 1,2,3 and carbons 4,5,6. Pyruvate dehydrogenase releases carbons 3 and 4 as 
CO2 and two acetyl-CoA's consisting of carbons 1,2 or 5,6, which may be channelled 

into the TCA cycle. Carbons 1 and 6 are released as CO2, or into lipogensis. All the 

glucose will not be directly metabolized by glycolysis and by the TCA cycle.
Depending on the metabolic demand the six carbon derivatives of glucose can be 

channelled into the pentose phosphate pathway where carbon-1 is released by 6- 
phosphogluconate dehydrogenase as CO2 . The remaining carbons are recycled to 
regenerate glucose-6 phosphate, for every three glucose-6 phosphates that enter the 

pentose phosphate pathway two molecules of glucose-6 phosphate are recycled and one 
molecule of glyceraldehyde-3 phosphate from carbons-4,5,6 is fed into the glycolytic 
pathway, and never be released as CO2 in the pentose phosphate pathway. The recycled 
glucose-6 phosphate undergoes a shift in its carbons positions due to translocation 
by transketolase and transaldolase. The original carbon-2 is moved into position-1, 
carbon-3 into position-2 and on the second cycle the original carbon-2 is released 
as CO2 and the original carbon-3 is moved into position-1.
The use of [ l - 14C]-glucose and [6-14C]-glucose enables the estimation of the TCA 

cycle: pentose phosphate pathway activity ratio. If it is assumed that the trioses 
were in equilibrium and the sole glucose flux was through glycolysis and the TCA 

cycle the C1:C6 ratio would be 1. If the triose equilibrium favoured either GAP or 
DHAP this ratio would be higher or lower, but either way both would be an 

underestimate of the activity since the pool size of one of the intermediates would 
be increasing. When the activity of the pentose phosphate pathway is taken into 

account, the C1:C6 ratio can greatly exceed 1 due to the recycling of carbon units by 

the pathway. The greater the C1.C6 ratio the greater the pentose phosphate pathway 
activity. [ l - 14C]-glucose activity is considered to be a measure of glycolytic, TCA 
and PPP activity and [6-14C]-glucose is a measure of the TCA cycle activity which in 
the lens has been found to be negligible (Kinoshita et al1, 1958). The pentose 
phosphate pathway activity is approximated by:

[ l - 14C]glucose -  [6-14C]glucose 

The theoretical maximal activity of the pentose phosphate pathway can be achieved 
experimentally by the addition of phenazine methosulphate (ImM PMS) which reoxidizes 
NADPH thus ensuring that the pentose phosphate pathway is not limited by a decreased
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supply of NADP+. The fully activated pentose phosphate pathway activity is measured 

by:
([ l-14C]glucose+PMS) -  [6-14C]glucose + PMS 

The degree to which PMS stimulates the pentose phosphate pathway is calculated by: 

([ l-14C]glucose+PMS) -  [6-14C]glucose)/([l-14C]glucose -  [6-14C]glucose)

In determining the total pentose phosphate pathway activity it is necessary to 

evaluate the amount of recycling (Katz et al1, 1963). This can be determined through 

the use of glucose labelled on carbon-2. The PPP is a cyclic process which consumes 

3 molecules of glucose-6 phosphate to reform 2 molecules of glucose-6 phosphate, one 

molecule of glyceraldehyde-3 phosphate and three molecules of CO2 . In this series of 
reactions carbon-1 is released by 6-phosphogluconate dehydrogenase and carbon-2 is 

shunted into the carbon-1 position by a series of transketolase and transaldolase 
transfers. That is, the original carbon-2 and -3 are shunted into positions 1 and 2 
respectively and carbons-4,5,6 remain in position. Therefore in the next turn of the 
cycle the original carbon-2 is released as CO2 from its new carbon-1 position by 6- 
phosphogluconate dehydrogenase. In the lens the use of [2-14C]glucose as a measure 
of the recycling of the pentose phosphate pathway is quite feasible since there are 
no alternative routes for [2-14C]glucose metabolism, as in the retina which has an 
active GABA-shunt pathway. The maximal recycling of this pathway can be measured 
using [2-14C]glucose in the presence of PMS. In theory, in tissues with a high PPP 
activity the rate of 14CC>2 released from [2-14C]glucose is approximately half of the 
rate at which [ l - 14C]glucose releases 14CC>2, since the greater the rate of recycling 
the greater the dilution of the pool of labelled glucose-6 phosphate formed directly 

from the labelled glucose. The recycling of the pentose phosphate pathway in the 
lens is calculated by:

[2-14C]glucose -  [6-14C]glucose 

In other tissues this approximates the glutamate-GAB A pathway which is not present 
in the lens. The total pentose phosphate pathway activity is calculated taking into 
account the degree of recycling:

([ l-14C]glucose+PMS) -  [6-14C]glucose)+([2-14C]glucose + PMS - [6-14C]glucose) 
The accumulation of data from [1-14C]-, [2—14C]- and [6-14C]-glucose gives an 
indication of the flux through glycolysis, the pentose phosphate pathway, the degree 
of recycling of the pentose phosphate pathway and the flux through the tricarboxylic 
acid cycle respectively, but these values don't consider the decarboxylation of 
pyruvate by pyruvate dehydrogenase nor any other limiting steps in glycolysis. It is 
in this former decarboxylation step that pyruvate is converted to acetyl CoA 

whereupon it is channelled into the TCA cycle or lipogenesis. In the lens pyruvate 

can either be converted to lactate, or pyruvate, releasing carbons 3 and 4 from the
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derived pyruvates consisting of carbons 1,2,3 or 4,5,6. Therefore metabolism via the 

glycolytic route and decarboxylation at the pyruvate dehydrogenase reaction is 

measured using 14CC>2 release from [3,4-14C]glucose.
The phosphoglucose isomerase reaction, which is an indicator of glucose 
phosphorylation, that is, the rate of conversion of glucose-6 phosphate to fructose- 

6 phosphate or vice versa. This can be determined by using [2-3H]glucose and 
measuring the amount of 3H 2 0  released when tritium is exchanged with water in this 

reversible reaction. The result of this exchange indicates the direction of flux 
either through the pentose phosphate pathway (PPP) or glycolysis. If glucose 6- 
phosphate is being rapidly removed and used in the PPP the value for tritium 
exchange will be relatively low whereas if glycolysis is active the value for 
tritium exchange will be increased.
The measurement of 2-deoxy[2-3H]glucose uptake determines glucose transport, since 
2-deoxyglucose is transported into the cell via the same mechanisms as glucose. This 

type of information is important when glucose flux is being measured in tissues 
incubated in high and low glucose concentrations.
Of considerable importance in a tissue such as lens is the flux of glucose to 
lactate as most of the energy is derived from anaerobic metabolism. To evaluate the 
amount of radiolabelled glucose which is converted to lactate, lenses were incubated 

in [1—14C]— or [U-14C]-glucose, after the incubation the lactate in the media and in 
the lens was extracted with ethanol and separated from all the other radiolabelled 
metabolites by ion-exchange chromatography. The resulting [1-14C]- or [U-14C]- 

lactate gave an indication of the glucose equivalents converted to labelled lactate 
in the lens, which, when compared to the 14C02 released by the corresponding label 
gives an indication of glucose flux.

8. TISSUE CULTURE:

Bovine lens epithelial cells were cultured by the method described by Piper et al1, 
(1990).
The bovine eyes were obtained from Zifs Abbatoirs, Bow, London and were transported 

to the laboratory in sterile Hank's calcium free media. The eye was dissected by 

cutting radially from the optic nerve to the edge of the iris, the vitreous humor 
removed and the edge of the lens carefully teased from the cilary body and the lens 

lifted out of the cornea basin holding the aqueous humor. The lens was then placed 

with the anterior surface facing upwards and the iris carefully teased from the edge 
of the lens, leaving the anterior surface of the lens clean. The lens epithelial 

layer was carefully peeled from the edge of the lens as a whole sheet and placed
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with the cell layer downwards onto the cell culture dish. The lens capsule was 

covered with lOOpl of culture media and incubated at 37°C in a 5% CO2 incubator. The 

culture media contained Medium 199 with Earle's salts, 20% foetal calf serum, 5ug/ml 
amphotericin B, lOOIU/ml penicillan and 100jig/ml streptozotocin. When the lens 
epithelium had adhered to the tissue culture dish (approximately 6-12 hours) 1ml of 

culture media was added to the dish. The sheet of lens capsule was removed with 
forceps approximately one week later and the cells were trypsinized and replated 
into tissue culture flasks. The media was changed every 3 to 4 days and the cells 
were used when the 1st passage had reached confluence, 14 days after trypsinisation. 

Before use in the flux studies bovine lens epithelial cells were trypsinised, spun, 
resuspended in media and 200]il of the resuspended cells pipetted into wells 

containing glass coverslips, these cells were kept at 37°C in a 5% CO2 incubator for 
2 days before they were used for the experiment.

9. PREPARATION OF CELLS FOR THE ELECTRON MICROSCOPY STUDIES:

Bovine lens epithelial cells (1st passage) were trypsinized and resuspended into the 

tissue culture media and a 10pl drop of suspended cells placed on a 10mm coverslip.
The cells were incubated for 1 week by which time they had reached confluence.

The cells on the coverslip were fixed in 2% glutaraldehyde dissolved in 50mM 
phosphate buffer pH 7.2. The cells are dehydrated with alcohol, starting with 3 
minutes in 50% alcohol, soaking in 100% alcohol for 3 minutes, twice. The coverslips 
are then transferred into an Arklone (ICI):100% alcohol mix (50:50) for 5-10 
minutes, then transferred into 100% Arklone for 10 to 15 minutes. Arklone is used 

since it mixes with carbon dioxide (CO2) more readily than alcohol. The coverslips 
were transferred into a specimen boat for critical point drying in 100% CO2. The 
specimens were attached onto an aluminium stub using a silver conducting glue and 

coated with gold and palladium in a Polaron Sputter Coater, the thickness of the 
coating was approximately 200 A. The specimens were stored in a dessicator until 
required for scanning.

The fixed coverslips were scanned in a Joel JSM 35 Scanning Electron Microscope at 

20-30 Kvolts (KV).

10. MEASUREMENT OF HYDROGEN PEROXIDE LEVELS IN TISSUES.

a) Fluorometric Measurement of Hydrogen Peroxide. The fluorometric method used was 

developed by Baggiolini, Ruch and Cooper (1986). A lOmM stock hydrogen peroxide 
standard was diluted 1:1000 and lOOpl of this standard was measured
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spectrophotometrically at 230nm which gives an absorbance of 1.0. The fluorescence 

assay mixture consisted of 50mM potassium phosphate pH 7.4, 0.4mM homovanillic acid 

and 4 units/ml of horseradish peroxidase in a final volume of 2.5mls. Hydrogen 

peroxide standards, lOnM to lOmM were prepared and the fluorescence measured at an 
excitation of 340nm and emission at 425nm. The range of detection was from 0.1 to 

lOnmoles H 2O2 . This method was found to be non-reproducible and erratic when used 
with lens samples. This may be due to incomplete deproteinizationof the lens samples 

causing interference of the assay system. A blank containing buffer, homovanillic 

acid and H 2O2 was added to the cuvette and the fluorescence read in the fluorimeter, 
then the horseradish peroxidase added and the fluoresence measured. The assay is 

based on the oxidation of homovanillic acid (HVA) into a fluorescent dimer which is 

catalysed by horseradish peroxidase and depends on the hydrogen peroxide generated 
in the system.

b) Chemiluminescent Measurements of Hydrogen peroxide levels. After a failure to 
find a fluorescent method for determining hydrogen peroxide levels in lens, a method 

using luminol to enhance the signal emitted from decaying hydroxy radicals was 
pursued using either a luminometer or an ultra weak chemiluminescence detector (see 
Reactions 3-6 in the Methods section 3.1). The method was based on the method by 
Willoughby et al’, (1986). The final concentrations of luminol and horseradish 

peroxidase in the mixture were lOmM and 1 mg/40mls respectively. The mixture was 
stirred for 20 minutes in the dark to overcome any erratic background non-specific 
chemiluminescence.
Using an LKB-Wallac 1250 luminometer, 0.5mls of the assay mix in a cuvette was 
placed in the luminometer and a baseline taken, following this the hydrogen peroxide 
standard added.

11. DNA DETERMINATION:

Fluctuations in retina data caused us to review the units which we use to express 

this data. The rat retina is very small and fragile and also adheres to the vitreous 

humour which makes determination of its 'true weight' difficult. Normally results 
are expressed per gram of retina tissue, a more accurate and reproducible 

expression is per ng DNA. DNA can be accurately determined fluorometrically with 

high sensitivity and is subject to few interferences using the DNA binding dye,

Hoescht 33258. This method is suitable for measurements in whole cells, crude 
homogenates, deproteinized homogenates, pure DNA and DNA in gels. The range of 

detection is 0.3 to 1.5pg DNA/2mls. Hoescht 33258 is a bisbenzimidazole dye, 2—[2— 

(4-hydroxyphenol) - 6-benzimidazole]-6-(1-methyl-4-piperazyl)-benzimidazole
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trihydrochloride bought from Sigma Chemical Company (Poole, Dorset, U.K.).The method 

used was an adaptation of the method by Downs and Wilfinger (1983).

12. STATISTICAL METHODS:

The results are given as means + /- standard error mean (S.E.M.). Fisher's P values 

are calculated and considered significant if P < 0.05.
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RESULTS:

The following results have been divided into three sections.

1. In vitro metabolic studies of the lens in 1 hour or 24 hour incubations.

2. In vivo studies of lens and retina metabolism using a streptozotocin model of the 
diabetic condition.
3. Development of methodology for measuring free radicals and lipid peroxidation 
products.

1. IN  VITRO  MODEL OF THE DIABETIC RAT LENS.

1.1. ALTERNATIVE PATHWAYS OF GLUCOSE METABOLISM.

1.1.1 EFFECT OF PHENAZINE METHOSULPHATE AT NORMAL GLYCAEMIC LEVELS.

The various radiolabelled glucose fluxes in the incubated rat lens in lOmM glucose 
(normal) in the presence and absence of O.lmM phenazine methosulphate (PMS) are 
shown in Table 2. Lenses from paired eyes were used to allow comparisons between 
corresponding pairs, one lens being incubated in lOmM glucose without PMS, and the 
other with PMS.
a) Measurement of glucose transport. There is no significant difference in 2- 
deoxyglucose uptake in lOmM glucose when PMS is added to the media. This figure 
represents an equilibrium, as after 10 minutes, the initial burst, 2-deoxyglucose 
transport reaches a constant rate, as shown in Graph 1.
b) Measurement of glucose oxidation to*CC>2 using differentially-labelled glucose.
The data presented in Table 2 shows the rate of oxidation of carbons from 

specifically labelled glucose to 14CC>2 . Total glucose oxidation (CU) was 

significantly increased in the presence of PMS. An equivalent increase was observed 

for [ l - 14C]glucose (Cl), a measure of total glycolytic, tricarboxylic acid cycle,

and pentose phosphate pathway (PPP) activity and [2-14C]glucose (C2), again a 

measure of glycolysis and tricarboxylic acid cycle (TCA) activity, but also the 
recycling of the pentose phosphate pathway. Kinoshita et al., (1958) demonstrated 

that the activity of the tricarboxylic acid cycle in the rabbit lens is negligible, 
this is confirmed in the rat lens as shown in Table 2, by the rate of [6-14C]glucose 

(C6) metabolism. There is a small increase in the rate of 14C02 released from C6 in

67



lim
ol

es
 

2-
de

ox
y 

[2
-*

H
]g

lu
co

se
/g

GRAPH 1: RATE OF 2-DEOXY[2-3H]GLUCOSE UPTAKE IN THE LENS OVER 30 
MINUTES IN lOmM GLUCOSE.

3

2

1

Minutes



TABLE 2: ,+COz RELEASE FROM DIFFERENTIALLY LABELLED GLUCOSE BY WHOLE LENSES
INCUBATED IN lOmM GLUCOSE WITH OR WITHOUT THE ADDITION OF O.lmH PNS

lOmM Glucose lOmM Glucose Fisher's P
+ O.lnH PHS

poles/g/hour

2-Deoxy[2-5H]glucose 
Glucose mM

4.15
0.98

± 0.13 (6) 
± 0,09 (5)

3.79 + 0.11 (6) N.S.

Hexokinase * 9.70 + 0.47 (5)

[U- "C] glucose 
[1- '♦cjglucose 
[6- '♦C]glucose 
[2-14 C]glucose

0.211
0.130
0.019
0.050

+ 0.026 (6)
+ 0.017 (10) 
+ 0.002 (5)
+ 0.008 (8)

3.60
2.65
0.035
0.464

+ 0.259 (7)
+ 0.255 (12) 
+ 0.003 (4)
+ 0.031 (10)

***
***
**
***

P.P.P. Activity 
(C1-C6) 0.111 + 0.017 (5) 2.61 + 0.255 (4) ***

Recycling P.P.P. 
(C2-C6) 0.031 + 0.008 (5) 0.429 + 0.031 (4) ***

Total P.P.P.
(C1-C6)+(C2-C6) 0.142 + 0.021 (5) 3.04 + 0.281 (4) ***

P.P.P. Ratio 
(C1/C6) 6.86 76.6

Stimulation of P.P.P. by PHS 
((Cl+PMS)*C6)/(C1-C6) 23.4

[2-3H]glucose 
[3,4-l4,C]glucose

5.81
0.084

+ 0.51 (3)
+ 0.012 (7)

1.71
0.370

+ 0.21 (3)
+ 0.075 (7)

***
**

[1-14 C]g lu c o se [1-,4C]lactate 
[U-14C]glucose+ [U-KC] lactate

17.6
20.8

+ 1.51 (5) 
+ 1.81 (6)

14.2
10.7

+ 1.19 (7) 
+ 1.07 (6)

N.S.
***

Total Lactate production 12.6 + 1.72 (22) 3.28 + 1.10 (13) ***

Values are given as Hean + SEN.
Fisher's P values are N.S no significance, P<0.001 ***, <0.02 **, <0.1 * 
Incubations were carried out in 4mls KRB for 1 hour at 37*C.
The contribution of the Pentose phosphate Pathway was calculated by the 
method of Katz et al.,(1966). (For formula see Methods section)
* Hexokinase activity was determined by the method by Di Pietro (1963) 
as described in the methods section and expressed in the same units as 
glucose oxidation. Radiolabelled lactate results are expressed as 
glucose equivalents.
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the presence of PMS. The activity of the PPP, calculated from C1-C6, shows that PMS 

significantly increases the PPP activity. A more accurate measure of the total PPP 

activity takes into consideration the recycling of the PPP which is increased 

approximately 14 fold by PMS, which when used to calculate PPP activity, shows a 22 

fold increase with PMS. Stimulation of the PPP is increased approximately 24 fold by 

PMS, changing the PPP and TCA cycle ratio from 6.8 to 76.6 with PMS. The flux of 

glucose via the glycolytic route resulting in decarboxylation by pyruvate 

dehydrogenase is determined by the release of 14CC>2 from [3,4-14C]glucose, which is 
also increased by PMS.
c) Measurement of tritium exchange between glucose and water. The rate of glucose 

phosphorylation was evaluated from the rate of tritium exchange between 
[2-3H]glucose and H 2O. In the presence of PMS tritium exchange is significantly 
decreased, the reasons for this are explained in the Discussion.
d) Measurement of Lactate Production. In the lens 75% of the glucose consumed is 
converted to lactate (Hans et al., 1956). In the presence of PMS the total lactate 

concentration was significantly decreased from 12.62 to 3.28 mM.
The amount of lactate produced from radiolabelled glucose in 1 hour was measured as 
glucose equivalents. The conversion of [ l - 14C]glucose to [ l - 14C]lactate showed a 
small but non-significant difference in [ l - 14C]lactate production when PMS was 
added. Whereas when [U-14C]glucose was used, there was a significant decrease in the 
amount of [U-14C]lactate produced in the presence of PMS, which was comparable with 
the levels of lactate measured spectrophotometrically.
These results give a clear profile of the flux of glucose in the lens under normal 
conditions and in conditions when the pentose phosphate pathway is fully activated, 

therefore providing a good basis to study the changes in lens metabolism under 
hyperglycaemic conditions.

1.1.2. EFFECT OF PHENAZINE METHOSULPHATE AT HYPERGLYCAEMIC LEVELS.

The effect of a 50mM (high) glucose concentration in the incubation media, on 

lenticular glucose metabolism and under conditions when the PPP is fully activated 
are shown in Table 3. Comparison of the data is as in the lOmM glucose incubation.
a) Glucose transport in the lens. The rate of 2-deoxy[2-3H]glucose transport into 
the lens at 1 hour is 15.91 pmoles/g/hr, which in the presence of PMS is not 
significantly changed.

b) Measurement of glucose oxidation to^Cte using differentially labelled glucose.
The rates of radiolabelled glucose flux, as measured by the emission of 14CC>2, after
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TABLE 3: 14 CO x RELEASE FROH DIFFERENTIALLY LABELLED GLUCOSE BY WHOLE LENSES
INCUBATED IN 50mN GLUCOSE WITH OR WITHOUT THE ADDITION OF O.lmN PNS.

50mH Glucose 50mH Glucose Fisher's P
+ O.lmN PNS

poles/g/hour

2-Deoxy[2-3H]glucose 15.9 + 0.96 (6) 16.70 + 1.46 (5) N.S.
Glucose mN 2.90 + 0.18 (6)

Hexokinase * 10.6 + 0.54 (5)

[U-14C]glucose 0.780 + 0.062 (5) 4.81 t 0.383 (7) ***
[1-14 C]glucose 0.587 + 0.025 (10) 3.29 + 0.151 (11) ***
[ 6-KC] glucose 0.035 + 0.003 (4) 0.044 + 0.004 (4) N.S.
[2- rtC]glucose 0.232 + 0.026 (7) 1.05 + 0.220 (11) ***

P.P.P. Activity
(C1-C6) 0.552 + 0.025 (4) 3.24 + 0.151 (4) ***

Recycling P.P.P.
(C2-C6) 0.197 + 0.026 (4) 1.01 t 0.220 (4) *

Total P.P.P.
(C1-C6)+(C2-C6) 0.749 + 0.051 (4) 4.26 + 0.371 (4) ***

P.P.P. Ratio
(C1/C6) 16.7 75.0

Stimulation of P.P.P. by PHS
((Cl+PHS)-C6)/(C1-C6) 5.8

[2-3H]glucose 5.87 + 0.55 (3) 2.52 + 0.66 (3) **
[3,4-,4C]glucose Q.116 t 0.030 (7) 0.261 + 0*065 (7) *

[ 1- ‘4 C ] glucose ->[1-,4C] lactate 40.4 + 7.40 (5) 21.0 + 2.71 (6) *
[ U-14 C ] glucose -»[ U- *4C j lactate 41.4 + 5.82 (5) 15.1 + 2.11 (6) **

Total Lactate Production 12.8 + 1.28 (15) 5.78 + 1.16 (12) ***

Values are given as Hean + SEN.
Fisher's P values are N.S no significance, P<0.001 ***, <0.02 **, <0.1 * 
Incubations were carried out in 4mls KRB for 1 hour at 37*C.
The contribution of the Pentose phosphate Pathway was calculated by the 
method of Katz et al.,(1966). (For formula see Nethods section)
* Hexokinase activity was determined by the method by Di Pietro (1963) 
as described in the methods section and expressed in the same units 
as glucose oxidation. Radiolabelled lactate results are expressed as 
glucose equivalents.
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a 1 hour incubation are shown in Table 3. When the PPP is fully activated, [U-14C]-, 

[1-14C] and [2-14C]glucose are significantly increased above the basal levels. The 

TCA cycle (C6) does not change in the presence of PMS. The calculated PPP activity 

increases from 0.55 pmoles/g/hr to 3.25 umoles/g/hr with PMS. The C1:C6 ratio is the 
with PMS, was the same in both groups, despite the total PPP activity being 

different for both groups.
The PPP ratio was increased from 16.77 to 75.02 for 50mM glucose and 50mM glucose 
with PMS, respectively. The evaluation of the glycolytic flux, estimated by the use 
of [3,4-14C]glucose, in the 50mM glucose incubation, shows a slight increase in the 

presence of PMS.
c) Measurement of tritium exchange between glucose and water. There is a significant 

drop in the rate of tritium exchange between [2-3H]glucose and H 2O when PMS is 

present.
d) Measurement of lactate production. In a 1 hour incubation the total lenticular 

lactate production is 12.80 mM lactate, when the PPP is fully activated by PMS there 

is a significant decrease in lactate production to 5.78 mM lactate. The measurement 
of [U-14C]glucose equivalents metabolized to produce [U-14C]lactate in the 50mM 
glucose incubation has a significantly decreased lactate production in the presence
of PMS, which is similarly reflected in the results for [ l - 14C]glucose conversion to 
lactate.

1.1.3. COMPARISON OF DIFFERENT GLYCAEMIC LEVELS 

WITH OR WITHOUT PHENAZINE METHOSULPHATE.

The results in Table 4 show the values for the lOmM and 50mM glucose with or without 
PMS, expressed as a percentage of the normal glucose values.
a) Measurement of Glucose Transport. 2-deoxy[2-3H]glucose can be used as an 
indicator of glucose transport into the lens, lenses incubated in high glucose show 
a 4 fold increase in the rate of 2-deoxyglucose transport relative to the normal 
glucose incubation. Phenazine methosulphate had no effect on the carrier-mediated 2- 

deoxyglucose transport. In the hyperglycaemic lens there was a 3 fold increase in

the total lenticular glucose concentration.

b) Measurement of Glucose Oxidation to using differentially-labelled glucose.

The release of 14CC>2 from [U-14C]glucose in the lens in the high glucose media is 

significantly increased above the release of 14CC>2 in the normal glucose incubation.
In the incubations containing PMS [U-14C]glucose metabolism in the high glucose 

incubation is significantly increased above the normal glucose incubation with PMS.
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TABLE 4: COMPARISON OF GLUCOSE FLUX IN NORMAL AND HYPERGLYCAEMIC CONDITIONS: EFFECT OF O.llN PMS

10xM Glucose 50xX Glucose 10iM Glucose 
\ of lOnM Glucose Value + O.IbM PHS

50mM Glucose + o. 
\ OF lOlM + PMS

umoles/g/hr poles/g/hr
2-Deoxy[2J H]glucose 

Glucose nM
4.15 t 0.13 (6) 
0.98 + 0.09 (5)

384 + 23 (6)*** 
297 + 17 (6)***

3.79 + 0.11 (6) 441 + 58 (5)***

Hexokinase * 9.70 + 0.47 (5) 109 + 1 (5) N.S.
[U-,4C]glucose
[l-‘4C]glucose
[6-^C]glucose
[2J4C]glucose

0.211 i 0.026 (6) 
0.130 + 0.017 (10) 
0.019 + 0.002 (5) 
0.050 + 0.008 (8)

370 + 29 (5)** 
451 + 19 (10)*** 
184 + 15 (4)** 
464 t 52 (7)***

3.60 + 0.259 (7) 
2.64 + 0.255 (12) 
0.035 i 0.003 (4) 
0.464 t 0.031 (10)

133 + 2 (7)*
124 + 1 (11)* 
129 t 2 (4) N.S. 
228 + 9 (11)**

P.P.P. Activity 
(C1-C6) 0.111 t 0.017 (5) 496 + 22 (4)*** 2.61 + 0.255 (4) 124 t 1 (4) N.S.

Recycling P.P.P. 
(C2-C6) 0.031 t 0.008 (5) 636 + 84 (4)*** 0.429 + 0.031 (4) 236 i 17 (4)*

Total P.P.P. 
(C1-C6)+(C2-C6) 0.142 + 0.021 (5) 526 + 36 (4)*** 3.04 t 0.281 (4) 140 + 2 (4)*
P.P.P. Ratio 

(C1/C6) 6.86 244 76.6 98
Stimlation of P.P.P. by PMS 

((C1+PHS)-C6)/(C1-C6) 23.4 25
[2-’H]glucose

[3,4-K C]glucose
5.81 + 0.51 (3) 
0.084 + 0.012 (7)

100 t 9 (3) N.S. 
138 + 36 (7) N.S.

1.71 + 0.21 (3) 
0.370 + 0.075 (7)

147 + 5 (3) N.S. 
70 + 1 (7) N.S.

[ 1- K C Jglucose -»{1- MC] lactate 
[U-,4C]glucose*[U- ‘*cjlactate

17.6 + 1.51 (5) 
20.8 + 1.81 (6)

229 + 42 (5) 
198 + 28 (5)

14.2 + 1.19 (7) 
10.7 + 1.07 (6)

147 + 3 (6) * 
141 + 3 (6) N.S.

Total Lactate Production 12.6 + 1.72 (22) 100 + 6 (15) 3.28 + 1.10 (13) 121 t 1 (12) N.S.

Values are given as Mean t SOI.
Fisher's P values are N.S no significance, P<0.001 ***, <0.02 **, <0.1 * 
Incubations were carried out in 4nls KRB for 1 hour at 37*C. 
m e  contribution of the Pentose phosphate Pathway was calculated by the 
netted of Katz et al (1966). (For fonula see Methods section)
* Hexokinase activity vas deternined by the nethod by Di Pietro (1963) 
as described in the nethods section and expressed in the sane units as 
glucose oxidation.
Radiolabelled lactate results are expressed as radiolabelled glucose equivalents
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Cl and C2 metabolism in the high glucose incubation increases 4.5 fold above the 

normal glucose values, indicating an increase in the oxidation of glucose and an 

increase in the recycling of the PPP. Comparison of Cl oxidation in the normal and 

high glucose show a 4.6 fold increase in activity in the high glucose incubation 
with PMS. The results for C2 with PMS indicate a recycling of the PPP in the high 

glucose incubation 2 fold greater than the normal glucose incubation. The calculated 
recycling of the PPP is 6 fold higher in the high glucose incubation than the normal 

glucose incubation. When PMS is present in the incubation mix it is expected that 

the amount of recycling occurring would be the same for both incubations, but this 

is not so. The high glucose with PMS incubation recycles at double the rate of the 
normal glucose with PMS. The total capacity of the PPP is increased in the high 

glucose incubation relative to the normal glucose incubation.
The TCA cycle activity (C6), although low in the lens in comparison with other 

tissues, increased significantly in the high glucose media. The metabolism of C6 is 
increased in the incubation with PMS above the normal glucose concentration, yet in 

both the normal and high glucose incubation there is no difference in TCA cycle 
activity.
Glycolytic flux as measured by [3,4-14C]glucose is not altered in either glucose 
concentration.
Table 5 shows the ratio of 2-deoxy[2-3H]glucose : total PPP activity, which falls 
with PMS, yet in high and normal glucose concentrations alone the ratios are 
similar.
c) Measurement of tritium exchange between glucose and water. The exchange of 
tritium at the glucose 6-phosphate to fructose 6-phosphate step, is normally an 

equilibrium reaction, yet if a situation occurs, such as in the presence of PMS, 

where the glucose 6-phosphate is being removed rapidly to be used in the pentose 
phosphate pathway, the equilibrium is disturbed and the flux through glycolysis is 

underestimated. Comparisons between normal and high glucose incubations show no 

significant change in [2-3H]glucose metabolism, this is also true when PMS is 
present. Further comparisons of the incubations containing PMS with the 

corresponding normal and high glucose incubations indicate a significant decrease in 
tritium exchange in the presence of PMS.

d) Measurement of lactate production. Lactate production is expressed as 

radiolabelled glucose equivalents in Tables 2 and 3, and in Table 4 the 50mM glucose 
incubations are expressed as a percentage of the lOmM glucose value.
The amount of [ l - 14C]lactate produced from labelled [ l - 14C]glucose equivalents is 
significantly increased in high glucose relative to the normal glucose incubation,
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TABLE 5: RATIOS OF DIFFERENTIALLY LABELLED GLUCOSE FLUXES, THROUGH THE
INTERMEDIARY PATHWAYS OF CARBOHYDRATE METABOLISM IN RAT LENSES INCUBATED
IN lOlM OR 50lM GLUCOSE WITH OR WITHOUT PHS.

lOmM Glucose lOnM Glucose 
+ PMS

50mM Glucose 50nM Glucose 
+ PMS

2-Deoxy[2-3H]glucose: Total PPP 29.1 1.25 21.2 3.92

[U-14 C]lactate: [U-14C]glucose 99.1 2.98 53.1 3.15

[I -14C]lactate: [l-^CJglucose 135 5.39 68.8 6.38

[U-14C]lactate: [l-'+C]lactate 125 455 137 729

Total Lactate Production: 
Lens Lactate Concentration

1.16 0.73 0.94 0.71

Lactate: Glucose 21.7 12.1 7.39 4.96

These ratios are calculated from the data presented in Tables 2, 3 and 6.



with the least difference being between the incubations containing PMS. When the 

conversion of [ l - 14C]glucose to [ l - 14C]lactate was determined in normal and high 

glucose, there was a 2 fold increase in lactate production in high glucose. When PMS 

was present there was no difference in lactate production between the two glucose 

concentrations. Determination of total lactate production by the lens did not 

indicate there was any changes due to exposure to a high glucose media. Comparison 

of the lactate production in normal and high glucose with PMS did not significantly 

change, although relative to the same glucose concentration without PMS the lactate 

production was significantly decreased.
The ratio of [U-14C]lactate : [U-14C]glucose in Table 5 shows a sharp decline in 
the glucose equivalents metabolized via glycolysis to produce lactate in the 

presence of PMS, similar ratios where obtained for [ l - 14C]lactate : [ l - 14C]glucose. 
Comparison of the ratio of lens lactate concentration : glucose concentration 
decreased from 21.74 for lOmM glucose, to 7.39 at 50mM glucose. When PMS is present 
the ratio drops from 12.17 to 4.96 for lOmM glucose to 50mM glucose respectively.

1.2.1. STEADY STATE METABOLITE LEVELS IN lOmM OR 50mM 
GLUCOSE WITH OR WITHOUT O.lmM PHENAZINE METHOSULPHATE.

In order to determine a more comprehensive understanding of glucose flux in the 

lens, it is essential to look at the 1 hour steady state metabolite levels in the 
lens. The change in metabolite levels in high or low glucose concentrations and in 
the presence of PMS are shown in Table 6.

ATP levels are maintained at physiological levels in 1 hour incubations in both high 
and low glucose incubations with or without PMS. In the lens the steady state 
concentrations of 2-phosphogluconate, phosphoenolpyruvate and 3-phosphogluconate are 

all very low and in incubations containing PMS the levels of these metabolites fall 
to levels which are not detectable by spectrophotometric methods, that is a change 
of less than 0.005 pmoles/g. a-Glycerolphosphate is one of the most abundant organic 

phosphates in the lens (Van Heyningen and Pirie, 1958) and is present in relatively 
high concentrations in the rat lens as shown in Table 6. a-Glycerolphosphate is 

involved in the a-glycerolphosphate shuttle which transports NADH into the 
mitochondria for oxidative phosphorylation (Pirie, 1962).The concentration of 

a-glycerolphosphate and lactate is significantly decreased in the high and low 

glucose concentrations with PMS. Pyruvate concentration falls in
the 50mM glucose incubation with PMS. The change in the pyruvate:lactate ratio 

demonstrates the preferential accummulation of pyruvate with PMS, which in the
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TABLE 6: STEADY STATE METABOLITE LEVELS IN LENSES INCOBATED IN lOmM OR 50mM 
GLOCOSE WITH OR WITHOUT O.lfflN PHS FOR 1 HOUR AT 37*C.

METABOLITE lOiM Glucose lOmM Glucose + PMS Fisher's P

ATP jiMoles/g 1.34 + 0.04 (5) 1.29 + 0.03 (6) N.S.

nmoles/g

aGlycerolphosphate 38.5 ± 1.3 (6) 3.6 ± 0.8 (3) ***

3-Phosphoglycerate 0.200 + 0.02 (5) N.D.

2-Phosphoglycerate 1.00 + 0.09 (4) N.D.

Phosphoenolpyruvate 1.10 + 0.20 (4) N.D.

Pyruvate 85.4 i  12.1 (5) 117 U)

Lactate /moles/g 16.7 + 1.1 (6) 2.4 ± 0.5 (4) ***

Pyruvate: Lactate 0.510 4.98

50mM Glucose 50mM Glucose + PMS Fisher's P

ATP poles/g 1.37 + 0.06 (6) 1.24 + 0.04 (6) N.S.

nnoles/g

aGlycerolphosphate 43.0 + 2.0 (6) 2.9 + 0.3 (2) ***

3-Phosphoglycerate 0.200 ± 0.02 (4) N.D.

2-Phosphoglycerate 0.900 t 0.08 (4) N.D.

Phosphoenolpyruvate 0.900 + 0.20 (5) N.D.

Pyruvate 119 + 7.6 (5) 58.3 (1)

Lactate pmoles/g 15.6 + 1.6 (6) 1.9 + 0.7 (3) ***

Pyruvate: Lactate 0.770 2.96

Values are given as Mean + SEH with the number of observations in brackets. 
Fisher's P values have been calculated using a student t-dependent test. 
N.S. jio significance, P< 0.001 ***, 0.02**, 0.1*.
Incubations were carried out in 4mls of KRB for 1 hour at 37*C 
as described in the Methods Section.
N.D. The Metabolite concentration was below the limits of detection i.e  
less than 0.005nioles/g.
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incubation reoxidises all the available NADH therefore limiting lactate production.

1.2.5. THE EFFECT OF PHENAZINE METHOSULPHATE, TERTIARY-BUTYL 

HYDROPEROXIDE AND DIAMIDE ON THE RELEASE OF ^COg. FROM 
fl-^ClGLUCOSE IN LENSES INCUBATED IN HIGH AND LOW GLUCOSE.

[ l - 14C]Glucose oxidation in the whole lens preparation can be assumed to represent 

the PPP activity. The results in Table 7 compare the stimulation of 14C02 release 

from [ l - 14C]glucose in lenses incubated in lOmM or 50mM glucose using O.lmM PMS, 

ImM tertiaiy-butyl hydroperoxide or ImM diamide.

PMS, tertiaiy-butyl hydroperoxide and diamide all significantly increase 

[ l - 14C]glucose flux in the lOmM glucose incubations. PMS stimulates [ l - 14C]glucose 

flux by the greatest degree through the reoxidation of NADPH and NADP+. Tertiary- 
butyl hydroperoxide acts as a model of elevated extracellular and intracellular 

peroxide levels in the lens. The tertiary-butyl hydroperoxide results when expressed 
as a percentage of the control value, show a stimulation of glucose oxidation 
approximately half of the stimulation by PMS. Diamide oxidises reduced glutathione 
thereby decreasing the level of reduced glutathione in the lens, this results in a 
significant increase in 14C-glucose oxidation, but is the least stimulated of the 
three.

The stimulation of the PPP, expressed as a percentage of the 50mM glucose with no 
additions, shows a decreased stimulation with PMS, tertiary-butyl hydroperoxide and 
diamide. The stimulation of [ l - 14C]glucose oxidation above that with no additions, 
by tertiary-butyl hydroperoxide and diamide is 344.3% and 214.6% respectively, 
whereas PMS stimulates glucose oxidation by 573.3%. When the [ l - 14C]glucose flux in 
the 50mM glucose incubation is expressed as a percentage of the lOmM glucose 

incubation flux, the basal value for 50mM glucose is 4 times higher than the control 
value for lOmM glucose.
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1.3. THE EFFECT OF DIAMIDE ON GLUTATHIONE AND GLUCOSE

METABOLISM IN  VITRO IN THE LENS AND RETINA.

1.3.1 GLUTATHIONE AND METABOLITE RECOVERY FOLLOWING 

DIAMIDE TREATMENT IN THE LENS.

Table 8 shows a time course of total glutathione recovery in the lens observed over 

a 90 minute period following subjection to a 30 minute pre-incubation in ImM 

diamide. The in vivo level of total glutathione was determined in freeze-stopped 

lenses, the other lenses were incubated in ImM diamide for 30 mins while being 

gassed with O2/CO 2 (95%/5%), after 30 minutes, lenses were frozen for a zero time 

for metabolites and the remaining lenses washed and the matching pairs transferred 
to flasks containing lOmM or 50mM glucose, freeze-stopping after 20, 30, 40, 60 or 
90 minutes.

Total glutathione levels are significantly decreased after a 30 minute incubation in 
ImM diamide. When the lenses are transferred into lOmM glucose the total glutathione 
levels remain essentially the same whereas in 50mM glucose there is an initial fall 
in total glutathione levels, followed by a partial recovery, the basal levels are 
never achieved.
Table 9 shows the levels of glutathione, ATP, glucose and sorbitol following the 
same treatment. Diamide significantly decreased the total and reduced glutathione 
levels in the lens but the reduced to oxidised glutathione ratio remained 
essentially constant. There was little effect on the ATP, glucose or sorbitol 
levels. When the lenses were transferred to the lOmM glucose incubation, ATP 
significantly decreases over 60 minutes. Lenticular glucose levels in the lOmM 

glucose incubation increases significantly after 40 minutes and at 60 minutes levels 
out at a value comparable to the basal level. Sorbitol does not significantly change 

after diamide or when incubated in lOmM glucose. In the 50mM glucose incubations the 

reduced glutathione levels are significantly decreased but over 90 minutes the level 

slowly increases to approximately half the basal concentration. Unlike the lOmM 
glucose incubations the ATP level is maintained throughout the 60 minute period with 

only a significant drop after 40 minutes which is recovered at 60 minutes. After 
incubating for 20 and 40 minutes in 50mM glucose the lenticular glucose content is 
increased above the post-diamide treatment level, but this is not maintained after 
60. Sorbitol levels are not significantly changed in the recovery incubation.
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TABLE 8: TIHE COURSE OF GLUTATHIONE RECOVERY IN THE LENS WHEN INCUBATED 
IN lOiN OR 50mM GLUCOSE AFTER A 30 MINUTE PRE-INCUBATION WITH ImM DIAMIDE.

TOTAL GLUTATHIONE 
poles/g/hr

CONDITION lOmM Glucose 50mH Glucose

BASAL 2.26 + 0.25 (19)

AFTER 30 MIN INCUBATION WITH ImM DIAMIDE

0 MIN 1.28 + 0.09 (16)***

20 MIN 1.43 + 0.24 (7)* 1.08 + 0.13 (4)***

30 MIN 1.77 + 0.29 (8) 1.27 + 0.23 (6)**

40 MtN 1.15 + 0.16 (10)*** 0.870 + 0.180 (6)***

60 MIN 1.22 + 0.12 (14)*** 0.950 + 0.130 (10)***

90 MIN 1.34 t 0.15 (3)*** 1.45 + 0.180 (3)*

Values are Means + SEM with the number of observations in brackets.
The lenses used for the basal metabolite level were freeze-stopped after 
dissection. Lenses were incubated in ImM diamide for 30 mins, then 
washed and transferred to flasks containing lOmM or 50mM Glucose. 
Fisher's P have been calculated relative to the basal glutathione level. 
P< 0.001 ***, < 0.02 **, < 0.1 *, N.S. no significance.
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Fisher's P values were calculated relative to the basal metabolite level. 
N.S no significance, P<0.001 ***, <0.02 **, <0.1 *.
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TABLE 10: CHANGE IN METABOLITE LEVELS IN THE RETINA WHEN INCUBATED IN lOoH 
OR 50lM GLUCOSE AFTER A 30 MINUTE PRE-INCUBATION IN M 

DIAMIDE.



1.3.2. GLUTATHIONE AND METABOLITE RECOVERY FOLLOWING

DIAMIDE TREATMENT IN THE RETINA.
The retina was treated with ImM diamide in the same manner as the lens and the 

results shown in Table 10. Total glutathione levels are much lower in the retina 

than in the lens and is significantly decreased after a 30 minute diamide treatment.

In the lOmM glucose recovery incubation at 20 minutes there is an increase in the 

total glutathione which steadily drops up to 60 minutes and is increased at 90 

minutes. The retina is a difficult tissue to work with since it is very small and 
easily damaged, which could account for the flunctuations in the total glutathione 

levels during the recovery times. In 50mM glucose after 30 minutes the total 
glutathione levels are recovered to the basal levels, followed by a dramatic drop 

after 60 minutes followed by an increase at 90 minutes.
In Table 10 the levels of reduced glutathione and glucose after diamide treatment, 
and their maintenance in lOmM or 50mM glucose incubations is tabulated. Reduced 
glutathione is significantly decreased after diamide treatment and continues to drop 
further after 20 minutes in lOmM glucose, there is a slow recovery to within the 
basal reduced glutathione range after a 90 minute incubation. In the high glucose 
incubation reduced glutathione levels appear to be recovered at 30 and 90 minutes.
The retinal glucose concentrations in the high glucose incubation are significantly 
higher than the basal levels and the levels in the lOmM glucose incubation at the 
corresponding times.

1.3.3. INCORPORATION OF DIFFERENTIALLY LABELLED GLUCOSE A N D w Caai  
BY WHOLE LENSES INCUBATED IN lOmM OR 50mM GLUCOSE WITH OR 

WITHOUT ImM DIAMIDE.

The incorporation of differentially labelled glucose and 45Ca++ uptake by whole 

lenses incubated for one hour in lOmM or 50mM glucose with or without ImM diamide 
are shown in Table 11.
a) 2-Deoxyf2-^H1glucose uptake. 2-Deoxy[2-3H]glucose uptake in the lenses incubated 

in lOmM and 50mM glucose is significantly decreased with diamide, this reflects the 

oxidation of membrane bound sulphydryls leading to the unimpaired passage of solutes 
into the lens. In the presence of diamide the 50mM glucose incubation has a higher 

2-deoxyglucose uptake than that in lOmM glucose, this is also the case in the 
absence of diamide and indicates a glucose concentration effect on the rate of 2- 
deoxyglucose uptake even when the process is disrupted by severe membrane changes.

b) Measurement of glucose oxidation to <4CO? using differentially-labelled glucose.
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TABLE 11: DIFFERENTIALLY LABELLED GLUCOSE METABOLISM AND UPTAKE IN
WHOLE LENSES INCUBATED IN lOmM OR 50mM GLUCOSE WITH OR WITHOUT ImM DIAMIDE.

lOmM Glucose lOmM Glucose 
+ Diamide

[1-14 C]Glucose 0.120 + 0.030 (4) 0,770 ± 0.110 (5)

2-Deoxy[2-3H]glucose 5.10 + 0.33 (10) 2.72 + 0.47 (10)

45 Ca1+ 0.210 + 0.020 (8) 0.230 + 0.030 (9)

[U-‘4C] Glucose 0.250 ± 0.020 (8) 1.14 + 0.080 (8)

■14C]Glucose -* [U- ’+C]Lactate 15.6 + 1.21 (8) 15.2 + 2.09 (9)

50mM Glucose 50mM Glucose 
+ piamide

[1-14 C]Glucose 0.450 + 0.030 (4) 1.23 + 0.460 (4)

2-Deoxy[2-3H]glucose 24.5 + 2.43 (4) 12.0 t 4.10 (4)

+*Cai+ 0.230 + 0.030 (5) 0.320 + 0.010 (6)

[U-14 C]Glucose 0.850 + 0.080 (9) 4.22 + 0.300 (5)

■14C]Glucose * [U-,4C]Lactate 39.4 + 6.47 (6) 33.3 + 3.06 (8)

Fisher's P 
lOmM vs 
50mN Glucose

lOmM + Diamide vs 
50mN + Diamide

[1-14 C]Glucose N.S

2-Deoxy[2-3H]glucose *** *

^Ca2* N.S *i

[U-l4C]Glucose *** ***

14 C]Glucose ♦ [U-14 C]Lactate ** ***

Fisher's P 
lOiM Glucose vs 
lOraM+Diamide

***

***

N.S

***

N.S

50lH VS

50iN + Diaiide

N.S

*

**

***

N.S

All results are expressed as jmoles/g/hr.
Values are given as MEAN + SEM, with the number of observations in brackets. 
Lenses were pre-incubated in ImM diamide for 30 mins, then transferred 
to flasks containing radio-labelled glucose or 4SCa2+ and treated as 
described in the Methods Section.
Fisher's P values: < 0.001 ***, < 0.02 **, < 0.1 *, N.S. No significance.
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There is a marked stimulation of [ l - 14C]glucose flux by diamide at lOmM glucose (6 

fold p>0.001). With [U-14C]glucose an approximate 6 fold stimulation in oxidation 

occurs when diamide is present, with this label the overall stimulation is the same 

at both glucose concentrations and highly significant.
c) Measurement of Lactate production. Lactate production was measured as 

[U-14C]glucose equivalents. At high and low glucose concentrations, neither differ 

in lactate production resulting from the presence of diamide in the incubation, but 
comparison between the two glucose concentrations shows a significant increase in 

lactate production in the high glucose incubation.
d) Calcium transport. 4SCa++ transport does not significantly change in the presence
of diamide in the lOmM glucose or in the lOmM and 50mM glucose incubations alone. 

However there is a significant increase in calcium influx when diamide is present in 
the high glucose incubation, which may be a result of the combination of diamide and 
high glucose.

1.3.4. EFFECT OF ImM DIAMIDE ON LENS METABOLISM 

IN AIR/CO^ OR Ol /CQ1 AT DIFFERENT GLUCOSE CONCENTRATIONS.

a) 24 HOUR STEADY STATE LENS METABOLITE LEVELS IN 

lOmM OR 50mM GLUCOSE: EFFECT OF ImM DIAMIDE WHEN 
GASSED WITH CL/CCX

Lenses were incubated in lOmM or 50mM glucose, with or without ImM diamide in buffer 
pre-gassed with O2/CO 2 and the level of NADPH, ATP, sorbitol, total glutathione, 
a-glycerolphosphate and glucose measured and the results tabulated in Table 12. The 
duration of the incubation was for 24 hours, lenses from pairs of eyes were used to 
allow comparisons between the presence and absence of diamide by corresponding 
pairs, that is, one lens was incubated in glucose alone and the corresponding lens 

at the same glucose concentration with ImM diamide present throughout the 
experiment. Glutathione, as expected in the presence of diamide is severely 

decreased, which is apparent at both glucose concentrations.
After 24 hours the lenses have a significantly decreased NADPH level in the presence 
of diamide at both the high or normal glucose incubation, yet in this experiment 

between the lOmM and 50mM glucose incubations alone there is no significant 

difference in NADPH levels, this contrasts with the results in Table 17, which being 

from a larger sample show a significant downward trend. ATP levels drop 

significantly in the presence of diamide in both the high and normal glucose
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TABLE 12: 24 HOUR IN VITRO LENS INCUBATION IN lOmM OR 50mM GLUCOSE
GASSED WITH 02/C0z: EFFECTS OF ImM DIAHIDE.

FISHER'S P
METABOLITE lOmM GLUCOSE lOmN GLUCOSE 

+ DIAHIDE
lOmM vs
lOmM + Diamide

NADPH 6.36 + 0.94 (4) 2.29 + 0.28 (6) **

ATP 2.16 + 0.19 (5) 1.11 + 0.38 (4) *

SORBITOL 0.380 + 0.040 (9) 0.300 + 0.090 (11) N.S.

TOTAL GLUTATHIONE 1.89 + 0.18 (10) 1.08 + 0.110 (10) ***

aGLYCEROLPHOSPHATE 1.04 + 0.09 ( 4 ) 0.420 + 0.010 ( 4 ) ***

GLUCOSE 3.42 + 0.31 ( 5 ) 6.37 + 0.820 (6) **

50mMGLUCOSE 50mH GLUCOSE 
+ DIAMIDE

50mH vs
50mH + Diamide

NADPH 5.42 + 0.62 ( 4 ) 1.67 + 0.190 (6) ***

ATP 1.37 + 0.28 ( 4 ) 0.120 + 0.040 ( 4 ) **

SORBITOL 12.8 + 2.81 (8) 4.16 + 0.820 (6) **

TOTAL GLUTATHIONE 1.41 + 0.14 ( 7 ) 0.390 + 0.040 (6) ***

aGLYCEROLPHOSPHATE 1.74 + 0.17 ( 4 ) 0.630 + 0.100 ( 4 ) ***

GLUCOSE 21.8 ± 2.11 (6) 22.2 + 1.18 {6) N.S.

NADPH

ATP

SORBITOL

TOTAL GLUTATHIONE

aGLYCEROLPHOSPHATE

GLUCOSE

Fisher's P Value 
lOmM vs 
50iN Glucose

N.S.

*

**

*

**

***

lOmM + Diaiide vs 
50iH + Diamide

N.S.

*

**

***

*

***

Lenses were incubated for 24 hours in 4 mis Medium 199 + 101 FCS in the 
presence or absence of ImH diamide and freeze-stopped in liquid nitrogen. 
All values are expressed as poles/g, except NADPH which is expressed as 
nmoles/g.
Values are given as MEAN + SEM with the number of observations in brackets. 
Fisher's P Values: < 0.001 ***, < 0.02 **, < 0.1 *, N.S. No significance. 
ImM diamide was used in the incubations.
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concentrations, with the most significant decrease being in the 50mM glucose. In a 

high glucose environment ATP levels are significantly decreased when compared with 
the normal glucose values, this is with or without ImM diamide. Sorbitol levels, as 

expected, do not change in the normal glucose incubations, whereas in the 50mM 
glucose incubation sorbitol is significantly increased and in the presence of 

diamide the sorbitol levels at this level of glucose are significantly decreased.
The lenticular glucose concentration in the lOmM glucose incubation are 
significantly increased with diamide, but in the 50mM glucose with diamide 

incubation the level of glucose does not change. Comparison between the high and low 
glucose incubations, shows the lenticular glucose is significantly increased in the 

high glucose incubations, both with or without diamide.
The concentration of a-glycerolphosphate is significantly decreased in the presence

of diamide at these two glucose concentrations when compared with their respective

controls. In the high glucose incubation relative to the low glucose incubation,

there is a significant increase in the a-glycerolphosphate concentration and when
in

comparing the two incubations containing diamide this increaseKa-glycerolphosphate 
at the 50mM glucose level is the same.

b) 24 HOUR STEADY STATE LENS METABOLITE LEVELS IN 

lOmM OR 50mM GLUCOSE: EFFECT OF ImM DIAMIDE WHEN 
GASSED WITH AIR/CQ,.

The same experimental procedure as described for the lOmM and 50mM glucose 
incubations with or without diamide in O2/CO 2 were used, replacing O2/CO 2 with 
air/CC>2 for the pregassing and buffer equilibration and the results are shown in 
Table 13.

As in the O2/CO 2 incubations diamide significantly decreases NADPH, ATP and total 

glutathione levels. This difference is apparent at both glucose concentrations and 
the severity, particularly in respect of ATP and glutathione, is greatest in 50mM 

glucose. In this instance ATP has almost totally been diminished. Sorbitol which is, 

as in the O2/CO 2 incubation, raised with high glucose, is also lowered by diamide. 

a-Glycerolphosphate which is unchanged during these conditions with 50mM glucose, is 

also decreased with diamide, but this is less severe when high glucose conditions 
prevail. Another apparent difference between the air/CC>2 and the O2/CO 2 environment 

of the incubation, is the recorded increase in glucose content in lOmM glucose 

incubations with diamide and exposed to O2/CO 2, is not present when air/C02 is in 

the gaseous phase. There is however a 30% increase in this parameter when the high
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TABLE 13: 24 HOUR IN VITRO LENS INCUBATION IN lOmM OR 50mM GLUCOSE
GASSED WITH AIR /C02: EFFECT OF ImM DIAMIDE.
METABOLITE lOmM GLUCOSE lOmM GLUCOSE 

+ DIAMIDE
FISHER'S P 
lOmM vs 
lOmM+Diamide

NADPH 8.87 + 0.170 (4) 2.84 + 0.320 (4) ***

ATP 2.57 + 0.400 (5) 1.46 + 0.270 (4) *

SORBITOL 0.290 + 0.030 (7) 0.180 + 0.030 (9) *

TOTAL GLUTATHIONE 1.65 ± 0.190 (7) 1.03 + 0.120 (9) **

aGLYCEROLPHOSPHATE 1.57 + 0.140 (3) 0.370 + 0.020 (3) ***

GLUCOSE 4.42 + 0.600 (6) 5.05 t 0.540 (6) N.S.

50mN GLUCOSE 50mH GLUCOSE 
+ DIAMIDE

50mH vs
50mM + Diamide

NADPH 5,44 + 0.520 (4) 2.48 + 0.450 (4) **

ATP 3.09 + 0.600 (4) 0.180 + 0.050 (4) ***

SORBITOL 19.4 + 2.23 (7) 3.18 + 0.390 (7) ***

TOTAL GLUTATHIONE 1.12 + 0.090 (10) 0.340 + 0.050 (6) ***

aGLYCEROLPHOSPHATE 1.41 + 0.250 (3) 0.940 + 0.030 (4) N.S.

GLUCOSE 18.3 + 1.81 (6) 26.2 + 2.69 (6) *

Fisher's P Value 
lOmM vs 
50mH Glucose

lOmM + Diamide vs 
50mM + Diamide

NADPH *** N.S.

ATP N.S. **

SORBITOL *** **

TOTAL GLUTATHIONE * ***

aGLYCEROLPHOSPHATE N.S. ***

GLUCOSE *** ***

Lenses were incubated for 24 hours in 4 i l s  Medium 199 + 101 FCS in the 
presence or absence of ImM diamide and freeze-stopped in liquid nitrogen. 
All values are expressed as poles/g, except NADPH which is  expressed as 
nmoles/g.
Values are given as MEAN + SEM with the number of observations in brackets. 
Fisher's P Values: < 0.001 ***, < 0.02 **, < 0,1 *, N.S. No significance. 
ImM diamide was used in the incubations.
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glucose concentrations are considered. What is indicative of the Tables 12 to 15 is 

that when air/C 0 2  is used for gassing incubations, in general, there are much less 

pronounced changes resulting from the presence of high glucose concentrations

c) 24 HOUR STEADY STATE LENS METABOLITE LEVELS IN 

lOmM GLUCOSE: EFFECT OF ImM DIAMIDE WHEN 

GASSED WITH AIR/CO^AND Ot /COT

The results in Table 14 compare the metabolite levels in lenses incubated in lOmM 

glucose with or without diamide in air/CC>2 and O2/CO 2. NADPH levels in the diamide 

incubations is significantly decreased in both O2/CO 2 and air/CC>2 incubations.
There is no difference in NADPH levels between incubations with or without diamide 

under O2/CO 2 or air/C02. The ATP levels decrease significantly in the presence of 
diamide under air/C02 and O2/CO 2 , with there being no change in the ATP 
concentration between similar conditions in different gassing conditions.
In the air/CC>2 incubation the sorbitol levels are considerably altered, the 
concentration drops with diamide present and the sorbitol levels are less than the 
O2/CO 2 incubations.
The presence of diamide decreases total glutathione content when gassed with both 

O2/CO 2 and air/C02 but comparison of the same incubation conditions between the two 
different gas mixes does not show any changes.
a-Glycerolphosphate levels are greatly diminished in the presence of diamide under 

both air/CC>2 and O2/CO 2 . Comparisons of the same incubation conditions under 
different gas mixtures shows that there is no significant difference due to air/C 0 2  

or O2/CO 2 environments.
The concentration of lenticular glucose is significantly increased with diamide 

present in the O2/CO 2 incubation whereas the same incubation under air/CC>2 appears 
to be increased, but this is not statistically significant. The glucose 

concentration between conditions, that is, under air/CC>2 or O2/CO 2 does not change 
between the same incubations.

d) 24 HOUR STEADY STATE LENS METABOLITE LEVELS IN 
50mM GLUCOSE: EFFECT OF ImM DIAMIDE WHEN 
GASSED WITH AIR/CQ^AND Oz/COv

The metabolite levels in lenses incubated in 50mM glucose under air/C02 or O2/CO 2, 

with or without ImM diamide are shown in Table 15.
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TABLE 14: 24 HOUR IN VITRO LENS INCUBATION IN lOmM GLUCOSE WITH OR WITHOUT 
ImM DIAMIDE GASSED IN AIR /C02 OR 02/C01.

METABOLITE

<yco2

lOmM GLUCOSE lOmM GLUCOSE 
+ DIAMIDE

FISHER'S P 
lOmM Glucose 
vs lOmM+Diamide

NADPH 6.36 + 0.940 (4) 2.29 + 0.280 (6) **

ATP 2.16 i  0.190 (5) 1.11 + 0.380 (4) *

SORBITOL 0.380 + 0.040 (9) 0.300 + 0.090 (11) N.S.

TOTAL GLUTATHIONE 1.89 ± 0.180 (10) 1.08 + 0.110 (10) ***

aGLYCEROLPHOSPHATE 1.04 + 0.090 (4) 0.420 + 0.010 (4) ***

GLUCOSE 3.42 + 0.310 (5) 6.37 + 0.820 (6) **

AIR/C0Z
50mM Glucose 
vs 50mM+Diamide

NADPH 8.87 + 0.170 (4) 2.84 + 0.320 (4) AAA

ATP 2.57 + 0.400 (5) 1.46 + 0.270 (4) A

SORBITOL 0.290 + 0.030 (7) 0.180 + 0.030 (9) A

TOTAL GLUTATHIONE 1.65 +4).190(7) 1.03 + 0.120 (9) A A

aGLYCEROLPHOSPHATE 1.57 + 0.140 (3) 0.370 + 0.020 (3) A A A

GLUCOSE 4.42 + 0.600 (6) 5.05 + 0.540 (6) N.S.

Fisher P Values 02/C0z vs AIR/C0Z

NADPH N.S. N.S.

ATP N.S. N.S.

SORBITOL * *

TOTAL GLUTATHIONE N.S. N.S.

aGLYCEROLPHOSPHATE * N.S.

GLUCOSE N.S. N.S.

Lenses were incubated for 24 hours in 4 mis Medium 199 + 101 FCS in the 
presence or absence of ImM diamide and freeze-stopped in liquid nitrogen. 
All values are expressed as poles/g, except NADPH which is  expressed as 
nmoles/g.
Values are given as MEAN + SEM with the number of observations in brackets. 
Fisher's P Values: < 0.001 ***, < 0.02 **, < 0.1 *, N.S. No significance.
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TABLE 15: 24 HOUR IN VITRO LENS INCUBATION IN 50mM GLUCOSE WITH OR WITHOUT
ImM DIAMIDE GASSED IN AIR /CO^OR 02/C0z.

METABOLITE

o2/coz

50mM GLUCOSE 50mM GLUCOSE + DIAMIDE FISHER'S P 
50mM + Diamide 
vs 50mH Glucose

NADPH 5.42 + 0.62 (4) 1.67 + 0.190 (6) ***

ATP 1.37 + 0.28 (4) 0.120 + 0.040 (6) **

SORBITOL 12.8 + 2.81 (8) 4.16 ± 0.820 (6) **

TOTAL GLUTATHIONE 1.41 + 0.14 (7) 0.390 + 0.040 (6) ***

aGLYCEROLPHOSPHATE 1.74 + 0.17 (4) 0.630 + 0.100 (4) ***

GLUCOSE 21.8 + 2.11 (6) 22.2 + 1.18 (6) N.S.

AIR/COz

NADPH 5.44 + 0.520 (4) 2.48 + 0.450 (4) **

ATP 3.10 ± 0.600 (4) 0.180 + 0.050 (4) ***

SORBITOL 19.4 i  2.23 (7) 3.18 + 0.390 (7) ***

TOTAL GLUTATHIONE 1.12 + 0.090 (10) 0.340 + 0.050 (6) ***

aGLYCEROLPHOSPHATE 1.41 + 0.250 (3) 0.940 + 0.030 (4) N.S.

GLUCOSE 18.3 + 1.81 (6) 26.2 + 2.69 (6) *

NADPH

Fisher's P values 02/C02 vs AIR/C02

N.S. N.S.

ATP * N.S.

SORBITOL * N.S.

TOTAL GLUTATHIONE N.S. N.S.

aGLYCEROLPHOSPHATE N.S. *

GLUCOSE N.S. N.S.

Lenses were incubated for 24 hours in 4 mis Medium 199 + 101 FCS in the 
presence or absence of ImM diamide and freeze-stopped in liquid nitrogen. 
All values are expressed as poles/g, except NADPH which is expressed as 
nmoles/g.
Values are given as MEAN + SEM with the number of observations in brackets. 
Fisher's P Values: < 0.001 ***, < 0.02 **, < 0.1 *, N.S. No significance.
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In the lenses incubated in lOmM glucose under O2/CO 2 there is a significant decrease 

in the NADPH concentration when diamide is present, yet in the 50mM glucose 

incubation the NADPH level does not significantly change, although it appears to be 

reduced by approximately half by diamide. Comparison of the NADPH levels under 

similar conditions, but purged with different gasses, did not significantly differ.
ATP levels are significantly decreased in the presence of diamide in both the 

air/CC>2 and O2/CO 2 incubations. In the air/C02 incubation, ATP is increased slightly 

in the 50mM glucose incubation above the O2/CO 2 value. The ATP concentrations in the 
diamide treated lenses under both gas mixtures gave similar results.

The sorbitol concentration is increased in high glucose incubations under both 

air/CC>2 and O2/CO 2 , and decreased to the same level under both conditions by 
diamide.

Purging the incubations with air/C02 or O2/CO 2 does not alter the total glutathione 
levels or the decreased glutathione content induced by diamide, which is the same 
for both gas mixtures.
a-Glycerolphosphate is significantly reduced with diamide when incubated under 
O2 /CO 2, but it is not reduced in the incubation mixture purged with air/C02, which 
is significantly higher than the same incubation under O2/CO 2 . As expected 
lenticular glucose is elevated in the 50mM glucose incubation, with diamide having 
no effect on the glucose concentration under O2/CO 2, but elevating glucose in the 

air/CC>2 incubation.

1.3.5. EFFECT OF ImM DIAMIDE ON CALCIUM UPTAKE IN LENSES 
INCUBATED IN lOmM OR 50mM GLUCOSE WITH AIR/CO^ OR Oz/COr

Lenses were incubated for 1 hour in Krebs Ringer bicarbonate buffer containing half 
the normal concentration of calcium chloride and 45Ca++. Incubations were carried 

out in the presence or absence of diamide and the media was equilibrated under 

air/C02 or O2/CO 2 . The rate of 43Ca++ uptake in the lens under these conditions is 
documented in Table 16. Calcium uptake in lenses incubated in lOmM glucose under 
O2/CO 2 does not change in the presence of diamide, whereas under air/CC>2 there is a 
significant increase in calcium uptake in the presence of ImM diamide. Relative to 

the lOmM glucose incubation in O2/CO 2, the calcium uptake in the air/CC>2 incubation 
is significantly lower, but this is not true for the incubations with diamide.

In the 50mM glucose incubation diamide increases the uptake of calcium significantly 
under O2/CO 2 but not statistically significantly under air/CC>2 . Between the two gas 
mixtures there is no change in uptake in the 50mM glucose incubation when diamide is
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TABLE 16: «Ca*UPTAKE INTO LENSES INCOBATED IN lOmM OR 50mH GLUCOSE WITH OR 
WITHOUT I bH DIAHIDE: THE EFFECT OF OXYGEN TENSION.

CONDITION lOmH GLUCOSE lOlM GLUCOSE FISHER'S P
+ DIAHIDE lOlH + Diamide 

vs lOmH Glucose

Oz/COz 0.210 + 0.025 (8) 0.221 + 0.027 (9) N.S.

AIR/C02 0.076 ± 0.012 (10) 0.218 + 0.024 (10) ***

Fisher's P Value
02/C02 vs Air/C02 ** N.S.

50mH GLUCOSE 50mN GLUCOSE 50mH + Diamide 
+ DIAHIDE vs 50iH Glucose

02/C02 0.229 + 0.025 (5) 0.320 t 0.012 (6) **

AIR/COz 0.176 + 0.033 (5) 0.229 + 0.038 (5) N.S.

Fisher's P Value
02/C0z Vs Air/COj, N.S. *

Fisher's P Value 
lOmH vs 50mH

**02/C0z N.S.

AIR/C02 ** N.S

All results are expressed as poles 4SCa*+ uptake/g lens/hr.
Values are given as HEAN ± SEN with the number of observations in brackets 
Lenses were incubated with or without ImH Diamide for 1 hour in the 
presence of ^Ca^ and treated as described in the Hethods section. 
Fisher's P Values: < 0.001 ***, < 0.02 **, <0.1 *, N.S. no significance.
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absent, but there is a significant decrease in calcium uptake with air/C02 in the 

50mM glucose when diamide is present.
Between the 50mM glucose and lOmM glucose incubations there is no significant 

difference in calcium uptake in the O2/CO 2 incubation, whereas in the air/C02 

calcium uptake does significantly increase with increasing glucose. Comparison of 
the diamide incubations between 50mM and lOmM glucose shows that there is a 
significant increase in calcium uptake at the high glucose concentrations under 

O2/CO 2, and there is no change between the same incubations under air/CC>2 .

1.4. THE EFFECT OF GLUTATHIONE-ESTER AND HYDROGEN PEROXIDE ON 
LENTICULAR METABOLISM IN A 24 HOUR IN  VITRO LENS INCUBATION.

1.4.1. THE EFFECTS OF lOmM GLUTATHIONE-ESTER ON O.l-l.OmM 

HYDROGEN PEROXIDE INDUCED CHANGES IN METABOLITE LEVELS OF 
THE IN  VITRO 24 HOUR LENS INCUBATION.
Lenses were incubated for 24 hours in 4mls of Medium 199 with 10% foetal calf serum 

containing 5mM or 35mM glucose with the following manipulations,
i) No additions other than the high or low glucose concentrations.
ii) lOmM glutathione-ester with high or low glucose.

iii) Hydrogen peroxide concentrations of 0.1, 0.25, 0.5, or l.OmM with high or low 
glucose.

iv) lOmM Glutathione-ester incubated with each concentration of hydrogen peroxide. 
Hydrogen peroxide, added to stimulate conditions of oxidative stress, decreased the 
glutathione levels and increased the demand for NADPH. The addition of glutathione- 
ester is made to overcome this drain on the glutathione levels and to achieve a
state of metabolic equilibrium.
The levels of NADPH, total glutathione and sorbitol were measured under all the 
conditions as shown in Tables 17, 18 and 19 respectively.
a) NADPH Levels: In the presence of 35mM glucose, NADPH levels are decreased 

significantly in all the conditions, except in the presence of O.lmM hydrogen 
peroxide with or without lOmM glutathione-ester. The addition of glutathione-ester 

to incubations, in 35mM to 5mM glucose does not significantly alter the 

concentration of NADPH, relative to the control (no glutathione-ester) for the same 
glucose concentration. The greatest drop in NADPH occurs with the l.OmM hydrogen 

peroxide concentration, and as the hydrogen peroxide concentration decreases so does 

the fall in the NADPH level, until at O.lmM H 2O2 there is no change in the NADPH. In 

the high glucose incubation all concentrations of hydrogen peroxide produce a
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TABLE 17: THE EFFECT OF GLUTATHIONE-ESTER, CHANGING HYDROGEN PEROXIDE
CONCENTRATIONS AND THE TWO COMBINED ON NADPH LEVELS IN 24 HOUR

LENS INCUBATIONS AT NORMAL AND HIGH GLUCOSE LEVELS.

moles NADPH 

CONDITIONS 5mM GLUCOSE

No additions 5.32 + 0.93
lOmM GSH-ester 4.32 + 0.36 N.S.
l.OmM HjOi 1.81 + 0.28 i i t k

Ester+LOmM H202 3.42 + 0.50 N.S.

No additions 4.56 + 0.50
lOmM GSH-ester 3.90 + 0.46 N.S.
0.5mM H202 3.42 + 0.15 *
Ester+0.5mM H202 3.85 + 0.37 N.S.

No additions 8.19 + 0.58
lOmM GSH-ester 7.73 + 0.42 N.S.
0.25mM H202 6.29 + 0.35 **
Ester+0.25mM H202 7.83 + 0.76 N.S.

No additions 5.26 + 0.60
lOmM GSH-ester 6.61 + 0.28 N.S.
O.lmM H202 5.97 + 0.77 N.S.
Ester+0.ImM flj02 5.62 + 0.94 N.S.

/9

35mK GLUCOSE Fisher's

2.31 + 0.17

P Value 
5mM vs 35mM 

**
2.42 + 0.14 N.S. kkk

0.82 + 0.06 kick kk

1.57 t 0.21 kk kk

3.27 + 0.33 *
2.78 + 0.07 N.S. *
2.29 + 0.26 * ***
2.12 + 0.18 ** ***

4.60 + 0.21 ***
4.68 t 0.78 N.S. kk

4.06 + 0.30 N.S. kk k

4.44 + 0.52 N.S. kk

3.94 + 0.11 *
4.22 + 0.30 N.S. kkk

5.20 + 0.29 kk k N.S.
4.59 + 0.69 N.S. N.S.

12 observations were lade for each value.
All values are expressed as MEAN + SEM in nmoles/g, followed by the 
Fisher's P value relative to the experimental control.
Fisher's P Value: <0.001 ***, <0.02 **> < 0.1 *, N.S. No significance.
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decreased NADPH concentration, except 0.25mM hydrogen peroxide which had no 

significant effect. In the 5mM glucose incubation the decrease in NADPH due to 

hydrogen peroxide is overcome when l.OmM glutathione-ester is added to the media. In 

the presence of high glucose this pattern is not observed, l.OmM hydrogen peroxide 
decreased lenticular NADPH and when glutathione-ester was present there was some 

recovery of NADPH, this is not observed with 0.5mM hydrogen peroxide where decreased 

NADPH was in the presence of glutathione-ester showed no recovery towards the 

control. Hydrogen peroxide (0.25mM) does decrease NADPH but not significantly and 
when combined with glutathione-ester slightly increased the NADPH, though this was 

not significant. In the incubation with 0. ImM hydrogen peroxide there was a 

significant increase in NADPH.

b) Total Glutathione: The total glutathione levels for the previously described 

incubations are shown in Table 18.
Comparisons of glutathione concentrations in the 35mM and 5mM glucose incubations 
show that, relative to the low glucose incubation, there is a small but significant 
decrease in the glutathione levels with 35mM glucose. Glutathione-ester does not 
significantly alter the glutathione levels in the 5mM glucose incubations, but it is 
responsible, in the high glucose incubations, for an elevation of depleted 
glutathione levels. In the incubations containing 1.0 and 0.5mM hydrogen peroxide 
there is a significant decrease in the glutathione concentration, whereas the 
glutathione levels in the incubations containing the lower concentrations of 
hydrogen peroxide, 0.25 and 0.10 mM, glutathione levels remain the same as in the 
control incubations. Hydrogen peroxide when added to the high glucose incubations 
does not effect the glutathione levels except at 0.5 mM hydrogen peroxide when 

glutathione is significantly decreased. Glutathione-ester in the presence of 
hydrogen peroxide restores the glutathione concentration to the control level or in 

the case of 0.5mM and O.lmM hydrogen peroxide, glutathione is greater than the 

matched control with no additions in high or low glucose.

c) Sorbitol: Sorbitol levels in the in vitro incubations of the rat lens in 35mM or 
5mM glucose, with or without hydrogen peroxide and glutathione-ester are shown in 

Table 19.

Sorbitol is significantly increased in the in vitro rat lens incubation in 35mM 
glucose when compared with the comparable lens incubation in 5mM glucose. 

Glutathione-ester does not effect the sorbitol levels in the high or low glucose 

incubations. In the incubations containing 0.5, 0.25 and 0.1 mM hydrogen peroxide 
the sorbitol levels are significantly decreased, yet in the high glucose incubations 
sorbitol concentrations are only decreased in the presence of higher concentrations
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TABLE 18:THE EFFECT OF GLUTATHIONE-ESTER, CHANGING HYDROGEN PEROXIDE
CONCENTRATIONS AND THE TWO COMBINED ON TOTAL GLUTATHIONE LEVELS IN
24 HOUR LENS INCUBATIONS AT NORMAL AND HIGH GLUCOSE LEVELS.

uioles TOTAL GLUTATHIONE /q

CONDITIONS 5mH GLUCOSE 35mM GLUCOSE Fisher's
P Value

5mM vs 35mM

No additions 1.21 + 0.04 1.02 + 0.03 *
lOmM GSH-ester 1.29 + 0.06 N.S. 1.67 + 0.05 ** ***
l.OmM H202 0.88 + 0.05 *** 0.93 + 0.09 N.S. N.S.
Ester+1.0mM H202 1.57 + 0.21 N.S. 1.48 + 0.09 N.S. N.S.

No additions 1.29 + 0.08 1.37 + 0.11 N.S.
lOmM GSH-ester 1.51 + 0.07 * 1.76 + 0.05 ** **
0.5mM H202 1.08 + 0.05 * 0.93 + 0*08 ** N.S.
Ester+0.5mM H202 1.57 + 0.10 * 1.62 + 0.05 * N.S.

No additions 1.11 + 0.39 1.16 + 0.19 N.S.
lOmM GSH-ester 1.67 + 0.09 N.S. 1.44 + 0.17 N.S. N.S.
0.25mN Hz02 1.05 + 0.10 N.S. 1.06 + 0.06 N.S. N.S.
Ester+0.25mM HZ0Z 1.52 + 0.05 N.S. 1.22 + 0.17 N.S. N.S.

No additions 0.98 + 0.28 1.20 + 0.07 N.S.
lOmM GSH-ester 1.62 + 1.05 N.S. 1.54 + 0.05 *** N.S.
O.lmM HzOz 1.35 + 0.09 N.S. 1.08 + 0.03 N.S. **
Ester+O.lmM Hz02 1.97 + 0.12 ** 1.40 + 0.13 N.S. **

12 observations were made for each value.
All values are expressed as MEAN + SEN in /moles/g, followed by the 
Fisher's P Value relative to the experimental control.
Fisher's P Value: <0.001 ***, <0.02 **, < 0.1 *, N.S. No significance.
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TABLE 19: THE EFFECT OF GLUTATHIONE-ESTER, CHANGING HYDROGEN PEROXIDE
CONCENTRATIONS AND THE TWO COMBINED ON SORBITOL LEVELS IN 24 HOUR
LENS INCUBATIONS AT NORMAL AND HIGH GLUCOSE LEVELS.

CONDITIONS

uioles 

5mM GLUCOSE

SORBITOL

35mM GLUCOSE

/9

Fisher's 
P Value 

5mM vs 35mM

No additions 0.28 + 0*06 11.4 + 0.8
lOmM GSH-ester 0.35 + 0.05 * 14.8 + 1.7 N.S.
l.OmM HjO* 0.09 + 0.01 N.S. 3.03 + 0.7 ***
Ester+l.OmM H2Oz 0.21 + 0.03 N.S. 7.74 + 1.0 **

No additions 0.39 + 0.06 14.5 + 0.6
lOmM GSH-ester 0.43 + 0.08 N.S. 17.3 + 1.2 *
0.5mH HaOa 0.14 + 0.02 *** 5.2 + 0.6 ***
Ester+0.5mM H202 0.32 + 0.08 N.S. 13.9 + 1.0 N.S.

No additions 0.34 + 0.07 10.3 + 1.4
lOmH GSH-ester 0.27 + 0.02 N.S. 8.85 + 0.6 N.S.
0.25mM H202 0.12 + 0.01 ** 8.54 + 0.7 N.S.
Ester+0.25mM H2Oa 0.19 + 0.03 N.S. 13.0 + 1.5 N.S.

No additions 0.47 + 0.06 15.9 + 0.6
lOmM GSH-ester 0.25 + 1.03 N.S. 16.6 + 0.9 N.S.
O.lmM Hz02 0.24 + 0.02 *** 16.4 + 1.4 N.S.
Ester+O.lmM HaOz 0.31 + 0.04 * 17.3 t 2.5 N.S.

12 observations were Bade for each value.
All values are expressed as MEAN i  SEN in/tmoles/g, followed by the 
Fisher's P value relative to the experimental control.
Fisher's P Value: <0.001 ***, <0.02 **, < 0.1 *, N.S. No significance.
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of 0.5 and 1.0 mM hydrogen peroxide. In incubations containing hydrogen peroxide and 

glutathione ester, the sorbitol levels are increased above the matching hydrogen 

peroxide incubation. Incubations containing glutathione-ester and hydrogen peroxide 

in 35mM or 5M glucose restores the sorbitol level to the matched control for each 

experiment, except in the incubation with glutathione-ester and 0.1 mM hydrogen 

peroxide in 5 mM glucose and the high glucose incubation with glutathione-ester and 

1.0 mM hydrogen peroxide, which do not fully recover to their control sorbitol 

levels.

1.5. CHANGES IN ENZYME ACTIVITY RESULTING FROM 

HYPERGLYCAEMIA AND OXIDATIVE STRESS.

Lenses were incubated for 24 hours in 5mM or 35mM glucose with or without ImM 

hydrogen peroxide and enzyme activity measured in a homogenate. Hexokinase, aldose 
reductase, glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, 

isocitrate dehydrogenase, "malic" enzyme, glutathione peroxidase and glutathione 
reductase were measured and the results are shown in Table 20. The results are 
expressed as percentages of the enzyme activity in the lens incubated in 5mM 
glucose. Hexokinase is slightly decreased in the 35mM glucose incubation and in the 

presence of hydrogen peroxide in the high glucose incubation, yet in the low glucose 
incubation with hydrogen peroxide, the activity of hexokinase is increased to 121%, 
albeit not significantly. Aldose reductase is slightly increased in the 35mM glucose 
incubation, but in the presence of hydrogen peroxide falls to 86% and 60% of the 
lOmM glucose aldose reductase activity, in the lOmM and 50mM glucose incubation 

respectively. Hydrogen peroxide has the greatest effect on glucose 6-phosphate 
dehydrogenase activity compared to any other of the enzymes measured. The effect of 

hydrogen peroxide on the enzymes activities measured is dependent on the glucose 
concentration in the media. In the 35mM glucose incubation hydrogen peroxide does 
not alter the isocitrate dehydrogenase activity yet in the 5mM glucose incubation 
its activity is decreased to 52% of the control. Aldose reductase and "malic" enzyme 
are significantly increased in the 35mM glucose incubation. Hexokinase, glucose 6- 
phosphate dehydrogenase, 6-phosphogluconate dehydrogenase and glutathione reductase 

are slightly decreased in the high glucose incubation. In the 5mM glucose incubation 

containing ImM hydrogen peroxide, glucose 6-phosphate dehydrogenase, 6- 

phosphogluconate dehydrogenase and glutathione peroxidase are significantly 
decreased. Compared to the 5mM glucose control, the same enzymes in the higher 

glucose incubation with ImM hydrogen peroxide have a lower activity, but are not
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TABLE 20: CHANGES IN LENTICULAR ENZYME ACTIVITY RESULTING FROM 
HYPERGLYCAEMIA AND OXIDATIVE STRESS CONDITIONS.

5mM Glucose 
Units/g

55mM Glucose 
% of 5mM

5mM + H2Oa 
% of 5mH

55mM + H2I 
1 of 55m]

Hexokinase 0.49 + 0.13 81 + 6 121 + 18 85 + 12

Aldose Reductase 0.50 + 0.10 115 ±0.19 86 + 11 60 + 8

Glucose-6-phosphate DH 0.52 + 0.04 87 + 2 36 + 7 53 + 9

6-Phosphogluconate DH 0,22 + 0.04 88 + 8 44 ± 5 62 + 5

Isocitrate DH 0.28 + 0.05 103 + 13 52 + 7 91 + 6

"Malic Enzyme" 0.24 + 0.02 120 + 13 95 + 8 85 + 10

Glutathione Peroxidase 0.66 i  0.14 107 + 10 47 + 3 55 + 5

Glutathione Reductase 0.27 + 0.10 82 + 24 66 + 18 46 + 9

Lenses were incubated for 24 hours, then homogenised (1 lens/lml) in 
Sucrose, TRA, DTT Buffer pH 7.4. All enzyme measurements were determined at 
25'C and measured spectrophotometrically. Control values were expressed as 
MEAN ± SEN and experimental as a \  of the 5mN or 55mN glucose control.
ImM hydrogen peroxide was used.
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inhibited to the same degree as is apparent the 5mM glucose incubation with hydrogen 

peroxide. When the enzyme activities in the 55mM glucose incubation with or without 

hydrogen peroxide are compared, hexokinase and isocitrate dehydrogenase are not 

changed, but hydrogen peroxide does decrease the activity of aldose reductase, 
glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, "malic" enzyme, 
glutathione peroxidase and glutathione reductase. Glutathione reductase is more 

inhibited by hydrogen peroxide at 55mM glucose, than at 5mM glucose.

1.6. THE EFFECT OF ImM BUTHIONINE SULPHOXIMINE 
ON LENTICULAR METABOLITES.

1.6.1. CHANGES OVER A 30 HOUR TIME COURSE.

Buthionine sulphoximine is an inhibitor of -glutamylcysteine synthetase and has 
been a useful tool used for determining the turnover of glutathione in the lens 

(Martensson et al.t 1989). It was thought that BSO would provide a suitable model of 
the proposed mechanisms involved in the changes occurring in the diabetic condition.
The results shown in Table 21 are from lenses incubated in 4mls of Medium 199 with 
10% foetal calf serum with a final glucose concentration of lOmM, with or without 
ImM buthionine sulphoximine. The levels of total glutathione, ATP, sorbitol and 
glucose were measured in in vitro lens incubations after 1, 6, 24 and 30 hours. The 

total glutathione concentration in the lenses treated with buthionine sulphoximine 
did not significantly decrease relative to the matched control. In the presence of 
BSO there was a decrease in total glutathione with time, unfortunately these results 
are not statistically significant due to the limited number of observations. There 
is a great deal of variability within the control group although the measurements 

were performed on the same day, this may be due to the age of the rats and the 
dissection procedure resulting in damage during the incubation. The incubation 
contained lOmM glucose, under these conditions there is very little polyol pathway 
and pentose phosphate pathway activity and little demand for glutathione 

maintenance, therefore these are not the best conditions to study the effect of 
blocking glutathione synthesis on the maintenance of the metabolic balance in the 
diabetic lens.

ATP levels appear to be steadily maintained in the lens incubations containing BSO.
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TABLE 21: EFFECT OF ImM BUTHIONINE SULPHOXIMINE ON LENS METABOLISM OVER 
A 30 HOURS TIME COURSE.

TIME CONTROL + ImM BUTHIONINE FISHER'S
METABOLITE HOURS SULPHOXIMINE (BSO) P VALUE

BSO vs
Control

Total Glutathione 1 1.86 + 0.13 (5) 1.66 + 0.14 (5) N.S.
6 3.09 + 0.41 (3) 2.69 + 0.51 (3) N.S.

24 2.09 + 0.93 (3) 1.16 + 0.17 (5) N.S.
30 3.24 + 0.76 (4) 1.52 + 0.01 (3) *

ATP 1 0.98 + 0.09 (4) 0.84 + 0.07 (4) N.S.
6 2.02 + 0.07 (3) 1.94 + 0.77 (3) N.S.

24 0.78 + 0.63 (3) 1.1  ̂ + 0.25 (4) N.S.
30 1.40 + 0.23 (3) 1.47 + 0.01 (3) N.S.

All values are expressed as /imoles/g, MEAN + SEM.
Fisher's P Values have been determined: < 0.001 ***, < 0.02 **, < 0.1 * 
Fisher's P Values are relative to the experimental control.
All lenses were incubated in lOmM glucose.

102



1.6.2. THE EFFECT OF ImM BUTHIONINE SULPHOXIMINE ON

LENS METABOLISM IN NORMAL AND HYPEROLYCAEMIC 1 HOUR 
IN  VITRO  LENS INCUBATIONS.

The results from the preliminary examination of the effect of ImM buthionine 

sulphoximine on metabolite levels in lenses incubated in glucose media for 1 hour 
are shown in Table 22. There is no significant difference in the levels of ATP, 
total glutathione and sorbitol levels in the lOmM glucose incubations with or 

without BSO. In the 50mM glucose incubation there is a significant decrease in the 

total glutathione levels in the lens incubated in BSO, there is also a slight 

decrease in ATP and glucose although this drop is not statistically significant.

1.6. LENS EPITHELIAL CELLS IN TISSUE CULTURE.

The lens epithelium is the most metabolically active part of the lens, all the work 
presented in this thesis has been carried out using the whole lens. In order to 
fully understand and appreciate the metabolic changes occurring in the lens it is 
necessary to study the two cellular groups which constitute the whole lens and study 
them individually. The lens is made up of the lens epithelial cells which cover the 
anterior surface of the lens and the lens fibre cells which are organised like onion 
skins and pack inwards towards the lens nucleus. Lens epithelium is not reliant on a 
vascular or neural supply and is completely isolated from other cells by its 
basement membrane, this makes it a unique cell culture system as these cells are 
exclusively epithelial cells and will not be contaminated by other cells such as 
fibroblasts. Metabolic changes within one cell type in a heterogeneous tissue may be 
obscured by the total total metabolic flux, for this reason a study of lens 
epithelial cells was stared to examine how far the overall changes in the overall 

metabolism of the lens reflected those in the epithelial rather than fibre cells.

Further advantages of this technique are the increased metabolic activity of 
epithelial cells over whole lens requires less material for each study and allows 

the supply of reproducible cell populations diminishing the variables often 

encountered with tissues excised from animals. Tissue culture facilities were not 

available in this laboratory, therefore this work was conducted in the Department of 
Histopathology, UCMSM assisted by Dr Alberto Dutra and Dr Monica Epperlein. The 

method for culturing lens epithelial cells was based on the method by Piper et a/., 
(1990) and was carried out using bovine lens epithelium.
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TABLE 22: THE EFFECT OF ImM BUTHIONINE SULPHOXIMINE ON METABOLITE LEVELS
IN LENSES INCUBATED IN lOmM OH 50lM GLUCOSE INCUBATIONS FOR 1 HOUR.

METABOLITE 

pmoles/g lens

lOmM GLUCOSE lOmM GLUCOSE + BSO FISHER'S P 
lOmH + BSO vs 
lOmM Glucose

ATP 0.970 + 0.13 (3) 0.770 t 0.02 43) * *

Glucose 1.15 + 0.38 (7) 0.640 + 0.16 (6) *

Total Glutathione 1.69 + 0.168 (9) 1.73 + 0.08 (9) N.S.

Sorbitol 0.280 + 0.040 (9) 0.350 + 0.05 (9) N.S.

50mM GLUCOSE 50mH GLUCOSE + BSO 50mH + BSO vs 
50mM Glucose

ATP 0.830 ± -0.08 (4) 0.720 + 0.10 (4) N.S.

Glucose 1.95 t 0.22 (7) 1.75 1 0.21 (6) N.S.

Total Glutathione 1.81 + 0.08 (10) 1.56 + 0.08 (10) *

Sorbitol 0.920 + 0.12 (10) 0.940 + 0.15 (10) N.S.

All values are expressed as MEAN + SEM with the number of observations in 
brackets.
Fisher's P Values have been determined: < 0.001 ***, < 0.02 **, < 0.1 * 
relative to the experimental controls.
Lenses were incubated for 1 hour in 4mls Krebs-Ringer buffer pregassed 
with 02/C02.
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1.6.1. GLUCOSE METABOLISM IN CULTURED BOVINE LENS EPITHELIAL

CELLS.

The flux experiments were set-up as described in the Methods section and the results 

shown in Table 23. This preliminary study was designed to determine the number of 

cells (coverslips) required to give sufficient counts for reproducible assays to be 

made and to find how many cells were needed to obtain equivalent values to those of 

the whole lens. The results show that 4 coverslips gave counts close to those 

obtained for the whole lens.

Some difficulty arises in making a comparison between the two systems especially in 

lens epithelial cell quantification. In view of the totally different composition of 
the two materials direct quantitative comparisons are not made. Comparisons of 

quantitative change can be made and will prove very valuable in assessing the area 
of metabolic abherration. A technical problem encountered was coverslips overlapping 
and clinging together. This may have an effect on nutrient supply to those cells 
covered by others. This does not arise in the whole lens situation. This problem 
will hopefully be overcome by culturing cells on beads. The most appropriate method 
of cell quantification is DNA content, measured by the micro fluorometric procedure 
by Downs and Wilfinger (1983).

1.6.2. ELECTRON-MICROSCOPY OF BOVINE LENS EPITHELIAL CELLS.

a) BOVINE LENS EPITHELIAL CELLS.

The electron-microscopic photo of bovine lens epithelial cells is shown (Plate 1) to 
illustrate that these cells grow in a flat monolayer and interlock in a pavement

like fashion. It is evident there is some degenerating cells which are "lifting" at 

their edges, once the cells have totally dissociated the space will be quickly 

filled by the growing epithelial cells. After long-term tissue culture (6-8 
passages) these cells will differentiate into fibre cells, having a long narrow 
appearance.
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TABLE 23: COMPARISON OF [l-'+C]GLUCOSE METABOLISM IN LENS EPITHELIAL
CELLS WITH WHOLE RAT LENS.

TISSUE/CONDITION No. LENS WT ig DPM PROTEIN
COVERSLIPS

lOlN GLUCOSE

L.E.C. 2
L.E.C. 3
L.E.C. 4
BLANK 2
BLANK

RAT LENS
* RAT LENS
* RAT LENS
* BLANK

lOlM GLUCOSE + PMS

L.E.C. 2
L.E.C. 3
L.E.C. 4
BLANK 2
BLANK

RAT LENS
* RAT LENS
* RAT LENS
* BLANK

50mM GLUCOSE

L.E.C. 2
L.E.C. 4
BLANK

RAT LENS
* RAT LENS
* RAT LENS
* BLANK

50mM GLUCOSE + PMS

L.E.C. 2
L.E.C. 4

RAT LENS
BLANK

* RAT LENS
* RAT LENS
* BLANK

jig/inc.

71.7 24.5
100 72.6
147 91.9

92.8 9.31
95.9 22.5

66 6998
32 261
30 252

114

555 39.0
634 60.1

1088
83.1 25.1
95.5 14.8

79 1243 6924
28 2911
29 1327

87.7

55.5 48.5
67.1 83.7
53.9 8.32

69 155
30 211
27 183

61.0

112 38.5
223

60 3078 6593
58.7 15.8

33 776
33 811

60.5

L.E.C Bovine Lens Epithelial Cells 
* Results from an experiment run on a different day.

106



Plate 1: Scanning electron microscopy piciures of bovine lens epithelial cell in 

culture. Magnification X200: Tilt 60°.
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2. IN  VIVO STREPTOZOTOCIN DIABETIC MODEL OF THE RAT LENS.

2.1.1. FREEZE STOPPED METABOLITE LEVELS AT DIFFERENT STAGES 

OF UNCONTROLLED DIABETES.

The lens weight together with the ATP, NADPH, total glutathione, sorbitol, a -  

glycerolphosphate and glucose concentrations, in the 3 days, 5 days, 1, 2 and 5 

weeks diabetic rat lens, are shown in Table 24. The values for the controls are 

means of all the animals at various stages. There is no significant change in any of 

the parameters over this 5 week period although there are tendancies for levels to 
fall (<10%) and weight to increase (<10%). The level of significance shown in the 
tables are the same whether calculated from the overall control or separate control 

groups are used for comparison.
The lens weight does not significantly increase until 5 weeks after the induction of 
diabetes in the rat, until then the lens weight remains relatively constant. It 
should be reported here that in the control lens, the lens weight increases slightly 
over this time. ATP is known to drop in many diabetic tisses of the rat, this is 
also true of the diabetic rat lens. There is a significant drop in ATP after 5 days 
which continues to decrease up to 2 weeks, but by 5 weeks the difference is less 
apparent and is no longer significant. NADPH is one of the first metabolites to drop 
significantly in the lens along with glutathione it continues to
decrease up to 4 weeks after the induction of diabetes, but is recovered to the 
control levels by 5 weeks. Sulphydryl groups are known to decrease in the diabetic 
lens (Srivastava and Beutler, 1973) and this is certainly reflected in the total 
glutathione levels, which were measured by the method of Owens and Belcher (1965) 

this being a measure of the total sulphydryl content in the lens. In reality there 
may be a drop in the reduced glutathione levels due to an increased permeabilty of 

the lens, allowing more reduced glutathione to be transported out of the cells, 
altering the sulphydryl balance of the lens.

The sorbitol level increases in the lens as early as 3 days after injecting 

streptozotocin, and it continues to accumulate as the duration of diabetes increases 
(Table 24).

a-Glycerolphosphate was measured in the 1 week and 2 week diabetic lens and found to 
be significantly increased in diabetes. As expected the glucose concentration in the 

diabetic lens is significantly increased in parallel with the blood glucose values.
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2.1.2. TOTAL, REDUCED AND OXIDISED GLUTATHIONE LEVELS AT

2 WEEK AND 4 WEEK DIABETES.

It has long been established that total glutathione levels in diabetic cataracts are 

decreased (Van Heyningen and Pirie, 1953) therefore resulting in a decrease in the 

overall sulphydryl concentration in the lens. The total, reduced and oxidised 

glutathione levels in the 2 week and 4 week diabetic lens have been measured in 

order to develop a profile of the changing sulphydryl balance in the lens as shown 

in Table 25.

The total glutathione levels in the lens is significantly decreased in the diabetic 

lens confirming the data from Table 24 and this is also observed for the reduced and 
oxidised glutathione levels. Interestingly, the reduced : oxidised glutathione ratio 
does not alter with the duration of diabetes.

2.1.3. TOTAL GLUTATHIONE AND SORBITOL LEVELS IN THE LENS 

OF 3 DAYS DIABETIC RATS: EFFECT OF NICOTIAMIDE------------------------------------------------------------------------------- K----------
PRE-TREATMENT.

In the diabetic rat lens the NADPH levels decrease in the 3 days diabetic lens 
(Table 24).

Nicotinamide administered 10 minutes before the induction of streptozotocin 
diabetes, in order to maintain the NADPH levels and protecting the rat from the 
streptozotocin treatment results in milder diabetes as shown by a normal weight gain 

and only partial hyperglyceamia (Table 26). There are two groups of control values, 

the normal control and the controls also injected with nicotinamide. The 
administration of nicotinamide to the age-matched controls results in a significant 

increase in ATP, which is also apparent in the diabetic/nicotinamide group. 
Nicotinamide pre-treatment has no effect on control levels of glutathione, but in 

diabetic animals where the total glutathione concentration has fallen a marked 
recovery of the level of the metabolite is seen. Sorbitol levels are significantly 

increased at 3 days diabetes and although the value falls with nicotinamide pre
treatment, it does not recover to the control concentration. Nicotinamide is able to 

increase the ATP, glutathione and sorbitol levels in the diabetic rat lens, but the 
long term maintenance of this restoration are unkown.
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TABLE 25: TOTAL, REDUCED AND OXIDISED GLUTATHIONE LEVELS IN 2 WEEK AND
4 WEEK DIABETIC RAT LENSES.

TOTAL GLUTATHIONE 
(poles/g lens)

OXIDISED GLUTATHIONE 
(poles/g lens)

REDUCED GLUTATHIONE 
(poles/g lens)

GSH/GSSG

BLOOD GLUCOSE 
( i H )

CONTROL 

1.81 + 0.08 (12)

0.055 + 0.090 (12)

0.750 + 0.090 (12)

13M (12)

5.96 + 0.25 (9)

2 WEEKS DIABETIC 

0.25 + 0.02 (14) ***

0.10 + 0.01 (14) ***

0.19 + 0.02 (12) ***

(9)

24.9 + 0.590 (14) ***

4 WEEKS DIABETIC 

0.270 + 0.020 (13) ***

0.110 + 0.010 (13) ***

0.160 + 0.020 (13) ***

145 (13)

24.8 + 1.26 (9) ***

Total glutathione was neasured using the DTNB lethod by Owens and Belcher 
(1965). Oxidised glutathione was neasured using the method by Griffith (1980) 
using 2-vinylpyridine which reacts with reduced glutathione. Total 
glutathione in the treated sample was measured using the method by Owen and 
Belcher (1965) and the difference in the total glutathione measurement of the 
untreated sample and the 2-vinylpyridine treated sample is equivalent to the 
amount of reduced glutathione.
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TABLE 26: CHANGE IN ATP, TOTAL GLUTATHIONE AND SORBITOL IN THE RAT LENS 
TREATED WITH NICOTINAMIDE.

CONTROL CONTROL+NICOTINAKIDE

Body Weight (g) 264 + 12 (14) 254 + 7 (10) N.S.

Lens Wet Weight (mg) 34.9 + 1.4 (29) 35.5 + 0.5 (4) N.S.

Blood Glucose (mH) 7.20 + 0.20 (14) 8.00 + 0.80 (10) N.S,

ATP (poles/g) 1.89 + 0.120 (14) 2.88 + 0.16 (4) ***

Total Glutathione 
(poles/g)

1.86 + 0.080 (29) 1.92 + 0.080 (4) N.S.

Sorbitol (poles/g) 0.340 + 0.030 (25) 0.220 + 0.020 (4) **

FISHER'S P
3 DAYS DIABETIC 3DAYS.DIAB+NICOTINAHIDE DIAB + NA VS DIAB

Body Weight (g) 211 + 8.0 (10) *** 262 + 4.0 (10) N.S. ***

Lens Wet Weight (mg) 32.4 + 0.90 (14) N.S.36.2 i  1.40 (6) N.S. **

Blood Glucose (mM) 29.0 + 3.0 (10) *** 8.40 + 0.80 (10) *** A A A

ATP (poles/g) 1.85 + 0.13 (7) N.S. 2.27 i  0.180 (6) N.S. N.S.

Total Glutathione 
(poles/g)

1.49 + 0.110 (10) ** 1.66 + 0.07 (6) N.S. N.S.

Sorbitol (poles/g) 7.34 + 0.89 (10) *** 4.17 + 0.09 (6) *** A

Values are expressed as MEAN ± SEH, with the number of observations in 
brackets, and Fisher's P value relative to the experimental control. 
Fisher's P Values: P< 0.001 ***, < 0.02 **, < 0.1 *, N.S. No significance. 
Rats were pre-treated with nicotinamide (500mg/kg body wt) 10 mins before 
administration of streptozotocin (STZ) (60mg/kg body wt).
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2.1.4. EFFECT OF VERAPAMIL ON LENS METABOLITES IN 1 AND

2 WEEK DIABETIC RATS.

Pierce et aLt (1989) have found that with the development of cataracts in 

streptozotocin induced diabetic rats there is an increase in lenticular calcium. 

Furthermore, they found that by administering verapamil, a calcium channel blocker, 
there is a decrease in the incidence of cataracts in diabetic rats. These previous 

studies were on 8 week diabetic rats treated with verapamil, concentrated on the 
electrolyte, insulin, triglyceride and cholesterol levels. In these experiments 

metabolite levels in 1 and 2 week diabetic rats treated with verapamil and the 

relevant controls were measured and are shown in Table 27.

Verapamil was administered to a group of age-matched controls in order to evaluate 

the effect of blocking the calcium channels under normal conditions. Verapamil did 
not alter the calcium concentration in the control lens but it did significantly 

deplete the NADPH level, with no other changes occurring in the metabolites of 
control lenses. In the 1 week diabetic rat lens NADPH and total glutathione are 

significantly decreased whereas sorbitol, glucose and a-glycerolphosphate are 
increased relative to the control values. ATP levels were slightly increased in the 
1 week diabetic rats treated with verapamil, although not significantly. NADPH, 
total glutathione and glucose levels remain the same as in the matched diabetics. 
Verapamil treatment caused a further increase in the a-glycerolphosphate levels in 
the diabetics, but decreases the sorbitol levels by almost 50%. The calcium 
concentrations are unchanged. Two weeks after the induction of diabetes the ATP, 
NADPH and total glutathione levels were very significantly decreased, the calcium 
concentration remains the same as in the control and sorbitol, glucose and a -  
glycerolphosphate levels are significantly increased, also shown in Table 24.
Verapamil administration to these diabetic rats shows a small but significant 

increase in NADPH above the diabetic value. Glutathione remains unchanged, severely 

decreased when compared to the control, and sorbitol, glucose and a -  
glycerolphosphate are slightly decreased relative to the age-matched diabetic 

values.
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IN 1 AND 2 WEEK DIABETIC EATS.

METABOLITE CONTEOL CONTBOL+VERAPAHIL

jjmoles/g/hour

ATP 1.59 + 0.13 (14) 1.44 + 0.11 (12) N.S.

NADPH * 9.75 + 0.28 (15) 9.03 + 0.19 (8) *

Ca++ 1.82 ± 0.18 (6) 1.68 t 0.20 (6) N.S.

Total Glutathione 2.25 + 0.15 (7) 2.28 + 0.35 (5) N.S.

Sorbitol 0.28 + 0.05 (5) 0.22 ± 0,02 (5) N.S.

Glucose 1.16 i  0.14 (9) 1.27 + 0.07 (5) N.S.

oGlycerolphosphate 0.34 + 0.10 (5) 0.33 + 0.17 (6) N.S.

1 WEEK DIABETIC 1WK DIAB+VERAPAMIL
FISHER'S P 

DIAB+VER vs DIAB

ATP 1.36 + 0.11 (9) * 1.46 t 0.05 (9) N.S. N.S.

NADPH * 8.83 ± 0.30 (5) * 8.78 + 0.28 (5) * N.S.

Ca++ 1.48 + 0.17 (5) N.S. 1.31 + 0.12 (5) * N.S.

Total Glutathione 0.57 + 0.02 (4) *** 0.62 + 0.07 (4) *** N.S.

Sorbitol 18.96 + 2.72 (5) *** 10.81 + 3.13 (5) ** *

Glucose 8.31 + 0.81 (5) *** 8.16 + 0.15 (31 *** N.S.

aGlycerolphosphate 0.71 + 0.12 (5) * 1.29 + 0.23 (4) * *

2 WEEK DIABETIC 2WK DIAB+VERAPAMIL

ATP 1.29 t 0.03 (3) * 1.38 + 0.07 (3) N.S. N.S.

NADPH * 8.64 + 0.11 (3) *** 8.81 + 0.19 (6) ** N.S.

Ca++ 2.07 + 0.57 (3) N.S. 3.00 + 0.51 (3) N.S. N.S.

Total Glutathione 0.69 + 0.05 (3) *** 0.64 + 0.02 (3) *** N.S.

Sorbitol 23.73 ± 1.05 (3) *** 18.12 + 3.07 (3) *** N.S.

Glucose 5.20 + 0.17 (3). *** 2.71 + 0.61 (3) * **

aGlycerolphosphate 2.19 + 0.25 (3) *** 2.04 + 0.17 (3) *** N.S.

Values are expressed as MEAN t SEM, with the number of observations in 
brackets, and Fisher's P value relative to the experimental control. 
Fisher's P Values: P< 0.001 ***, < 0.02 **, < 0.1 *, N.S. No significance. 
Rats were pre-treated with nicotinamide (500mg/kg body wt) 10 mins before 
administration of streptozotocin (STZ) (60mg/kg body wt).
The verapamil (VER) dose was 8mg/kg body wt, injected twice daily.
* Values are expressed as pmoles/g except NADPH which is in pmoles/q



2.1.5. THE EFFECT OF VANADATE FEEDING TREATMENT ON

LENTICULAR METABOLITE LEVELS AT 4 WEEKS DIABETES.

Vanadate is an essential trace element in most mammalian tissues whose function is 

relatively unknown. It has an insulin-like effect in glucose metabolism in vivo and 

in vitro in various insulin-sensitive tissues. Vanadate treatment commenced 2 weeks 
after induction of streptozotocin-diabetes and continued for one week, the 

lenticular metabolites are shown in Table 27 (see Methods section).
The lens weight which is significantly decreased at 3 week diabetes remains so after 

treatment with vanadate. Vanadate was found to decrease the blood glucose level, to 
a similar level as the age-matched controls and to a third of the diabetic blood 
glucose concentration. The NADPH level which drops in the 3 weeks diabetic lenses, 
vanadate restores the NADPH to the control concentration. It is well established 

that the ATP levels drop with the duration of diabetes, this is again reflected in 

the results in Table 28. Vanadate restores the ATP levels to the normal levels. 
Glutathione is one of the first metabolites to fall after the induction of diabetes, 
vanadate treatment of the diabetic leads to an elevation of the glutathione levels 

but does not restore it to the normal cellular glutathione levels, this may be 
because glutathione turnover is increased. The concentration of a-glycerolphosphate 
which is increased in the 3 week diabetic rat lens, after vanadate treatment remains 
increased above the control value.

2.2. ENZYME ACTIVITIES IN THE STREPTOZOTOCIN DIABETIC 

RAT LENS.

2.2.1. GLUTATHIONE SYNTHESIS AND METABOLISM BREAKDOWN.

Glutamate is transported into lens via ^-glutamyl transpeptidase in the ciliary 

body, the lens contains tf-glutamylcysteine synthetase, glutathione synthetase, 
glutathione reductase, glutathione transferase and glutathione peroxidase, which are 
all involved in glutathione metabolism. All these enzymes have been measured at 

different stages of diabetes as shown in Table 29.

X'-Glutamylcysteine synthetase was measured spectrophotometrically by the method 

described by Rathbun et aJ1, (1973), this method was found to be unreliable. This 

was due to the high level of interferring ATPases, at a very low activity of the 
enzymes, which when measured double beam resulted in variable blank to enzyme 
activity ratios. The variability between experiments is quite high, therefore, only
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TABLE 28: CHANGE IN LENS METABOLITE LEVELS IN THE DIABETIC EAT LENS AFTEE 
ADHINISTEEING VANADATE.

CONTEOL

Lens Wet Weight (mg) 38.3 ± 0.56 (10)

Blood Glucose mH 6.30 ± 0.43 (5)

NADPH pmoles/g 9.65 + 0.82 (4)

ATP poles/g 1.61 + 0.07 (4)

Total Glutathione 3.23 + 0.34 (10)
poles/g

aGlycerolphosphate 1.35 ± 0.23 (9)
poles/g

Lens Wet Weight (mg)

Blood Glucose mM 

NADPH pmoles/g 

ATP poles/g

Total Glutathione 
poles/g

aGlycerolphosphate 2.38 + 0.27 (11) **
poles/g

FISHEE'S P 
DIAB+VAN vs DIAB

N.S.

**

N.S.

N.S.

N.S.

2.61 + 0.26 (7) ** N.S.

4 WEEKS DIABETIC 4WKS DIAB + VANADATE 

33.8 i  0.810 (11) ***34.5 t 0.840 (8) ***

28.1 + 4.68 (6) *** 10.0 + 3.61 ( 4 ) N.S.

8.34 + 0.43 (6) N.S. 9.63 ± 1.12 ( 4 ) N.S.

1.05 + 0.17 (6) * 1.43 + 0.12 ( 3 ) N.S.

1.90 + 0.35 (8) ** 2.00 + 0.41 ( 6 ) *

Values are expressed as MEAN t SEM, with the number of observations in 
brackets, and Fisher7s P value relative to the experimental control. 
Fisher's P Values: P< 0.001 ***, < 0.02 **, < 0.1 *, N.S. No significance. 
Eats were given vanadate in solution in the drinking water, see Methods 
Section 2.1.
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the qualitative trends can be examined rather than the quantitative values.

Synthesis of Jf^glutamylcysteine appears to increase in the 1 and 2 weeks diabetic 

lens but falls significantly in the 4 weeeks diabetic lens. Using the HPLC method of 

Denna and Kula (1986) was far more reproducible and showed a small but significant 

fall to 78% of normal activity. The method described by Rathbun et al.> (1973) for 

the measurement of glutathione synthetase was totally unsatisfactory, since no 

activity was detected. The HPLC method (Denna and Kula, 1986) used to obtain results 

for V^glutamylcysteine synthetase was investigated as a method for measuring 

glutathione synthetase. However, the requires £ glutamylcysteine which is not 

available commercially and attempts to synthesize this substrate have not yielded an 

adequate supply for assay purposes. Work is presently in progress to increase the 

yield using more specific carboxypeptidase to cleave glutamate from oxidised 
glutathione.
The activity of glutathione peroxidase was measured in the particulate and the 
cytosolic fraction. The only significant change in glutathione peroxidase activity 
was in the 4 weeks diabetic lenses, at which time the activity was significantly 
increased. The majority of glutathione peroxidase activity occurs in the cytosol, 
which may be by virtue of the fact that mitochondria are only found in the 
epithelial cells of the lens, which make up only a relatively small portion of total 
lenticular mass.
Total glutathione transferases were measured using CDMB (l-chloro-2,4- 
dinitrobenzene) which is a substrate for all the classes of glutathione transferases 

(Pabst et al., 1974; Habig et aLt 1974). Glutathione transferase is important for 
the removal of peroxides, interestingly its activity decreases in the 1 week 

diabetic and in 2 and 4 weeks diabetes increases above the control values (see Table 
30).

Glutathione reductase is responsible for the regeneration of reduced glutathione and 

requires NADPH as a cofactor, its activity does not change with the duration of 
diabetes.

Catalase was measured using an oxygen electrode by monitoring the disappearence of 
oxygen. This is a more reliable and sensitive method than the spectrophotometric 

method, which is satisfactory for tissues such as the kidney and liver where there 
is a higher level of enzymatic activity and greater availability of tissue. The 
catalase activity increases significantly at 1 week diabetes which is also when 

glutathione transferase activity is at its lowest. In the 2 and 4 weeks diabetic rat 
lenses the catalase activity is not altered compared with the age matched control.
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2.2.2. THE ACTIVITY OF NADPH-GENERATING ENZYMES AT 2 WEEKS

DIABETES.

The maintainence of NADPH levels is critical for lenticular metabolism, especially 

in diabetes, the activity of NADPH-generating enzymes in the 2 weeks diabetic rat 

lens is shown in Table 30. There appears to be no statistically significant change 

in the activity of glucose 6-phosphate dehydrogenase, 6-phosphogluconate 
dehydrogenase, isocitrate dehydrogenase and malic enzyme in the 2 weeks diabetic rat 
lens and in the age-matched control.

2.2.3. ACTIVITY OF NADPH-GENERATING ENZYMES AND FREE RADICAL 

SCAVENGING ENZYMES IN THE 2 WEEKS DIABETIC RAT LENS AFTER 
TREATMENT WITH GLUTATHIONE-ESTER.

The metabolite results (Table 24) for all stages of diabetes shows that there is a 
significant decrease in the lenticular ATP, NADPH and total glutathione 
concentrations. The activity of G6PDH, 6PGDH, ICDH(NADP+), malic enzyme, 
glutathione peroxidase, glutathione reductase and catalase are shown in Table 30. 
Glutathione-ester had very little effect on the activities of the enzymes studied 
with the exception of glutathione reductase and isocitrate dehydrogenase which are 
significantly increased in activity, in the case of the former above both the 
control and diabetic group and in the latter to the normal level restoring a small 
deficit apparent in diabetes.

2.3. ENZYME ACTIVITIES IN THE IN  VIVO MODEL OF THE 

DIABETIC RAT RETINA.

As outlined below handling this tissue is very difficult and making quantitative 
measurements is complicated by a wide variability from experiment to experiment. For 

this reason data from more than one stage of diabetes is shown with the 
corresponding controls for that particular experiment and statistical analysis was 
made from this data.
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2.3,1. CHANGES IN THE ENZYME ACTIVITIES OF THE ENZYMES 

OF GLUTATHIONE METABOLISM IN STREPTOZOTOCIN-DIABETIC

r a t  Retina .

The rat retina is a highly vascularised tissue which has a high glycolytic and 

oxidative respiratory activity. It is thought that some important metabolic 

substrates are synthesized in the retina, transported into the vitreous humour and 
then via the ciliary body imported into the lens. An example of this is the 
synthesis of amino acids which is carried out in the retina, but not in the lens.

Levels of enzymes associated with glutathione and its metabolism in the retina at 
different stages of diabetes are shown in Table 31. Retinal wet weight does not 

change with diabetes, however it must be emphasized that it is very difficult to 
dissect and measure the whole tissue which weighs only 25mg. Separation from 

adhering vitreous is also a source of inaccuracy. A more accurate indicator of 
retinal tissue present is the measurement of DNA. The DNA levels were found to 

increase significantly at 1 week diabetes but for the remainder of the time it 
remained unchanged from the control value.

Glutamyl transpeptidase in the retina remains unchanged indicating that glutamate 
and other amino acids are still being transported into the retina. It must be 
remembered that these results are from total tissue homogenates and the retina is 
made up of a variety of different cell types.
The ^glutamylcysteine synthetase results as with the lens are highly variable when 

using the method described by Rathbun et al (1973), measuring the inorganic 
phosphate levels. Preliminary results using the HPLC method by Denna and Kula (1986) 
are more consistent.
The activity of the lenticular glutathione reductase is approximately 3 fold higher 

than the glutathione reductase activity in the retina and the glutathione 
concentration is 7-fold higher in the lens as compared with the retina.
Glutathione peroxidase activity was measured in the whole homogenate and the 

mitochondrial and cytosolic fractions. Glutathione peroxidase activity has a greater 
activity in the cytosolic fraction. The most significant increases are in the 2 week 

diabetic retina, any further duration of diabetes shows a decrease in the 

glutathione peroxidase activity in the whole homogenate.

Glutathione reductase does not change in the 3 days diabetic lens but is 

significantly decreased at 1 week diabetes, then returns to control in the 2 and 4
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weeks diabetic rat retina.

Catalase in the diabetic groups when compared with the age-matched controls shows no 

significant difference.

2.3.2. COMPARISON OF GLYCOLYTIC AND NADP-LINKED ENZYMES 

IN THE CONTROL. 1 WEEK AND 2 WEEKS DIABETIC RETINA.

The results in Table 32 show the profile for these enzymes in rat retina at 1 and 2 

weeks diabetes. Pyruvate kinase and phosphofructokinase are significantly increased 

in the 1 week diabetic rat retina, the other enzymes measured are unchanged in the 

diabetic condition. In the 2 weeks diabetic retina 'malic enzyme' is the only enzyme 

changed, it is significantly increased.

2.3.3. COMPARISON OF GLYCOLYTIC AND NADP-LINKED ENZYMES 
IN THE CONTROL. 1 WEEK AND 2 WEEKS DIABETIC RETINA:

AFTER TREATMENT VERAPAMIL.

The effect of the calcium channel blocker, verapamil, on retinal enzyme activities is 
shown in Table 33.
Verapamil did not alter any of the enzyme activites in the control rats. In the 1 
week diabetic rats pyruvate kinase and phosphofructokinase are significantly 
increased and after verapamil treatment these enzymes are restored to the normal 
values. In the 2 weeks diabetic retina glutathione reductase is significantly 
increased. Verapamil restores the glutathione reductase activity to the same value 
as the control, the other enzymes are not significantly different from the control 

values.

2.3.4. THE LEVEL OF SOME KEY ENZYMES IN THE 2 WEEKS 

DIABETIC RETINA FOLLOWING GLUTATHIONE-ESTER TREATMENT.

Table 34 shows the effect of glutathione-ester treatment on the retinal enzyme 

levels in 2 weeks diabetic rats.
In the lens (see Table 29) there is little change in the enzyme levels as a result 

of glutathione-ester administration, glutathione reductase is the only enzyme that 
increased significantly. In the 2 weeks diabetic rat retina there is significant 
increases in G6PDH and malic enzyme, and a decrease in glutathione peroxidase. 
Administering glutathione-ester to diabetic rats over this 2 week period decreases
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TABLE 32: ENZYME PROFILE IN THE 1 WEEK AND 2 WEEK DIABETIC RAT RETINA.

CONTROL 1 WEEK DIABETIC 2 WEEKS DIABETIC
poles/g/min 

Glycolytic Enzymes

PK 75.6 + 5.51 (13) 89.9 + 9.2 (5) * 96.3 (1)

PFK 15.7 + 1.47 (10) 25.1 t 0.9 (5) *** 13.6 (1)

GAPDH 106 + 14.3 (15) 93.9 + 6.5 (5) N.S. 175.6 ± 30.4 (3) N.S,

PGK 109 + 10.8 (12) 82.2 + 12.6 (5) N.S. 124.7 + 8.9 (3) N.S.

Enolase 37.1 + 4.58 (14) 28.8 ± 2.9 (4) N.S. 40.3 (1)

LDH 187 + 14.3 (13) 230.0 + 16.2 (5) N.S. 180.4 (1)

Pentose Phosphate Pathway Enzymes

G6PDH 1.22 + 0.33 (6) 1.17 + 0.08 (5) N.S. 1.75 + 0.30 (3) *

6PGDH 0.71 + 0.03 (8) 0.79 + 0.04 (8) N.S.

Lipogenic Enzymes

ICDH (NADP+) 0.246 + 0.08 (8) 0.245 + 0.070 (8) N.S

'Malic' Enzyme 0.73 + 0.06 (8) 1.18 + 0.18 (8) *

Values are expressed as MEAN + SEN, with the number of observations in 
brackets, and Fisher's P value relative to the experimental control.
Fisher's P Values: P< 0.001 ***, < 0.02 **, < 0.1 *, N.S. No significance. 
Pairs of retinas were homogenised in 0.5ml Sucrose TRA buffer pH 7.4, unless 
otherwise stated in the enzyme measurement methods.
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TABLE 34: ENZYME LEVELS IN THtf 2 WEEKS DIABETIC RAT RETINA AFTER 
GLDTATHtONE-ESTER TREATMENT.

CONTROL 2 WEEKS DIABETIC 2 WKS DIAB+GLUTATHIONE-ESTER
P.P.P Enzymes

G6PDH 1.69 + 0.11 (8) 2.00 + 0.11 (8) * 1.63 + 0.11 (10) N.S.

6PGDH 0.710 + 0.03 (8) 0.790 + 0.04 (8) N.S. 0.650 + 0.050 (10) N.S.

Lipogenic Enzymes

ICDH (NADP+) 0.246 + 0.080 (8) 0.245 + 0.070 (8) N.S. 0.210 ± 0.060 (10) N.S.

'Malic' Enzyme 0.730 + 0.06 (8) 1.18 + 0.18 (8) * 0.770 + 0.120 (10) N.S.

Detoxification Enzymes

Glutathione Reductase 1.66 ± 0.09 (26) 1.81 + 0.14 (10) * 1.53 + 0.100 (10) N.S.

Glutathione Peroxidase 1*79 ± 0.43 (28) 0.950 + Q.12 (10) * 0.840 + 0.140 (9) N.S.

Catalase 0.560 + 0.09 (10) 0.720 + 0.11 (11) N.S. 0.390 + 0.040 (10) N.S.

Values are expressed as MEAN + SEN, with the number of observations in 
brackets. Values are expressed as umoles/g.
Fisher#s P Values: P< 0.001 ***, < 0.02 **, < 0.1 *, N.S. No significance. 
Pairs of retinas were homogenised in 0.5ml Sucrose TRA buffer pH 7.4, unless 
otherwise stated in the enzyme measurement methods.
0.5 mis 2M Glutathione-E (Glutathione-ester) was injected intr^peritoneally 
daily for 5days.
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the G6PDH, malic enzyme and glutathione reductase activities in the diabetic rats to 

the control values whereas glutathione peroxidase remained depressed.

2.4. PYRIMIDINE METABOLISM AS RELATED TO URIDINE-SUGAR 

LEVELS IN THE DIABETIC LENS AND RETINA.

Data presented in this section have all shown that in the diabetic condition the 

activity of the PPP is increased. This lead us to speculate that there could be 

changes in the pyrimidine and purine metabolism of the lens. Initial studies 

examined the level of PRPP in the lens and retina at different stages of diabetes.

Initially it was not known whether purine metabolism occurs via the recovery or de 
novo pathways', the key enzymes in these pathways being Complex II or UPRTase. These 

enzymes were first measured in the rat lens and retina and it was found that the 
UPRTase assay was either not suitable for the lens and retina or that the level 
present in these tissues is so small as to be undetectable. To clarify this problem 
the activities of Complex II and UPRTase were measured in the bovine eye and the 
results are shown in Table 35.
The whole lens, the lens epithelium and the retina were studied, Complex II was 
measured in the three tissues and UPRTase was measured only in the whole lens and 
retina. The weight of the bovine lens is approximately 2 grams which is considerably 
more than the rat lens which is approximately 0.034 grams. Similarly the bovine 
retina is approximately 0.5 grams whereas the rat retina is only 0.025 grams. The 
lens epithelium cannot be easily dissected from the rat lens, whereas the bovine 
lens epithelial layer peals off the anterior surface of the lens very cleanly and is 

easily handled. The lens epithelial layer is only 1/10th of the weight of the whole 

lens, and the retina is approximately a quarter of the lenticular weight.

Complex II activtiy is the lowest in the lens when expressed as nmoles/g/lens and 
the lens epithelium has the highest activity, with the retina falling between the 
two. When the Complex II activity is expressed as activity of the whole tissue, the 

lens has the greatest activity but it must be remembered that the lens epithelial 

layer has been expressed as activty per whole lens epithelium and if the activity in 
the epithelium is subtracted from the total activity in the lens then only 
approximately 38% of Complex II activity is found in the fibre cells of the lens 
with the rest being present in the epithelium. UPRTase activity is higher per gram 
of tissue in the retina but when expressed as whole organ the lens has a higher 
activity than the retina.

The aim of this study was to establish which pathway of purine/pyrimidine metabolism
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TABLE 35: COMPLEX II AND UPRTASE ACTIVITY IN THE BOVINE EYE.

WHOLE LENS LENS EPITHELIUM RETINA 

WET WEIGHTS (g) 1.88 0.242 0.538

COMPLEX II

nmoles/g/hr 51.3 245 123

nmoles/whole lens/retina 96.7 59.1 66.3

UPRTase Activity 

nmoles/g/hr 1.25 1.66

nmoles/ whole lens/retina 2.36 0.891

RATIOS

Complex II:UPRTase 1:40 1:75

Whole Lens: Epithelium
(Complex II) 1:1.6

Complex II was measured by the method of Brown et al 1975, 
see Method Section 3.2.b.
UPRTase was measured by electrophoretic separation as described by 
Kizaki and Sakurada 1976, in the Methods Section 3 .2 .C .
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was predominant in the lens, it is clear from the Complex II : UPRTase ratio that 

Complex II is forty times higher

than the UPRTase in the lens, and in the retina this ratio is seventy-five times 

higher in favour of Complex II.

2.4.1. COMPLEX II ACTIVITY IN THE DIABETIC RAT LENS.

Complex II activity in several tissues is known to change with the duration of the 

diabetic condition (Kunjara et al.> 1991), Table 36 shows the Complex II activity in 
the 1, 2 and 4 weeks diabetic rat lens. Complex II does not significantly change in 

diabetes relative to the age-matched controls. The control values for each duration 
of diabetes is quite variable this may be due to a change in Complex II levels 
during aging or experimental variation, since the activity of this enzyme in the rat 

lens is close to the limits of detection. One of the major problems with these 
measurements has been the limited availability of tissue and the very small volumes 

used for homogenisation.
Measurement of UPRTase activity was attempted in the rat lens, unfortunately there 
were a number of problems, such as the very low activity of enzyme present in the 
rat lens and the dilution of sample prior to electrophoresis necessary for 

deproteinization of the sample. This and the presence of a sizeable blank count in 
the assay have prevented the determination of this enzyme in diabetes.

2.4.2. PRPP LEVELS IN THE 3 DAY, 1, 2 AND 4 WEEKS DIABETIC RAT 
LENS.

Table 37 shows the PRPP levels in the diabetic rat lens, 3 days, 1, 2 and 4 weeks 
after induction of diabetes with streptozotocin. The PRPP levels in the age-matched 
controls did not alter with aging, they were therefore grouped together. At 3 days 
diabetes there is a significant increase in the PRPP level which continues to 

increases up to 4 weeks diabetes. This pattern is apparent in other tissues (Kunjara 
et al., 1986).
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TABLE 36: COMPLEX II ACTIVITY IN THE DIABETIC RAT LENS

nmoles/g/hr

CONTROL DIABETIC

1 Week Diabetic 75.6 ±

2 Weeks Diabetic 90.6 ±

4 Weeks Diabetic 35.7 ±

22.9 (6) 102

-H
I 24.4 (7) N.S.

14.1 (7) 88.2 + 11.3 (11) N.S,

7.78 (10) 44.7 + 12.3 (6) N.S.

Results are expressed as Mean + SEM, with the number of observations 
in brackets. Fisher's P Values: P< 0.001 ***, < 0.02 **, < 0.1 *, N.S. 
no significance, are relative to the age-matched control.
Complex II was measured by the method by Brown et al 1975.
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TABLE 37: PRibPP LEVELS IN 3 DAY, 1, 2, AND 4 WEEK DIABETIC RAT LENS.

jmoles/g PRPP

CONTROL 2.86 + 0.15 (26)

3 DAYS DIABETIC 5.13 + 0.49 (10) ***

1 WEEK DIABETIC 4.36 i  0.37 (9) ***

2 WEEKS DIABETIC 5.30 ± 0.28 (6) ***

4 WEEKS DIABETIC 5.13 + 0.27 (6) ***

Results are expressed as Mean t  SEN, with the number of observations 
in brackets. Fisher's P Values: P< 0.001 ***, < 0.02 **, < 0.1 *, N.S. 
no significance are relative to the age-matched control.
PRibPP was measured by a radioisotopic method as described in the Methods.
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2.4.3. THE LEVEL OF NUCLEOTIDES AND NUCLEOTIDE SUGARS IN THE

RAT LENS FROM CONTROL, 2 WEEKS AND 4 WEEKS STREPTOZOTQCIN 

DIABETES.

The levels of nucleotides and nucleotide sugars, measured by HPLC, for controls, 2 

weeks and 4 weeks diabetic rat lens are shown in Table 38. UDP sugars in the 2 and 4 

weeks diabetic rat lens decrease, with the exception of UDP-galactose at 4 weeks 

diabetes which remains unchanged. GDP-mannose in both 2 weeks and 4 weeks diabetes 

increases significantly, this peak also includes very small amounts the metabolite 
UDP-mannose, which co-elutes with GDP-mannose.

UMP in the 2 weeks diabetic lens is significantly increased, unfortunately the UMP 

and AMP levels in the 4 weeks experiment did not separate on the column.
The UDP and UTP levels after 2 weeks diabetes are significantly decreased, yet at 4 

weeks diabetes there is no significant difference between the diabetics and the 
controls.
It is known that the ATP levels in the lens drops dramatically with the induction of 
diabetes and this is further reinforced by the data in Table 38. There is a 
corresponding ADP increase of 2 weeks diabetes, which at 4 weeks diabetes is no 
longer apparent. There is no significant change in the guanine phosphates except in 
the GTP level which in the 4 weeks diabetic lens drops significantly. The validity 
of this observation is questioned because of the great difference in the control GTP 
levels which should not be significantly altered therefore one of these values is 
incorrect.
The calculated energy charges for the uridine and adenine nucleotides is shown 

(Table 38) in both instances these are significantly decreased.

2.4.4. COMPLEX II ACTIVITY IN THE DIABETIC RAT RETINA.

The activity of Complex II in the streptozotocin-diabetic rat retina was determined 

using labelled orotic acid and the results are shown in Table 39.

Complex II activity in the diabetic retina does not significantly change with the 

duration of the diabetic condition. There is an increase in the 2 weeks diabetic 
age-matched control group which is due to an experimental variation between batches 
of PRibPP.

The activity of UPRTase was explored in the rat retina but as with the rat lens it 
was fraught with the same problems of low levels of activity and small quantities of 
tissue. Preliminary UPRTase measurements confirmed the need to concentrate the
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TABLE 38: THE LEVEL OF NUCLEOTIDES AND NUCLEOTIDE SUGARS IN RAT LENS FRONICONTROL, 2 
WEEKS AND 4 WEEKS STREPTOZOTOCIN DIABETES.

CONTROL 2W DIABETIC 4W DIABETIC
(n) (9) (11) (9)

UDP-NAG 0.081+0.003
umoles/g 

0.068+0.003 ** 0.044+0.005 ***
UDP-GLU 0.080+0.005 0.056+0.006 ** 0.029+0.002 ***
UDP-GAL 0.016+0.001 0.011+0.001 *** 0.019+0.001 NS
Total Sugars 0.177+0.006 0.135+0.007 ** 0.092+0.007 ***

UMP 0.108+0.005 0.164+0.014 *** 0.135+0.012 **
UDP 0.016+0.001 0.012+0.001 * 0.014+0.006 NS
UTP 0.154+0.009 0.054+0.009 *** 0.111+0.012 NS
Total 0.278+0.012 0.230+0.021 NS 0.260+0.014 NS

Energy Charge 0.583+0.0162 0.236+0.026 *** 0.441+0.009 **
Total Sugars 
and Nucleotides 0.483+0.021 0.398+0.024 * 0.350+0.015 *

AMP 0.299+0.010 0.282+0.012 NS 0.276+0.012 NS
ADP 0.163+0.005 0.196+0.010 ** 0.15010.009 NS
ATP 1.150+0.038 0.926+0.044 *** 0.841+0.034 ***
Total 1.-612+0.045 1.404+0.053 ** 1.267+0.021 **

Energy Charge 0.763+0.007 0.728+0.008 ** 0.724+0.007 **

GDP 0.045+0.002 0.051+0.005 NS 0.043+0.004 NS
GTP 0.416+0.057 0.308+0.031 NS 0.328+0.021 NS
GDP-MAN 0.028+0.001 0.032+0.002 * 0.043+0.001 **

Each value is  the lean of at least 8 separate lenses + the standard error of the 
lean. * p< 0.05, ** p< 0.01 and *** p<0.001. Nucleotide and nucleotide sugars were 
separated on an HPLC aiino column by a modified method of Cortes et al 1982 as 
described in the methods.
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TABLE 39: COMPLEX II ACTIVITY IN THE DIABETIC RAT RETINA

nmoles/g/hr
CONTROL DIABETIC

1 Week Diabetic 159.8 + 82.9 (8) 95.50 + :

2 Weeks Diabetic 209.2 + 40.1 (10) 202.6 t :

4 Weeks Diabetic 116.1 + 15.7 (15) 96.70 + :

Results are expressed as Mean t SEM, with the number of observations 
in brackets. Fisher's P Values: P< 0.001 ***, < 0.02 **, < 0.1 *, N.S. 
no significance, are relative to the age-matched control.
Complex II was measured by the method by Brown et al 1975.
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homogenate even further which would lower the total volume or require large animal 

numbers, which is prohibitatively expensive, especially if diabetes is induced. 

Albumin was added to the incubation mix in order to maintain the enzyme in a 

suitable environment but this in turn increased the banks significantly.

2.4.5. PRPP LEVELS IN THE 3 DAY. 1, 2 AND 4 WEEKS DIABETIC 

RETINA.

The PRPP levels in the diabetic rat retina are shown in Table 40. The concentration 

of PRPP throughout the stages of diabetes studied was not statistically significant, 

this was due to the limited number of observations, as for each value eight retinas 
are required. There is a trend towards a slight increase in PRPP 3 days after the 
induction of diabetes increasing up to 1 week. Thereafter it falls below the age- 

matched controls, a similar fall is observed after 3 days diabetes in the rat kidney 

(Kunjara et a/., 1986).
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TABLE 40: PRibPP LEVELS IN 3 DAY, 1, 2, AND 4 WEEKS
DIABETIC RAT RETINAS.

poles/g PRibPP

CONTROL 1.78 + 0.16 (14)

3 DAYS DIABETIC 1.81 + 0.26 (6) N.S.

1 WEEK DIABETIC 2.37 + 0.33 (3) N.S.

2 WEEKS DIABETIC 1.17 + 0.25 (3) N.S.

4 WEEKS DIABETIC 1.10 + 0.07 (6) ***

Results are expressed as Mean ± SEN, with the number of 
observations in brackets. Fisher's P Values: P< 0.001 ***, < 0.02 * 
< 0.1 *, N.S. no significance are relative to the age-matched contr 
PRibPP was measured by a radioisotopic method as described in 
the Methods Section.
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3. MEASUREMENT OF FREE RADICALS AND LIPID PEROXIDATION.

3.1. DEVELOPMENT OF A METHOD FOR MEASURING LIPID 
PEROXIDATION IN THE RAT RETINA.

This section conveys the development of methodology and preliminary results of a 

chemiluminescence procedure. In view of this, as well as presenting the results 

these are also discussed in this section, particularly with a view to their future 

development. In as early as 1945, Berliner suggested that retinal degeneration 

released 'toxic substances' into the vitreous humour which in turn initiated 

cataractogenesis. In 1982 Rosenfeld and Spector proposed that lipid peroxidation had 

a role in the initiation of cataractogenesis, albeit as one of the factors in a 

complex interaction of events. More recently, Zigler and Hess (1985) found a 
positive correlation between lipid peroxidation products in the vitreous humour, 
retinal degeneration and posterior subcapsular cataracts, in a rat model of 
inherited retinal degeneration. Most free radicals encountered in biology are very 
reactive substances, and consequently are short-lived with a life in the 10_9second 
range, therefore the method of detection of these substances is technically 
exacting. For this reason research in this field has concentrated on the measurement 
of the more stable products of oxidation, such as products of lipid peroxidation and 
protein damage, which, in biological systems result from very complex interactions.
One of the most common oxidation products measured are lipid hydroperoxides which 
are the result of oxidation of polyunsaturated fatty acids (PUFA). There are 
numerous methods varying from the thiobarbituric acid test (TBA) for malondialdehyde 
(MDA), which is relatively non-specific to electron-spin resonance (ESR) spin- 

trapping, which is highly specific and specialised (Davies and Slater, 1987).
Studies in the lens and retina have been made using the TBA test which measures only 
a fraction of the products of lipid peroxidation (Smith, Anderson, 1987; Zigler and 

Hess, 1985), lipid peroxidation being a very complex process which is still not 
fully understood.

It was, therefore, our aim to develop a sensitive, accurate method for measuring 

lipid peroxidation in lenticular and retinal tissues. The system proposed was based 
on a the luminometric method described by Laasko et al1, (1984) which is dependent 
on light emission detected in an ultra weak chemiluminescence monitor. Lipid 

hydroperoxides are generated by treating lipid with Soybean lipoxygenase Type 1 (EC 
1.13.11.12.) which specifically oxygenates cis,cis-l,4-pentadiene fatty acids 
producing lipid hydroperoxides (Hamberg and Sammuelsson, 1967). The lipoxygenase- 
treated lipid is then added to a mixture of luminol (5-amino-2,3-dihydro-1,4-
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phthalazine-dione), a light enhancer and microperoxidase MP-11, a catalyst for the 

release of lipid hydroperoxide radicals. The microperoxidase releases the hydroxy 

radicals which react with luminol to form highly reactive radicals which produce 

light at a wavelength of 430nm as they decay to ground state. The scheme of 

reactions exploited in this assay system are:

1. cis,cis-1,4-pentadiene fatty acids + lipoxygenase -> LOOH

2. Fatty acids + LOOH -> LOOH + LO*

3. LOOH + microperoxidase -> LO*

4. LO* + luminol (QH-) -> LOH + semiquinone radical (Q-*)

5. Q— + O2 -> Q + O2-* -> Q— + 02-*

6. -> luminol endoperoxide -> light :wavelength max =430nm

The semiquinone radical formed from luminol is defined by Q-*. Reaction 1 is well 

studied and documented (Hamberg and Sammuelsson, 1967), whereas reactions 2 and 3 
are not well established. The reactions using luminol (4,5,6) have been extensively 
studied by Merenyi et aLt (1985). Lipoxygenase treatment of the lipid sample 
ensures that the cis,cis-l,4-pentadienes are converted into lipid hydroperoxides 
which then enables further propagation of lipid peroxidation of the other lipids in 

the sample. When lipoxygenase, luminol and microperoxidase are all in excess 

relative to the lipid sample this method theoretically is a measure of the total 
lipid peroxidation potential in the sample. Complicating factors are encountered 
when this method is used on a biological sample which contains anti-oxidants such as 

a-tocopherol, or ascorbic acid which act as free radical scavengers and quench the 

light emission from luminol. Some of these complicating factors are decreased if the 

sample undergoes some purification procedure, which in itself needs to be carried 

out under nitrogen or argon to reduce any effect due to peroxidation, but this does 
not entirely eliminate quenching as, for example, if the lipids are extracted from a 

sample the a-tocopherol content will be retained as it is lipid soluble.
The method was developed to measure the lipid peroxidation potential in the lens and 
retina, to determine if a relationship exists between this level and the development 
of cataracts. Measurements in the lens and retina are complicated by the limited 

amount of tissue available, and in the lens there is a relatively low lipid content
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relative to the retina. In the human lens the total lenticular lipid constitutes 

only 2.51% wet weight in the normal lens (Feldman, 1967) of which 30% is 

phospholipid. The lipid content of the retina is approximately 30% of the wet 

weight, which is comparatively higher than the lens, of which the majority of 

retinal lipids are PUFA therefore this is an easier tissue to examine its potential 

for lipid peroxidation. The lens proved to be a difficult tissue to examine using 

chemiluminescence due to its high protein content and the strongly-bound lipid- 
protein complexes which are able to quench hydroxy radicals and interfere with the 
signal.

3.1.1. LINOLEIC ACID AND ARACHIDONIC ACID STANDARDS.

The initial studies exploring the viability of the proposed method were carried out 

using linoleic and arachidonic acid standards. The linoleic acid and arachidonic 
acid standards were initially dissolved in redistilled acetonitrile with the final 
dilution into 0.1M Tris-HCl pH 8.5 or 0.1M borate buffer pH 9.5. It was found that 
the acetonitrile must be distilled in order to remove contaminants and degradation 
products, which increased the background chemiluminescence and interfere with the 
signal. The amount of diene conjugation before and after lipoxygenase treatment was 

measured at 234nm in a 50yM standard. A scan from 370 to 200nm of the 50pM standard 
showed a peak at 220nm. After 4000 units of lipoxygenase was added to the 3mls of 
standard there was a shoulder 230nm relating to the amount of diene conjugation.
Diene conjugation is characterized by the increase in intensity at 234nm. Having 

confirmed this to be the wavelength, all further measurements of conjugated dienes 
were made at 234nm.

It is necessary to choose a buffer that retains the lipid in solution and one which 

does not interfere with luminol and microperoxidase in the assay or quench the 
signal. In studies of retinal tissues methanol was used to dissolve the lipid, this 

retained the lipid in solution and readily dissolved in the assay buffer. One 
important factor which must be remembered is the optimum pH for lipoxygenase 
activity, at pH 8.5 a 50pM linoleic acid (20:3) sample treated with 20,000 units of 

lipoxygenase gave a change in absorbance (A234nm) of 0.700, whereas 4,000 units of 
lipoxygenase gave an absorbance of 0.562. In a 0.1M borate buffer at pH 10 the 
linoleic acid standard treated with 4,000 units of lipoxygenase gave a change in 

absorbance of 0.705 and the higher lipoxygenase concentration 20,000 units resulted 
in an absorbance of 0.821. The 50pM arachidonic acid (20:4) standard did not exhibit 
an enzyme concentration difference in the absorbance change at pH 8.5 with 4,000 and 

20,000 units of lipoxygenase, which was 0.802 and 0.810 respectively. This may be
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due to the system being saturated at both these concentrations of lipoxygenase. A 

similar pattern was observed when a 0.1 M borate buffer pH 10 was used at different 

concentrations of lipoxygenase. Linoleic acid gave the greater level in absorbance 

at the concentrations of lipoxygenase used therefore was used as the standard. There 

was a problem with contamination in the lipid standards affecting the 
reproducibility of the results therefore standards which were prepared from 99.8% 

pure linoleic acid, were used. These were dried under a stream of nitrogen and 
stored under argon at -20°C. Lipid standards were suspended in a 0.1 M borate buffer 

pH 10 and treated with 20,000 units of lipoxygenase to ensure that maximal lipid 
oxidising activity was obtained, with lipoxygenase present in excess.
Luminol was prepared as described by Yamamoto et al., (1976) in a methanol : 0.1M 
Borate buffer pH 10 (7:3). There is a great deal of conflicting literature on the 
stability of luminol, to counteract this the luminol/microperoxidase mix was 
prepared fresh each day. It was initially thought that the most suitable buffer to 
use would be a 0.1M borate buffer pH 9.5. However, initial experiments with borate 
buffer revealed that sodium borate was insoluble at concentrations higher than 0.1M 
unless kept at 37°C. Due to these difficulties with borate buffer, replacement with 
Tris-HCL buffer were examined for both the preparation of the luminol and use in 
the assay system. Comparison of 0.1M Tris-HCl pH 9.5 with 0.1M borate buffer pH 9.5, 
using an arachidonic acid standard showed that the Tris-HCl buffer quenched photon 

emission whereas the borate buffer had no quenching effect. Tris-HCl gave very 
erratic results since it readily reacts with hydroxyl radicals producing a Tris- 
derived radical (Halliwell and Gutteridge, 1985) therefore the use of Tris-HCl as a 

buffer was abandoned.
The chemiluminescent measurements are expressed as counts over a 10 second period, 

these are plotted graphically versus time (Table 41). The duration of each run was 
normally 17 minutes, readings being taken at 10 second intervals. When there is no 
light emitting samples in the chamber there is a background photoemission of 
approximately 20 counts/second, this is related to the dark current emitted by the 

PM tube at this voltage and temperature. When injecting any sample there is a burst 
of light,

relating to light entering the chamber when the needle pierces the septum and may 
also result from turbulence in the assay mixture when the sample is injected. A 
blank consisting of either a lipid sample not treated with lipoxygenase or buffer 

alone, were used. When a lipoxygenase-treated sample (arachidonic or linoleic acid) 

was injected into the microperoxidase/luminol mix, there was a peak of light 

emission that slowly decreased until it decayed to the background levels. Repeated 

injections of microperoxidase into a sample and luminol mix over a final
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concentration range of 5ug/ml to 50ug/ml of microperoxidase did not cause any 

further increase in light emission above the usual injection blank. This suggests 
that the system is saturated with microperoxidase. To reduce errors resulting from 

injecting the microperoxidase into the assay dish in the chemiluminescence monitor,

1 mg of microperoxidase (final concentration 50pg/ml) was added to the 20mls of 

Borate:methanol (3:7), ImM luminol mix. The maximum chemiluminescence was found to 
vary depending the rate of sample injection (mixing), however, if the whole of the 
light emission is integrated (peak area) then highly reproducible results are 
obtained.

The concentration of lipoxygenase needed to induce lipid peroxidation as read in the 
chemiluminescence monitor was 6700 units which was considerably less than the 
concentrations used in the spectrophotometric method. As chemiluminescence is a more 
sensitive method the amount of lipid used is in the range of 25-500nM rather than 

25-lOOpM. Table 41 shows the light emission when the arachidonic acid sample is 
treated in situ with lipoxygenase (Maximum count -  background count) in different 

buffers. Comparisons of the 125nM arachidonic standards in the Tris-HCl buffer with 

the borate buffer confirms that Tris-HCL buffer is quenching the light emission.
Table 42 shows the light emission from different concentrations of arachidonic acid 
standard which has been pretreated with lipoxygenase, diene conjugation was 
confirmed spectrophotometrically, then lipid injected into a mixture of ImM luminol 
and microperoxidase pH 9.5. Under these conditions there is a steady increase in the 
number of counts with the increasing arachidonic acid concentration. The high SEM's 
for each concentration of arachidonic acid indicate the variability of the readings 
on any one day, comparisons between different days is made increasingly difficult by 
a day to day variation however within one day there is considerable reproducibility.
The measurement of conjugated dienes (absorbance at 234nm) can not be used 
qualitatively for the retinal lipid samples due to the limited amount of purified 
lipid sample.

In the chemiluminesence monitor a range of detection of approximately 25 to 500 
pmoles of lipid peroxide is possible and retinal samples with lipid peroxide levels 
within this range can be detected. Future work using this assay system requires the 

use of highly purified lipid standards and some degree of purification of the 

samples. The use of argon purged buffers and samples is also essential to avoid
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TABLE 41: THE EFFECT OF DIFFERENT BDFFER SYSTEMS ON LUMINESCENCE 
DETECTION OF LIPOXYGENASE-TREATED ARACHIDONIC ACID STANDARDS.

CONCENTRATION COUNTSx 1000
SAMPLE LIPOXYGENASE TREATED

0.1M Tris-HCl pH9.5

125nH 3.9 71.9
50nM 1,3 26.0

0.1M Borate Buffer pH9.5

125nM 14.4 603.9
50nM 7.8 52.9

The arachidonic acid standard was injected into a dish in the 
chemiluminescence monitor, 25/il lipoxygenase (5mg/ml) injected.
The resulting counts are expressed as peak areas as described in the 
Results section.
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TABLE 42: LUMINESCENCE DETECTION OF LIPID PEROXIDATION IN AN 
ARACHIDONIC ACID STANDARD PRE-TREATED WITH 
LIPOXYGENASE (20000 UNITS).

Arachidonic acid conc. COUNTS x 1000
pinoles

25 8.9 + 0.6 (5)

50 39.6 + 10.8 (5)

75 43.9 + 9.0 (4)

100 75.6 + 15.6 (7)

125 103.9 + 32.3 (6)

250 131.9 + 37.2 (5)

500 337.0 i  49.3 (7)

All assays were carried out in 0.1N Borate Buffer pH 9.5 
containing ImM luminol and 50/ig/ml microperoxidase.
The resulting counts are expressed as areas under the peak as 
described in the Results section.
Arachidonic acid concentrations relate to those present in th 
standard.
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background peroxidative processes overwhelming that of biological significance.

3.1.2. MEASUREMENT OF LIPID PEROXIDATION BY CHEMILUMINESCENCE

AND LIPID CONTENT BY HPLC IN RETINAL LIPID EXTRACTS.

Total lipids, phospholipids and free fatty acids were extracted from retinal 

homogenates and the lipid content of each was measured by H.P.L.C. as described in 

the Methods section. It was believed that the different lipid fractions would give 
different peroxidation levels with lipoxygenase which in turn could be related to 

the polyunsaturated fatty acid (PUFA) content as measured by H.P.L.C. Retinal lipids 
were prepared by the method by Dole (1956), and Greenbaum and Glascock (1957), as 

described in the Methods section 2.3.5.b. Total lipids and phospholipids were 

extracted under oxygen or nitrogen and stored under argon and the resulting lipid 

peroxidation measured by UWC and the results shown in Table 43.
The initial separation of the lipid fractions by H.P.L.C. gave a good separation but 
subsequent runs did not separate cleanly and further investigations by gas 
chromatography showed that there was some contamination of the samples which 
prevented a satisfactory separation of the samples lipid constituents.
A variation in the chemiluminescent results is apparent in Table 43. The samples 
were injected into the luminol/microperoxidase mix, the area under the peak was 
considered to be the endogenous lipid hydroperoxide content, 6700 units of 
lipoxygenase was injected and the resulting peak area determined. The counts marked 

with an asterix have been repeated on the following day give an indication of the 
variability between days or the rate of denaturation of the sample.
The separation of the different lipid fractions needs to be performed using fresh 
redistilled extraction solvents and buffers purged with nitrogen, before lipid 
peroxidation can be measured by chemiluminescence.

The results in Table 43 do show that there is a considerble polyunsaturated fatty 

acid presence in retinal phospholipid and free fatty acids as shown by the increased 

chemiluminescencewhen lipid samples are treated with lipoxygenase. Extraction under 
nitrogen seems essential to achieve this, presumably the presence of oxygen is 

sufficient to lead to non-enzymatic lipid peroxidaion. In general lower counts are 
obtained from lipid extracted in the presence of oxygen, even without lipoxygenase 
treatment implying that a considerable quantity of the polyunsaturated fatty acids 
have already been oxidised.
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TABLE 43: LIPID PEROXIDATION PRODUCTS IN TOTAL LIPIDS, PHOSPHOLIPID AND 
AND FREE FATTY ACID FRACTIONS OF THE RETINA.

SAMPLE + LIPOXYGENASE
COUNTSx 10

METHANOL BLANK 22 8

TOTAL LIPID

Extracted under 0 206 161
292* 392*

Extracted under N 448 198
245* 444

PHOSPHOLIPID

Extracted under 0 28 182

Extracted under N 63 556
65* 137*

FREE FATTY ACIDS

Extracted under N 111 202

25/il of sample (4 retinas/lml) were used.
* Samples measured on consecutive days.
All samples before storage were purged with N and stored under argon.
10/il of lipoxygenase (5mg/ml) was added to the sample.
All assays were carried out in ImM luminol, 50jig/ml microperoxidase in 0.1M 
Borate Buffer pH 9.5.
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3.2. MEASUREMENT OF HYDROGEN PEROXIDES.

Bhuyan and Bhuyan (1984) observed increased hydrogen peroxide concentrations in the 

eye associated with cartaracts in vivo, subsequently it has been shown that hydrogen 

peroxide is present in the human eye and its concentration is increased in cataracts 

(Bhuyan et al., 1981: Spector and Gamer, 1981). Bhuyan et al.> (1984) hypothesized 
on the basis of their past research, that toxic hydrogen peroxide, free radicals and 

singlet forms of oxygen, may be generated in excessive amounts in experimentally- 

induced cataracts and in human senile cataract as a consequence of impaired 

enzymatic and nonenzymatic defenses which exist in the eye. It is due to this 

postulation and our own studies that we thought it valuable to measure the hydrogen 

peroxide levels in the lens and retina in our models. The measurement of hydrogen 

peroxide would enable us to acertain the level at which hydrogen peroxide was able 
to cause damage as a result of antioxidant perturbations. The method needs to be 
highly sensitive and reproducible.
The fluorometric method described by Baggiolini et al.t (1986) was found to be 

inappropriate for lens samples because of the high background light emission of the 
assay mix which could only be decreased by continuous stirring of the assay mixture 
and when lens samples were used the results were not consistent or reproducible.
The procedure for measuring hydrogen peroxide described by Willoughby et a/., (1986) 
was used in the chemiluminescence monitor and the luminometer and the same problems 
were observed as with the fluorometric method. Increasing the hydrogen peroxide 
concentration had very little effect on the light emisssion above the background. In 
both the luminometer and the ultra weak chemiluminescence monitor the response was 
dependent on the injection rate of the hydrogen peroxide standard, the syringe used 

for the injection and the continuous stirring of the assay mixture. The rate of 
decay of the light peak differed greatly between runs.
As a result of the technical difficulties and the problems encountered in running 

the methods described in Section 10 of the Methods chapter, it has been decided to 

report the results and discuss them only briefly here, to allow more space for 

discussion of the main body of the thesis.
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DISCUSSION:

The development of retinopathy and cataracts in diabetic patients are two of the 

major causes of blindness in the Western world, with cataracts being the major cause 

of blindness in the developing world (Crabbe, 1987; Nabarro, 1988). The incidence of 
cataracts in diabetic patients has been correlated with cardiovascular disease 

(Podgor et aL, 1989), neuropathy (Klein et al., 1985) and premature death (Cohen et 
al., 1990).
The link between high blood glucose and retinopathy and premature senile cataracts 

in diabetic patients is well established, although, the mechanism whereby elevated 

glucose levels lead to these disorders, is still not established. Two major theories 
have been proposed. Firstly, Kinoshita et al., (1962) hypothesised that the 

increased flux through the polyol pathway, an accessory pathway for glucose 
metabolism, resulted in an increased concentration of cellular sorbitol and fructose 

causing a cellular osmotic imbalance, resulting in tissue damage. Secondly, it has 
been postulated that the incidence of diabetic complications of the eye may be a 
result of hyperglycaemia and increased oxidative stress, which decreases the 
cellular antioxidant capacity (Babizhayez and Deyer, 1989). These two mechanisms may 
be linked, since in hyperglycaemic conditions there is an increase in polyol pathway 
activity, and activation of aldose reductase, which, in conditions of oxidative 
stress, competes with glutathione reductase for NADPH. Glutathione levels fall 
dramatically in the diabetic lens, (Lou et al., 1988; Pau et al., 1990) at the same 
time hydrogen peroxide levels in the aqueous humour increase (Spector and Gamer, 
1981), elevating the concentration of circulating oxidative species, in conjunction 
with a decrease in the ability of the lens to scavenge these oxidative groups. This 
imbalance between the antioxidant defence system and the concentration of 
circulating oxidants in hyperglyceamic conditions in association with auto-oxidation 
of monosaccharides (Wolff, 1987), can lead to alterations in the sulphydryl 

environment and damage to lenticular proteins and enzymes, which may ultimately 

alter the activity of Na+/K + ATPase and other cellular transporting mechanisms, 
decreasing lenticular transparency.

In this thesis, the proposal that glutathione is central to the maintenance of lens 

clarity and retinal integrity and that in the diabetic state this system is 

compromised, has been further examined. The importance of glutathione maintenance 
has been studied in the in vivo streptozotocin-induced diabetic rat model and in 

vitro in lenses exposed to hyperglyceamic conditions, a simplified and more readily 
controlled model for the diabetic state.
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THE LENS.

1. THE IN  VIVO STREPTOZOTOCIN-INDUCED DIABETIC RAT MODEL.

1.1.1. METABOLITE LEVELS IN UNCONTROLLED DIABETES.

Glutathione levels are depleted in the human lens in different forms of cataract, 

specifically in the areas of the lens where transparency is decreased (Pau et al 
1990). One week after alloxan administration the lens exhibits a net marked increase 

in glucose, sorbitol and fructose coinciding with a 50% fall in the lens glutathione 

content (Gonzalez et a l 1983). Although the change in metabolite levels in the 
diabetic rat model reported here (Table 24) occur within the first week following 

the induction of diabetes, it is not until after 6 weeks that cataracts are 

detectable in this model. This would indicate that they could be involved in the 
initiation of cataract formation.
The results for the streptozotocin diabetic rat lens (Table 24), shows notable 
changes in total glutathione and NADPH levels, as early as 3 days after the 

induction of diabetes. These changes become more pronounced as diabetes progresses 
up to a 4 week period. As expected, at the same time, oxidised glutathione (GSSG) 
levels increase and reduced glutathione levels decrease (Table 25). It is in the 
oxidised form that glutathione tends to leak out of tissues (Srivastava and Beutler, 
1968) and for this reason if GSSG accumulates there will be a resultant loss of 
total glutathione from the tissue, even assuming the same steady state level of 
glutathione synthesis. The net loss of glutathione from the cell would lead to a 
change in the soluble and protein sulphydryl environments and consequently alter 
membrane permeability, aggregation of proteins and protein glycation. It is proposed 

changes in lens metabolites and protein structure relate to competition between 
aldose reductase and glutathione reductase for NADPH. The changes to, and 
consequences of, these alterations of sulphydryls in the lens are discussed in full 

detail in Section 2.2.
The ATP concentration is not significantly decreased until 5 days after the 

induction of diabetes, this occurs later than the fall in glutathione. This decrease 

in ATP relates to the shift in the redox state of NAD+/NAD H to the more oxidised 
state, which is linked to the second step in the polyol pathway, the conversion of 

sorbitol to fructose. Alterations in this redox state will have a regulatory effect 
on glyceraldehyde 3-phosphate dehydrogenase decreasing flux to 3-phosphoglycerate 

and glycolysis with a concomitant shift in the triose phosphates towards glycerol 3- 

phosphate formation (Gonzalez et al., 1983). The sensitivity of glyceraldehyde 3-
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phosphate dehydrogenase to sulphydryl reagents may also be of importance, especially 

in view of the decreased lens glutathione. Both these factors should lead to a 
decrease in glycolysis and hence, a-glycerolphosphate formation.

Sorbitol levels are increased with the duration of diabetes indicating the polyol 

pathway is active and that sorbitol removal by sorbitol dehydrogenase is rate 
limiting.

The use of aldose reductase inhibitors such as sorbinil has been shown to alleviate

the increase in sorbitol and fall in NADPH and ATP levels induced by diabetes in the

alloxan-diabetic rat lens (Gonzalez et al., 1983, 1986) indicating that the polyol

pathway is responsible for these changes. The flux of glucose through the polyol

pathway can cause metabolic imbalances, either by the accumulation of sorbitol,
causing major changes in the osmotic pressure with the sequalae envisaged by

Kinoshita et al., (1962) or, as proposed here and by others by alterations in the
redox state of NADPH/NADP+ or NADVNADH (Cheng and Gonzalez, 1986; Cheng et aL,
1988). Particular importance is centred upon the competition for NADPH between
aldose reductase and glutathione reductase, limiting the ability of glutathione
reductase to reduce oxidised glutathione and maintain a reduced sulphydryl
environment. This competition is discussed in detail in the in vitro section.
Apart from the metabolic imbalance in hyperglyceamic conditions monosaccharides are 
able to auto-oxidise in the presence of transition metals such as iron and copper, 
and oxidise NADPH, further depleting intracellular NADPH (Figure 11). This would 
suggest lenses exposed to elevated glucose concentrations and oxidising species are 
subjected to a three-way competition for NADPH between autoxidation of the elevated 

intracellular monosaccharides, aldose reductase and glutathione reductase. In the 

alloxan-diabetic rat treated with sorbinil, the changes in glutathione, NADPH, 
sorbitol, fructose and glycerol 3-phosphate, observed in the diabetic rat are 

effectively normalised (Gonzalez et al., 1983). The actions of aldose reductase 
inhibitors are somewhat controversial due to their antioxidant capacity in a high 

glucose environment (Varma and Kinoshita, 1976; Stevens et al., 1978) and thus 

aldose reductase inhibitors do not give unequivocal evidence for the role of aldose 

reductase in cataract formation. Sorbinil is an exception since it is not able to 
inhibit lipid peroxidation in the presence of an iron (Fe++)/ascorbate system 

therefore is not classified as a free radical scavenger (Wolff, 1987) and can not 

inhibit monosaccharide auto-oxidation (Wolff and Crabbe, 1985). Sorbinil enables the 

lens to cope with increased oxidative stress, glucose autoxidation and glutathione 
depletion (Gonzalez et al., 1983, 1986).
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Fieure 11: Monosaccharide autoxidation.
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In the 5 weeks diabetic rat lens, NADPH levels are similar to the control levels 

(Table 24) suggesting that the demand for NADPH no longer exists. In fact, after 5 

weeks diabetes, there are considerable changes in the activities of various NADP+-  

linked enzymes and alterations in membrane permeability, the result being a 

decreased cellular capacity to reduce NADP+ (Table 30). The availability of a new 

aldose reductase inhibitor, ICI215918, (Mirrlees et al., 1991) with a high 

specificity and uptake of almost total inhibition, apart from the clinical benefits 

may also help to unravel the aldose reductase involvement in cataract formation. 
Interestingly, 5 weeks after the induction of diabetes, the lens begins to increase 
in weight (Table 24). This may be due to an increase in water influx as a result of 

sorbitol accumulation and increased membrane permeability. At this stage of diabetes 
the sulphydryl environment is considerably altered, there is increased potential for 
oxidative stress, changes in membrane permeability and uncoupling of NaVK+ ATPases 

altering cation exchange. The combination of all these factors will result in 
increased uptake of water and accumulation of calcium.

1.1.2. MANIPULATION OF LENTICULAR METABOLITES IN DIABETES.

In the diabetic rat lens there are alterations in metabolism due to the diabetic 

condition, as discussed previously. In an effort to alleviate some of the damaging 
processes due to hyperglycaemia, experimental diabetic rats were treated with agents 
which specifically address one or more of the aspects of lens metabolism which 
changes in diabetes (see Table 44, Figure 13).
a) Verapamil and alterations in calcium movement:
Opacification of the lens has been closely associated with increased intracellular 

calcium concentrations in not only in in vitro Ca2+-induced cataracts, but also in 
experimental diabetes and other forms of cataracts (Hightower and Reddy, 1982; 
Hightower et al., 1989). Verapamil, which binds to the cell membrane calcium 
channel, inhibits calcium entry into the cell, it has no effect on other electrolyte 
balances or on lens weight and is thus an important agent in examining the effect of 
calcium changes in the lens in diabetes. Calcium accumulation in the lens has been 
found to suppress glycolysis (Hightower and Harrison, 1987), induce degradation and 
aggregation of lens proteins (Satoh et al., 1990), diminish protein synthesis and 
depress activity of Na+/K +ATPase (Shearer et al., 1987).

When the rabbit lens is incubated in vitro in a media containing varying amounts of 

calcium it has been shown that elevated calcium concentrations decreases glycolysis 
and lactate production by inhibition of glycolytic enzymes, in particular
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TABLE 44: CHANGES IN ENZYME ACTIVITY AMD METABOLITE LEVELS IN THE ALLOXAN DIABETIC
RAT LENS.

CONTROL 4 WEEKS DIABE1

Body weight (g) 389 ± 9 249 + 11
Blood Glucose (mmol/1) 6.5 + 1.1 24 + 6
Lens weight (mg) 93 i  3 82 + 5

GLYCOLYTIC ENZYMES. Units/g
Hexokinase:
Whole Lens 0.221 0.441
Soluble Fraction 0.151 + 0.007 0.222 + 0.021
Pellet Fraction 0.070 + 0.010 0.219 ± 0.013

Phosphoglucose Isomerase 18.4 + 1.9 11.7 + 1.1
Phosphofructokinase 1.19 + 0.13 1.00 + 0.05
Aldolase 1.50 ± 0.19 0.793 + 0.103
Glyceraldehyde 3-PDH 32.4 + 1.35 31.3 ± 2.07
Glycerol 3-PDH 1.43 + 0,12 1.46 + 0.07
Phosphoglucokinase 65.5 + 2.40 54.6 + 7.1
Pyruvate kinase 21.5 + 1.1 18.4 t 1.8
Lactate dehydrogense 24.1 t 3.0 28.1 + 2.1

PENTOSE PHOSPHATE PATHWAY ENZYMES.
Glucose 6-phosphate DH 0.274 + 0.036 0.267 + 0.039
6-Phosphogluconate DH 0.132 + 0.008 0.120 + 0.009
Transketolase 0.115 + 0.015 0.103 ±0.018
Transaldolase 0.254 + 0.022 Q.176 ± 0.017

POLYOL PATHWAY ENZYMES.
Sorbitol dehydrogenase
Soluble fraction 0.251 ± 0.028 0.233 ± 0.019
Pellet fraction 0.104 t 0.017 0.052 ± 0.009

Aldose Reductase

METABOLITES. nmoles/g lens
ATP 1170 + 70 881 + 94
Glucose 6-phosphate 60 + 6 109 + 8
Glyceraldehyde 3-P 48 ± 4 59 + 4
Phosphoenolpyruvate 61 + 8 37 ± 6
Pyruvate 118 + 10 57 + 5
Lactate 8600 + 980 6130 + 670
Glucose 614 + 56 4200 ± 560
Sorbitol 444 + 147 7800 ± 820
Fructose 538 + 131 2930 + 253
Glutamate 1550 + 100 933 + 136
Glutathione 2030 + 230 1290 + 90
a-Glycerolphosphate 100 ± 10 760 ± 100

All data was from 4 weeks alloxan diabetic rat lenses. The data in this Table is 
from Gonzalez (1982).
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Figure 12: Sites of action of various modulators of lenticular metabolism: tools to

investigate mechanisms of cataract formation.
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phosphofructokinase (PFK) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

(Gonzalez et aL, 1980; Hightower and Harrison, 1987). Protein synthesis in the 
rabbit lens has thus been found to be significantly decreased in the presence of 
high intracellular or extracellular calcium concentrations (Hightower, 1985). This 

decrease has been associated with an imbalance in the Na+/K + concentration due to 

the decreased activity of Na+/K + ATPase or may be a result of a decreased influx of 
histidine.

Decreased protein synthesis is of particular importance in the differentiation of 

epithelial cells into fibre cells. In the alloxan-diabetic rat, vacuoles form in the 

regions of differentiation, which may be sites for initiation of cellular damage 

induced by cation accumulation (Hightower, 1985).

Verapamil, a calcium channel blocker, prevents the development of cataracts in long
term streptozotocin diabetic rats (8 weeks) greatly reducing the changes in ion 

concentrations (Pierce et al1, 1989). Pierce et al1, (1989) found in diabetic rats 
treated with verapamil for 8 weeks, that there was no relief of the metabolic 
changes ocurring in diabetes, however, verapamil did decrease the lenticular Ca2+ 
content in long-term diabetes. In the alloxan diabetic rabbit the intracellular 
calcium concentration in the whole lens is increased 2-fold (Pierce et aL, 1989).
On a cellular basis there is great variability in the calcium concentration between 
cells, the calcium concentration is 6-fold higher in the opaque areas of the rabbit 
lens and 100-fold higher in the vacuoles (Hightower et al1, 1989).
The intracellular calcium concentration does not alter significantly in the 1 and 2 
weeks diabetic rat lens (Table 27), suggesting increased calcium is not a primary 
causitive factor in cataractogenesis, occurring only in long-term diabetes.
Obviously, the fall in glutathione and NADPH and the increase in a -  

glycerolphosphate, sorbitol and glucose are the primary metabolic changes occurring 
early in diabetes, having long-term effects on cellular homeostasis. The longer term 

result of these alterations in lens metabolism, are changes in the sulphydryl 
environment, membrane permeability, glucose metabolism, and activity of NaV K+ 

ATPase, all factors which effect the calcium efflux and lens clarity.

The results in Table 27 indicate verapamil has very little effect on cellular 

calcium in the 1 week and 2 weeks diabetic rat lens, which is only increased by 0.2 
pmoles/g, suggesting its action is more important in long-term diabetes.

It is interesting to note that verapamil in vitro is able to inhibit insulin- 
stimulated glucose metabolism in skeletal muscle (Foot and Leighton, 1991) and some 

calcium channel antagonists are able to cause diabetes mellitus in man (Iversen et 
a l 1990).
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b) Vanadate and its insulin-like action: Vanadate is an essential trace element

found in mammalian tissues (Macara, 1980). The functions of vanadate are the subject 

of many recent studies. Vanadate mimics the action of insulin in vivo, normalising 
the blood glucose in streptozotocin-diabetic rats (Duckworth et al., 1988), in vitro 

it has been shown to stimulate the transport and metabolism of glucose in adipocytes 

and muscle (Tolman et al., 1979; Dubjak and Kleinzeller, 1980). Further, it has been 

shown to be an inhibitor of a membrane-associated tyrosine-specific phosphatase and 

Na+/K + ATPase in red blood cells (Reid and Reid, 1987). Vanadate in the cell is 
found in various oxidation states (Macara, 1980) and is capable of complexing with 

small molecules intracellularly (Macara et al1, 1980). In red blood cells 

glutathione is capable of reducing vanadate to vanadium at physiological pH, any 

small changes in the redox state of the cell may alter the concentration of free 

vanadate and consequently may be responsible for a fall in glutathione levels 

(Macara et a l 1980). Vanadate treatment at 4 weeks of diabetes results in a 
normalising of blood glucose. ATP in the lens is also normalised, this may be a 

direct effect of vanadate treatment on the lowering of the extracellular glucose 
concentration, thus preventing the metabolite changes discussed earlier.
On the other hand vanadate treatment has little effect on the decreased glutathione 
levels in the diabetic lens or on the a-glycerolphosphate levels (Table 28). Since 
glutathione is able to reduce vanadate to vanadium increased levels of circulating 
vanadate may consequently result in a decrease in glutathione levels. An explanation 

for the unchanged a-glycerolphosphate is not so forthcoming and would imply some 
disturbance in glycolysis. It is not clear whether vanadate has a direct effect on 
the lens or whether the effects are via the lowering of blood glucose. Studies on 

the effect of vanadate in vitro would be helpful in explaining this question.
c) Nicotinamide and the changes in energy metabolism: The administration of 

nicotinamide before streptozotocin alleviates diabetes by protection of the 

pancreas, that is, the diabetes is not so severe, this is reflected in the blood 
glucose levels in the diabetics pre-treated with nicotinamide in Table 26. It does 

this by elevating intracellular levels of nicotinamide dinucleotides which blocks 

poly ADP ribosylation (see Introduction). After 3 days the effect of raising 
NAD+/NADP+ levels will still be apparent.
In the control rat treated with nicotinamide there is a significant increase in ATP 

which may be due to an increase in NAD+/NADH levels, which would increase the rate 
of glycolysis. At the same time even the low sorbitol levels present in the controls 

decrease, indicating there is either an increased flux through glycolysis or more 
NAD+ is available intracellularly to convert sorbitol to fructose, as catalysed by
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sorbitol dehydrogenase. At 3 days the diabetic rat lens maintains its ATP level but 

the total glutathione level falls as sorbitol is increased. Nicotinamide pre

treatment of the diabetic rat is able to restore the glutathione levels to normal, 

the glucose concentrations are still elevated therefore sorbitol accumulates, 

although not to the same degree as in the diabetic rat lens. The significant 

difference in the sorbitol levels between the diabetic and the nicotinamide treated 

diabetic lens is very interesting and is related to a significant fall in the blood 

glucose to a level which allows the polyol route to be activated, but at a much 

lower level. This implies that the published aldose reductase Km for glucose of 
120mM is not applicable in vivo and that well below this concentration of glucose, 

sorbitol accumulation can occur (Haider and Crabbe, 1984).
The alteration in lenticular metabolism due to hyperglycaemia in the early stages of 
diabetes contributes to complications manifested in the later stages, therefore it 
is of the utmost importance to control these changes in the early stages before they 
have progressed too far.

To summmarise, in the diabetic lens there is an increased uptake of glucose causing 
activation of the polyol pathway, increased glucose autoxidation, an increased 
demand for NADPH, accumulation of sorbitol, fall in glutathione levels and as the 
duration of diabetes increases, accumulation of calcium. Each of the specific 
treatments discussed, vanadate, verapamil and nicotinamide, addresses a particular 
site of perturbation in the metabolism of the diabetic rat lens (Figure 12) and 
vanadate. Each treatment emphasizes the importance of the integration of each 
metabolic pathway in the diabetic lens, allowing the interplay between the complex 
interaction of metabolic processes to be unravelled (Figure 7, 12). Maintaining the 

NADPH and NAD+ levels does not stop the accumulation of sorbitol and fructose, and 
decreasing the extracellular glucose concentration by vanadate does not completely 
restore glutathione levels. All these observations indicate there is a combination 

of metabolic perturbations and sequential changes, which are instrumental in 

orchestrating the development of cataracts in the diabetic lens, rather than the 
result of a single cause.

1.2. ENZYME ACTIVITIES IN DIABETES.

1.2.1. GLUTATHIONE SYNTHESIS.

The high lenticular level of glutathione (2-5mM) with greater than 95% in the 
reduced form, indicates the importance of the glutathione synthesis/reduction system 
in the protection of the lens. In the diabetic and early-onset senile cataract and, 

for that matter, many other modes of cataract formation, the glutathione content is
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decreased (Pau et al., 1990). The reasons for this have been ©Uuded to earlier and 

will be discussed in detail in Section 2.2. Aldose reductase competes for NADPH at 

the expense of glutathione reductase which, under the special conditions pertaining 

in diabetes is unable to maintain glutathione in the reduced form. The Km values for 

NADPH for aldose reductase and glutathione reductase are 6pM and 8.2pM, respectively 

for rat lens (Haider and Crabbe, 1984; Latta and Augusteyn, 1984), being close 

enough to provide real competition for one another. This competition will occur in 

specific regions to varying degrees, depending on the relative rates of sorbitol 
formation and requirement for glutathione maintenance in the reduced state.

In addition to the formation of intracellular sorbitol, the elevated blood glucose 
which results in higher intracellular levels of glucose in the lens will increase 

glucose autoxidation with accompanying oxidative stress. A further demand on the 
glutathione system may come from an increase in circulatory free radicals known to 
be present in diabetes (Wolff, 1987; Oberley, 1988). The combined effects of all 
these factors will put a heavier demand upon the functioning of the glutathione 
system and associated coupled redox cycles.
Glutathione synthesis is energetically a relatively expensive procedure for the 
cell, since 2 moles of ATP are required for the synthesis of 1 mole of glutathione 
(see Figure 8). It has been calculated that glutathione synthesis requires 12% of 
the total ATP supply generated by glycolysis in the lens in normal conditions 
(Rathbun et al., 1977). Furthermore, in the rabbit, ATP is not distributed evenly 
throughout the lens, the greater concentration being in the anterior capsule and 
epithelium, and the least being in the nucleus (Graymore, 1970). In the cataractous 

lens the areas of decreased glutathione concentration are the nucleus and cortex of 
the lens (Pau et al., 1990) which are also the sites of opacification and sites 

where ATP levels are further decreased.
The scheme for glutathione synthesis is shown in Figure 8. Glutathione is 

synthesized from L-glutamate, L-cysteine and glycine, by a two reaction process 
catalysed by ^-glutamylcysteine synthetase and glutathione synthetase. Amino acids 

are transported into the lens via a coupled transport system with sodium (Harding 
and Crabbe, 1984). Glutamate is transported into the cell as glutamine and 
deamidated intracellularly to glutamate. In young rats glutathione is synthesized 
from methionine or N-acetylcysteine (Ferrer et al., 1990), but in older animals 
there is diminished activity of cystathioninase activity therefore glutathione is 

synthesized solely from cysteine.

tf-Glutamylcysteine synthetase is the rate limiting step in glutathione synthesis
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(Rathbun et al., 1983; Sethna et al., 1983). The inhibition of glutathione synthesis 

in mice by treatment with buthionine sulphoximine (BSO), an inhibitor of X -  

glutamylcysteine synthetase, has been found to induce cataract formation indicating 

there is a significant requirement for glutathione synthesis in the normal situation 

(Calvin et al., 1991) (see Figure 8).
In mice and rabbit lenses the activity of ir'-glutamylcysteine synthetase increases 

with age (Rathbun et al., 1983; Rathbun et al., 1986), whereas in the human lens 

activity falls significantly (Sethna et al., 1983). In the model discussed here, t-  
glutamylcysteine synthetase activity increases with aging (Table 30), confirming the 
results of Rathbun et al., (1983). The if-glutamylcysteine synthetase activity 
increase in the first week after the induction of diabetes, occurs at the same time 
as lens glutathione falls (see Tables 29 and 25) and may be a compensatory response. 
There is at present no firm evidence about changes in the second enzyme glutathione 

synthetase in the lens in diabetes. Although preliminary experiments using an HPLC 
method of measuring the enzyme activity are underway, since the spectrophotometric 

method was found to be unsatisfactory for measuring activity in a crude rat lens 

homogenate, due to the high concentration of contaminating ATPases. The data 
produced via the spectrophotometric method must be examined very critically 

especially in the context of changes in glutathione synthesis in relation to 
cataracts (Rathbun et aL, 1983).
The present evidence suggests that the decline in lens glutathione in the early 
stages of diabetes cannot be ascribed to changes in the activity of the rate 
limiting enzyme tf'-glutamylcysteine synthetase and attention must be given to the 

availability of substrates for synthesis and maintenance of glutathione in the 
reduced form. The present studies, as well as those of Gonzalez et al., (1983),

(Table 44) have shown that the total lenticular ATP does not fall significantly in 
the first week of experimental diabetes. These results do not exclude local changes 
in ATP in a particular region of the lens where a decrease may be insignificant 
relative to the whole lens measurement, but significant for the maintenance of 

glutathione in that region. The amino acid availability and intracellular pool may 
vary, not only by the changes in circulating amino acids in diabetes (Alberti and 
Press, 1982) but also because of alterations in the uptake of amino acids into the 

lens. Measurements of amino acid composition of the lens have shown steady state 

changes in glutamate, glutamine and glycine in diabetes, while other amino acids 

remain unchanged.
It would seem that the emphasis must, once again, be placed on the role of aldose 

reductase and sorbitol formation in diabetes, with the draining effect on NADPH 

resulting in the fall in lens glutathione. The failure of the system to sustain
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glutathione in the reduced state will ultimately lead to the loss of oxidised 

glutathione from the cell. These results draw attention to the importance of 

effective aldose reductase inhibitors in the control of this aspect of diabetes.

The changes in the lens in diabetes have often been compared with the changes 
occurrring in aging, diabetes in this respect, being regarded as an accelerated form 
of aging. In mouse, rabbit and rat lenses the activity of ^glutamylcysteine 
synthetase increases with age (Rathbun et al., 1983, 1986) whereas in the human lens 
the activity falls significantly (Sethna et al., 1983), while the second step, 
glutathione synthetase, does not change significantly with age in either mouse or 

human lenses (Rathbun et al., 1986). In the human lens the majority of glutathione 
synthetase and

^-glutamylcysteine synthetase activity is located in the epithelium and cortex, with 

as little as 1.4% found in the nucleus (Sethna et al., 1983).

The availability of an HPLC method has allowed more reproducible measurements of 
glutamylcysteine synthetase, free of the complications associated with the 

spectrophotometric method. Preliminary results show a small (20%), but significant 
decline in activity. This would help to explain why the glutathione level can not be 
maintained in diabetes and point towards a two-pronged attack on glutathione 
integrity. Comparison among different species and transitional changes observed in 
one species to another may be open to criticism on a number of counts, involving 
differences in nocturnal animals and humans with regard to exposure to UV light and 
free radical damage, the destruction of lens proteins and the possibility of post- 
translational changes in humans relative to rodents. Nevertheless, studies on the 
rat lens do indicate the importance of the systems involved in glutathione synthesis 
and redox states.

1.2.2. GLUTATHIONE REDOX CYCLE AND ANTI-OXIDANT ENZYMES IN 

DIABETES.

As discussed above, glutathione plays a key role in the lens in the protection 
against oxidative stress, therefore maintenance of glutathione levels is of the 

utmost importance for cellular detoxification. The lens contains antioxidant enzymes 

such as catalase, and specific antioxidant enzymes which use glutathione as a 

cofactor, for example glutathione peroxidase and glutathione-S-transferase.
The glutathione redox cycle consists of two enzymes, glutathione peroxidase and 

glutathione reductase. In the lens glutathione peroxidase reduces organic and lipid 

peroxides using glutathione as a cofactor (see Figure 8). Glutathione reductase is 

responsible for reducing oxidised glutathione, using reducing equivalents from 

NADPH, thus maintaining the reduced glutathione environment and enabling the lens to
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cope with oxidative stress. As the reduced glutathione environment is decreased the 

cell is more susceptible to oxidative stress and the ensuing damage (Schisler and 

Singh, 1988).
Glutathione peroxidase is a selenium-dependent enzyme found in most animal tissues 
in varying amounts depending on the degree of environmental oxidative assault in 

specific tissues (Table 45). Glutathione peroxidase is present in the cytosol and 

mitochondrial matrix (Atalla et al., 1988). In human cataracts glutathione 

peroxidase activity is decreased by 25% (Rao et aL, 1983) whereas in the 
cataractous rabbit lens, glutathione peroxidase activity is not altered (Rathbun et 

al., 1983). Glutathione peroxidase activity is dependent on the dietary intake of 

selenium and the age of the animals (Schisler and Singh, 1988; Dohi et al., 1988). 

Animals maintained on a selenium-deficient diet develop cataracts and in the human 
senile cataract, the selenium concentration is decreased (Shearer et al., 1987). In 

the diabetic rat lens, glutathione peroxidase activity in the cytosol and 
mitochondrial fractions does not alter with diabetes (Table 29) suggesting 
glutathione peroxidase activity is not a contributing factor in the development of 
cataracts.
In the streptozotocin-induced diabetic rat lens glutathione reductase activity does 
not alter (Table 29). This could indicate that the lens is not able to decrease the 
concentration of accumulated mixed disulphides and oxidised glutathione rapidly 
enough, therefore these compounds are more likely to be lost from the cell. 
Glutathione reductase is also able to cleave and reduce mixed disulphides of 
proteins and glutathione, which is particularly important in cataractous lens where 
there is an increase in mixed disulphides (Srivastava and Beutler, 1973).
Hydrogen peroxide is generated by a number of different sources in different cell 

compartments, for example by mitochondria, and is found in the mitochondria and 
cytosol. Catalase activity is greatly increased in the 1 week diabetic rat lens 

(Table 29) suggesting there is an increase in oxidants at this stage of diabetes. In 

the 2 week diabetic rat lens, the catalase activity is normalised suggesting that at 

1 week the response by catalase may have been a result of an increase in circulating 

oxidants.

Thus, in the diabetic lens there may be an inability to protect the cell from 
oxidative assault, since there is no increase in the activity of the oxidant 

scavenging enzymes to compensate for the increase in circulating oxidants. The level
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TABLE 45: GLDTATHIONE PEROXIDASE ACTIVITY IN DIFFERENT TISSUES OF THE RAT.

TISSOE SUBSTRATE

ACTIVITY nmoles/mg 

CONTROL STZ

protein

DIABETES

DURATION
OF
DIABETES

RAT

Liver Cuiene H202 235 + 223 146 + 64a 12 wks

Kidney t-butyl H202 117 + 7b 252 + 9b 4 mths

Cuiene H202 36 + 103 79 + l l 9 12 wks

Plasma t-butyl H202 12 + lb 14 ± l b 4 mths

Aorta t-butyl H202 48 + 3b 36 ± 4b 4 mths

Brain ¥ 2 1.0 ± 0.3°

Lens Cumene H202 1.4 + 0.2d 1.2 + 0.2d 2 wks

HUMAN

Lens ¥ 2 6.2 t 0.4® 4.0 t o .ie Severely
cataractous 

Values are expressed as KEAN t SEN.

t-butyl H202/ tertiary butyl hydrogen peroxide (0.25mM); H202, hydrogen peroxide 

(0.25mM); Cuiene H ^ , cuiene hydrogen peroxide (O.lOiM).

The glutathione perpxidase activities in this Table are from published studies as 

follows: ^ohaieb and Godin (1987), bDohi et a l., (1988), cProhaska and Ganther 

(1976), ^ao et a l., (1983) and d from Table 31 in this thesis.
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of enzymes associated with glutathione and oxidative protection, glutathione 

transferase and catalase, measured in the rat lens suggests there is an increase in 

electrophilic compounds and cellular hydrogen peroxide, 1 week after the induction 

of diabetes. After 1 week of diabetes the metabolic state of the lens is 

considerably altered, the ATP and NADPH levels have fallen in conjunction with 

decreased glutathione. All these lead to decreased ability of the cell to scavenge 

hydrogen peroxide and maintain protein sulphydiyls.

There are limitations in the use of the in vivo rat model of diabetes since 

environmental factors, for example, changes in the composition of the aqueous humour 
and the concentration of hydrogen peroxide in the aqueous, will greatly alter lens 

metabolism. In order to overcome these complications careful manipulation of the 
extralenticular environment allowing the study of specific aspects of lens 
metabolism in an in vitro model of the diabetic lens has been used and will be 
discussed in the following section.
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2. AN IN  VITRO MODEL OF THE DIABETIC RAT LENS.

2.1. INTERMEDIARY PATHWAYS OF GLUCOSE METABOLISM.

2.1.1. GLUCOSE TRANSPORT.

a) Effect of hyperglycaemia and PMS.

In the normal lens incubation 70-90% of the glucose transported into the lens is 
metabolised by anaerobic glycolysis to lactate (Kuck, 1970). The lens obtains more 

than 60% of its ATP from glycolysis therefore maintaining glucose transport is of 

the utmost importance for energy maintenance (Chylack, 1971). When the extra- 
lenticular glucose concentration is increased, as in the aqueous humour in diabetes 
or when the lens is incubated in 50mM glucose, as might be expected, the profile of 
glucose metabolism in the lens changes.

The rate of glucose uptake into the lens in the in vitro diabetic (50mM glucose) 
model has been measured and compared to the control (lOmM) glucose concentration 
using 2-deoxy[2-3H]glucose (Table 2, 3 and 4).
Glucose is transported into the lens by facilitated diffusion, therefore glucose 
can not be transported against a concentration gradient and does not require the 
expenditure of energy. Patterson (1967) determined the mechanism for glucose entry 
by a series of in vitro experiments using radiolabelled glucose analogs [14C] L- 
glucose and [3H]-3-0-methyl-D-glucose. The uptake of [14C]L-glucose into the cell is 
a specific indicator of passive diffusion and [3H]-3-0-methyl-D-glucose uptake is by 

facilitated diffusion. Di Mattio in 1984, confirmed, in an in vitro model using 
[14C] L-glucose and [3H]-3-0-methyl-D-glucose, that facilitated diffusion was the 
mechanism by which glucose enters the lens. They also found the entry of glucose 
into the lens to be stereospecific, with D-glucose entry into the lens much faster 

than L-glucose. In this study 2-deoxy-D[2-3H]glucose was used to determine glucose 

uptake. The Km and Vmax for uptake of 2-deoxy-D[2-3H]glucose into the lens differs 
from the Km and Vmax values for glucose transport into the cell (Naftalin and Rist, 
1989); it is phosphorylated by hexokinase to produce 2-deoxyglucose 6-phosphate 

which accumulates in the cell, since it does not undergo further metabolism, and 

this intermediate is capable of inhibiting hexokinase activity (Chylack, 1971). Kuck 
(1961) found in an in vitro incubation that, the intralenticular glucose 

concentration was kept constant at 0.56mM when the glucose concentration of the 
surrounding media was at lOmM. Increasing the glucose concentration in the media 

above 1 ImM caused the glucose concentration to increases proportionally with the 
media concentration. In the present study, after 1 hour in the lOmM glucose 

incubation media, the intralenticular glucose concentration was 0.98mM (Table 2)
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which is almost 2 times higher than Kuck's published value. This could be, for a 

number of reasons, due to the difference in the strain of rat, the time and the 

degree of trauma in tissue handling and incubation procedures. The lenticular 

glucose concentration in the high glucose media is 2.90mM (Table 3) confirming that 

glucose uptake is increased in the high glucose media. Trevithick et al. (1981) 

found that in a 35mM glucose media, in vitro incubation, the glucose concentration 
in the lens increased rapidly in the first 8 hours, then slowed to a steady increase 
up to 96 hours, thus at 1 hour the glucose concentration is rapidly increasing. The 
data in graph 1 shows the rate of 2-deoxyglucose uptake over 30 minutes in a normal 

glucose incubation, and the rate is constant after 15 minutes.
Phenazine methosulphate (PMS) is a pentose phosphate pathway (PPP) activator and 
there is no evidence that it alters glucose uptake, although effects on the lens 
membranes can not be excluded. The activity of the PPP increases 26 fold to 2.61 
umoles/g/h in normal glucose in the presence of PMS, thus approaches the rate of 

glucose entry of 3.79 pmoles/g/h. There is no concomitant change in lenticular 
glucose concentration. These data suggest that the rate of glucose transport may be 
a limiting factor for the increased activity of the PPP and the requirement for 

glycolysis. The pentose phosphate pathway may feed back into glycolysis at both the 
fructose 6-phosphate and triose phosphate steps. The observed inability of PMS to 

increase 2-deoxy[2-3H]glucose uptake is contrary to Chylack's (1971) suggestion that 
glucose transport is a function of the intracellular metabolic requirement for 
glucose. The ratio of 2-deoxy[2-3H]glucose : total PPP activity (Table 5) approaches 
unity in the presence of PMS, again suggesting that the intracellular glucose 
concentration may not be sufficient to supply the PPP when fully activated. In the 
presence of high glucose and in the absence of PMS, this ratio is equivalent to the 
control, this probably reflects the increased glucose uptake required to compensate 

for the increased PPP activity. When PMS is present however, the ratio is well above 
unity implying glucose availability is not limiting and thus may account for the 
extra stimulation seen in the 50mM glucose with PMS relative to the lOmM glucose 
incubation with PMS.
The discussion so far has concentrated on the influence of intracellular metabolism 

on glucose uptake, but not to be forgotten is the extracelluar influences of glucose 

on the membrane. In the high glucose medium the change in the rate of glucose uptake 

may be related to a change in membrane permeability due to conductance changes 

induced by an increased extracellular osmolality. Trevithick et al. (1981) found in 
an in vitro model, lenses initially subjected to a high glucose media (35mM) swell, 

their weight increasing by 38.9% in the first 4 hours, and then return to their 

normal weight after 12 hours. Jacob and Duncan (1982) have suggested that glucose
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has an influence on the permeability properties of the lens. The rapid entry of 

glucose into the lens in the first 4 hours, accompanied with an influx of water, 

induces swelling and increased membrane conductance with this duration of 

hyperosmolality. If the glucose concentration of the media is later decreased the 

lens undergoes hyperosmotic shock and continues to swell, since it will have an 

increased intracellular sorbitol and glucose concentration which will continue to 

increase water uptake. This occurs since the cell is unable to transport these 

products out of the cell. 
b) The effect of lmM diamide.

In the lens there is a high concentration of internal sulphydiyl groups, both free 
and membrane-bound. These are important for retaining membrane permeability and 
clarity (Epstein and Kinoshita, 1970). Diamide conjugates with free glutathione 
decreasing the concentration of reduced glutathione in the cell, therefore in lenses 
incubated with diamide the glutathione content is effectively decreased. In the lens 
the rate of glucose uptake is reduced by 50% after a 1 hour incubation with lmM 
diamide in normal and high glucose media (Table 11). Recently Duncan et al (1988) 
studied the effect of diamide on the rat lens and foimd that it alters sodium and 

potassium conductance and after a 24 hour incubation the lenses became opaque. If 
the properties of lenticular membranes are altered by diamide, as they appear to be 
in the normal glucose incubation, and the ability of the lens membrane to transport 
glucose intracellularly is decreased, then it would follow that glucose transport is 
sensitive to maintenance of sulphydiyl groups. This is in accord with the effect of 
diamide on glucose transport in other tissues (Goldstein and Livingston, 1978) and 

highlights the importance in the lens of intact sulphydiyl groups. The lipid stable 
antioxidant a-tocopherol when added to a high glucose media significantly reduces 
the rate of swelling of the lens due to the high ambient glucose. When such lenses 

are transferred to a low glucose media the recoveiy rate is faster in the presence 
of a-tocopherol (Trevithick et al., 1981). Clearly these results suggest that the 
damage induced by a high glucose media is not solely due to a change in the 
osmolality, in addition it may be related to changes in the integrity of the 
membrane lipid. Changes in lens cell lipid membrane structure have been observed in 
ageing and found to be correlated with an increase in the uptake of amino acids 

(Kador and Kinoshita, 1978).
Earlier studies on the lens exposed to hyperglyceamic conditions concentrated on the 

metabolic changes within the cell, whereas recent studies are now considering 

oxidative damage extracellularly as being significant. The present study was carried 
out on whole lenses which over simplifies the lenticular transport of glucose. The 

transport specifically into the lens epithelial or fibre cells needs to be examined



in order to establish if the mode of glucose uptake is the same in different cell 

types or if it is cell specific. If glucose uptake was significantly smaller in, for 

example, lens fibre cells, the ability of these cells to produce and maintain ATP 

and NADPH may be compromised differentially and therefore the ability of the cell to 

detoxify oxidants would be diminished and tissue damage may result.

Cytochalasin B binding studies measuring the level of glucose transporters, using 
the in vitro method, have shown that the greatest number of glucose transporters are 

in the lens nucleus, followed by the cortex with the least in the lens capsule- 
epithelium (Lucas and Zigler, 1987). This is contrary to previous theories of 
glucose transport and the localised requirements for glucose, which proposed that 

the greatest uptake of glucose was in the lens epithelium, being the most 

metabolically active region (Chylack, 1971). It has also been suggested that glucose 
and amino acids enter the lens epithelium and penetrate into the nucleus, via 
communicating junctions, as products of catabolism (Lucas and Zigler, 1987).

The cytochalasin B method does not, indicate the functional capacity of the 
transporting protein, therefore these sites may be non-functional. Lens epithelial 
cells are transformed into fibre cells, during the elongation process when there are 

increases in protein synthesis (Harding and Crabbe, 1984), the surface area of the 

cell and the requirement for glucose. Therefore there could be an increase in the 
glucose transporting capacity. Once the lens fibre cells stop growing any additional 
requirement for glucose uptake is no longer required, since the cells stops 
synthesizing protein and regulatory factors may result in a large number of the 
transporters being inactive.
In the normal and high glucose in vitro lens incubation the 2-deoxy[2-3H]glucose 
uptake is not altered by PMS but is decreased by diamide. In the high glucose media 
the altered membrane permeability due to an increase in osmolality and the decrease 
membrane sulphydiyl groups may be the initial changes occurring in the 

hyperglyceamic lens. Associated with these changes is the complex intercellular 
exchange of solutes, and specificity for uptake and response to glucose, in 
epithelial and fibre cells.
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2.1.2. GLUCOSE METABOLISM USING DIFFERENTIALLY LABELLED GLUCOSE.

The flux of glucose through various pathways in the lens can be approximated by 

using a wide range of specifically labelled glucose (Kinoshita and Wachtl, 1958).

This method has greatly contributed to our fundamental understanding of glucose 

metabolism in the lens, through the measurement of a) 14CC>2 and 3H2 0  released 

(Kinoshita and Wachtl, 1958: Van Heyningen, 1965a: Giblin et aL, 1981: Gonzalez et 
al., 1986: Varma et al., 1987) or b) the measurement of labelled glucose metabolites 

(Wolfe et al., 1985).

The initial flux studies on the activity of the pentose phosphate pathway (Bloom et 
al., 1953: Blumenthal et al., 1954) provoked the generation of various critical 

reviews of the methodology, the most notable by Wood (1955) and Katz (1961) which 

highlighted some of the imperfections of the interpretation of the measurement. Katz 
(1961) presented a thorough analysis of the interpretation of the flux results which 
take into account, to some degree, the recycling of intermediates and the changing 
pool size of these intermediates. Although at first this analysis seems complicated, 
it gives a far more detailed analysis of glucose flux than previously described. The 
consideration of specific activities rather than just the radioactive yield of the 
product is a further essential factor. The carbon flux in each metabolic pathway was 
calculated in the present study from the released 14CC>2 or 3H 2 0  taking into account 
the specific activity of glucose and recycling of the pentose phosphate pathway, as 
described by Katz et al., (1966) and Hothersall et al., (1979). In this study the 

change in glucose metabolism was measured in lenses incubated in normal (lOmM) 
glucose and high (50mM) glucose concentrations under conditions where the PPP was 
fully activated, that is, with lmM PMS (Table 2, 3). In the presence of high glucose 

and autoxidising ketoaldehydes, NADPH may be oxidised by a complex series of free 

radical-mediated reactions (Wolff and Crabbe, 1985). This series of reactions is 
another source of NADPH oxidation and is ultimately responsible for non-enzymatic 

glycation of proteins (Wolff and Dean, 1988)(Figure 11). If kept 'unchecked' by free 

radical scavenging enzymes and antioxidants, the cellular balance could become 
disturbed resulting in an increase in lipid peroxidation and protein oxidation.

There is an increase in cellular demand for NADPH which in either situation results 

in an increased NADP+ availability and thus acceleration of the PPP and recycling of 
the ribulose 5-phosphate. For this reason it was considered important to establish 

the capacity of the PPP to reduce NADPH in the presence of PMS and to establish if 

this is altered in normal and high glucose concentrations in the in vitro model of 
diabetes; the hypothesis being that that maximal PPP activity in hyperglycaemia may 
not be sufficient to maintain NADPH.
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a) Lens metabolism in an in vitro normal glvcaemic incubation.

In the in vitro lens incubation in normal glucose (Table 2) the PPP has a basal rate 

of 0.142 pmoles/g/h and the TCA cycle activity is relatively small at 0.050 

pmoles/g/h compared with the total oxidation of glucose 0.211 pmoles/g/h. These 

results compare favourably with Kinoshita and Watchl's (1958) observation of glucose 

metabolism, confirming that in normal conditions lenticular glucose metabolism is by 

anaerobic glycolysis with very little oxidative activity via the PPP and TCA cycle.

The rate of phosphorylation of glucose, determined by the formation of the 3HzO from 

[2-3H]glucose gives a somewhat higher estimate of glucose phosphorylation compared 

with the estimate from 2-deoxy[2-3H]glucose phosphorylation, 5.81 pm oles/g/h and 4.15 
pmoles/g/h, respectively (Table 2). This apparent discrepancy may be related to the 
competitive inhibition of hexokinase by 2-deoxyglucose (Chylack, 1975). It should be 

noted that in the presence of the active PPP, there will be an underestimate of 
glucose phosphorylation due to the conversion of glucose 6-phosphate to 6- 
phosphogluconate at a fast rate, which does not allow equilibrium between glucose 6- 
phosphate and fructose 6-phosphate, the reaction at which tritium exchange of 3H 2 0  

is released from [2-3H]glucose.
b) Normal glvcaemic incubation with PMS.
At normal glucose levels,the activation of the PPP by PMS increases total glucose 
oxidation 17 fold (Table 2), the recycling of the PPP (C2-C6) is 14 times faster and 
there is an increase in TCA cycle activity to 0.035 pmoles/g/h. When the PPP is 
activated there will be an increase in the channelling of glucose 6-phosphate into 
the PPP which alters the equilibrium between glucose 6-phosphate and fructose 6- 

phosphate, therefore tritium exchange underestimates the flux of glucose through 
this step and glycolysis. For this reason, the activation of the PPP by PMS, diamide 

or hydrogen peroxide (Table 2, 3, 7), and when there is a high intracellular glucose 

concentration, the tritiated glucose exchange measurement is not a true indicator of 

glucose 6-phosphate formation, the underestimation becoming greater the faster the 

PPP operates.
When the PPP is activated by PMS, the TCA cycle activity is increased, this is 

associated with an increase in the decarboxylation of pyruvate shown as 14CC>2 

released from [3,4-14C]glucose from 0.084 to 0.370 pmoles/g/h. In this situation the 
uptake of glucose is not altered, yet the rate of oxidative metabolism is 
significantly increased and the rate of the non-oxidative metabolism is decreased, 
as reflected in the fall in lactate. The reason for this increase in oxidative 

metabolism is that the NAD+/NAD H couple will be maintained in the oxidised form of 
PMS, allowing ample access for glyceraldehyde 3-phosphate dehydrogenase and 

activating the pyruvate dehydrogenase step by removing the regulatory effects of
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NADH.

It is known that for each CO2 molecule liberated by the PPP, 2 molecules of NADPH 

are generated, hence NADPH generation under varying conditions can be calculated. In 

normal glucose the PPP generates 0.28 pmoles/g/h of NADPH and with PMS the 

generation of NADPH is increased to 6.08 umoles/g/h (Table 46). At maximum capacity 

the available NADPH could drive both the aldose reductase or glutathione reductase 
reaction at a normal intracellular glucose concentrations.

In the normal glycaemic incubation when the PPP is fully activated the total 
oxidation of glucose is equivalent to the rate of 2-deoxyglucose uptake, indicating 
glucose uptake may be limiting for maximal PPP activity as this takes no account of 
glucose required for energy metabolism, for example, lactate formation. However, it 
is possible to generate lactate from the PPP intermediates, xylulose 5-phosphate and 
ribulose 5-phosphate, via the reaction catalysed by transketolase and transaldolase, 
which, in the cycle of 3 molecules of ribulose 5-phosphate, yield two fructose 6- 
phosphates and one triose phosphate. A critical factor in the interpretation of 
labelling patterns of lactate arising from specifically labelled glucose, is the 
balance between glycolysis and the PPP, and the pool size and specific activities of 
glucose 6-phosphate, fructose 6-phosphate and glyceraldehyde 3-phosphate.
c) High glucose incubation.
In high glucose, the uptake of glucose as measured by 2-deoxy[2-3H]glucose, is 
increased 4 fold when, the extracellular glucose concentration is greater than lOmM 

then the regulation of intracellular glucose at a constant concentration is 
overridden as described by Kuck (1961). This increase in intracellular glucose is 
reflected in the difference in the total glucose oxidation which in the lens is 0.78 
pmoles/g/h which is 4 times higher than the total glucose oxidation in normal 

glycaemia. A large proportion of the glucose transported into the lens is 
metabolised via the PPP, consuming 0.75 pmoles/g/h of glucose. The decarboxylation 

of pyruvate as measured by 14CC>2 release from [3,4-14C]glucose does not change with 
the increase in intracellular glucose. This implies amongst other things that there 
is no increased flux through glycolysis, unless lactate formation accounts for a 

greater proportion.
The uptake of glucose in the high glucose media is 15.9 pmoles/g/h this is greater 
than the lactate production of 12.8 pmoles/g/h, confirming that anaerobic glycolysis 

is not the only pathway active in the hyperglyceamic lens although this route
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TABLE 46: NADPH TURNOVER BY THE PENTOSE PHOSPHATE PATHWAY IN THE IN VITRO LENS 
INCUBATION.

lOmM Glucose

NADPH Produced Turnover (secs)
(Units)*

Basal 0.28 190
Phenazine nethosulphate(O.M) 5.28 10
Hydrogen Peroxide(liM) 2.26 24
Dianide(liM) 1.54 35

50QH Glucose

Basal 1.18 46
Phenazine methosulphate(O.lmM) 6.38 8
Hydrogen Peroxide(liH) 3.96 14
Diamide(lmH) 2.46 22

* NADPH produced from the pentose phosphate pathway was calculated from the 
radiolabelled [ 1-14 C] glucose results in Tables 2, 3 and 7 and are expressed as 
jmoles/g/hour. Turnover is calculated as the time taken, in seconds, to reduce the 
total lens content of nicotinamide nucleotide phosphates.
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constitutes a major proportion of glucose utilisation. In the hyperglyceamic lens 

incubation, either with or without PMS the yield of 3H20 from tritiated glucose is a 
gross underestimate of the amount of glucose phosphorylated as discussed above. 

Although not demonstrated by the radiolabelled glucose results, it is known that in 
the presence of high glucose concentrations the polyol pathway has an increased flux 

(Chylack and Kinoshita, 1969). In the lens incubated in 35.5mM glucose the polyol 
pathway accounts for 33% of the glucose turnover, as measured by 13C nuclear 
magnetic resonance spectroscopy (Gonzalez et al1, 1984). This increased flux through 

the polyol pathway leads to an accumulation of sorbitol and fructose. This is a very 

important parameter to measure and obviates the usual criticisms of sorbitol and 

fructose measurements. Another important aspect of the work from the above 

laboratory (Gonzalez et al1, 1984) is the flux measurements, using 13C NMR, of 
fructose and PPP intermediates into glycolysis and lactate. This has been shown to 

constitute a large proportion of the overall metabolism under hyperglyceamic 
conditions and conforms with the conclusions derived from the data reported here.

The concentration of NADPH in a freeze-stopped lens is 0.015 pmoles/g (Table 46) 
using this measurement calculations have been made to determine the approximate 
turnover rate of NADPH TO NADP+ and these are shown in Table 46. The values for 
“ CO2 released from [ l - l4C]glucose have been used for the calculation, rather than 
the calculated PPP, to allow comparisons with the data obtained with tertiaiy-butyl 
hydrogen peroxide and diamide. The turnover rate of NADPH in normal glucose is 0.015 
pmoles (the normal total lens content) NADPH every 190 seconds, whereas in high 
glucose an equivalent NADPH content turns over every 48 seconds. In the presence of 
a high glucose medium, the increased turnover rate indicates an increase in aldose 
reductase and glutathione reductase activity. In the in vivo situation NADPH exists 
in two pools, bound and free, the calculated turnover rates are for the total 
cellular NADPH.
An additional mechanism has been suggested by Wolff (1987), that is, in the presence 

of elevated levels of monosaccharides and trace amounts of a transition metals, 

these monosaccharides are able to auto-oxidise and generate reactive oxidants which 

in turn oxidise NADPH (Figure 11). This may be another process which contributes to 

the re-oxidation of NADPH in high glucose environments which would account for the 

higher turnover rate. By-products of this autoxidation, some of which are free 

radicals, could also be important in NADPH oxidation and also increase the 
requirement for glutathione reductase.

d) High glucose incubation with PMS.
In the high glucose incubation with PMS there is an increase in rate of total 

glucose oxidation from 0.78 pmoles/g/h to 4.8 pmoles/g/h. It is clear that high
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glucose alone does not drive the PPP to its maximal rate since PMS is able to 

stimulate the total PPP activity 6 fold in high glucose.

The calculated NADPH turnover is greatly increased in the high glucose incubation 

with the total turnover occurring every 48 seconds (Table 46). PMS increases the 
rate of turnover of NADPH every 8 seconds, which is the fastest turnover rate 

obtained for the PPP in these experiments with the rat lens. This increased rate of 

turnover of NADPH in high glucose alone indicates an increased activity of NADP+ 

generating systems, which is re-reduced by the activation of the PPP. In the 

presence of PMS, the artificial stimulation of the PPP is higher than the high 

glucose alone, implying there is one stimulation due to the balance of metabolic 

oxidation/reduction processes and another maximum stimulation which is determined by 
the level of enzymes and the total NADP+ pool.

Phenazine methosulphate has multiple effects on metabolism, that is, it oxidises 
both NADPH and NADH bypassing aldose reductase and glutathione reductase in the 
regeneration of NADP+. It also affects the NADVNADH balance in the cell thus 
altering the flux via lactate dehydrogenase and sorbitol dehydrogenase. After a 
prolonged requirement for PPP activity, the cellular maintenance of the NADPH/NADP+ 
redox couple may be altered, as demonstrated in the in vivo diabetic lens (Gonzalez 
et al., 1986). This is in part due to the depletion of ATP, glutathione and changes 
in the NAD+/NADH ratio. In the presence of PMS the turnover of NADPH is every 10 
seconds in normal glucose concentration and every 8 seconds in the presence of high 
glucose concentrations (Table 46).
To validate the in vitro model as a model for in vivo diabetes, it is valuable to 
compare the [ l - 14C]glucose in vitro results with the in vivo alloxan-induced 
diabetic rat model published by Gonzalez et al. (1986). Comparisons of the PMS 

stimulated value in normal glycaemia between the two models show different degrees 

of stimulation, 10 fold in vivo and 20 fold in vitro. This discrepancy between 

essentially two control values may be accounted for by the difference in incubation 

procedures. The incubations described by Gonzalez et al,, (1986), were carried out 

in plastic tubes sealed with a suba-seal whereas the results in Tables 2 and 3, were 

incubated in 25 ml Mary flasks, these give more effective mixing of the gas phase 

with the incubation media. Thus results maintained in a stable O2/CO 2 tension, may 

explain the difference between the values. In the alloxan-induced 1 week diabetic 
rat lens, there is only a 3 fold increase in the PPP activity by PMS, whereas in the 

high glucose incubation PMS stimulated the PPP activity 6 fold. The higher in vitro 
value could be due to a higher extracellular glucose concentration. However, the 2 

fold difference between the two experiments is the same as recorded with the 
controls and this is probably related again to the incubation techniques as
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discussed above. In the diabetic rat lens metabolic and structural changes due to 

uncontrolled diabetes are already present therefore altering the metabolic profile, 

for example a change in the NADP+ pool and oxidative PPP enzymes. In neither the 

control or diabetic lens reported by Gonzalez et al., (1986) does the PMS stimulated 

maximum PPP of 1.92 and 1.46 pmoles/g/h respectively, compare with the in vitro PMS 

stimulation in normal glucose of 2.65 pmoles/g/h and in high glucose 3.29 pmoles/g/h 

reported here. The difference in the maximum stimulation of the PPP as induced by 

PMS in the in vivo model is the opposite to that observed in the in vitro model.
This anomoly may again be explained by the already changed metabolism, enzyme levels 

and structure, such as, decreased levels of ATP, NADPH and glutathione which has 
occurred within 1 week of uncontrolled diabetes. This is not observed after the 1 

hour incubation in high glucose and thus an increase in intracellular glucose can 
achieve activation of the PPP. It should be noted that the earlier results with 
alloxan diabetic lenses were measured in 20mM glucose and the control in lOmM 

glucose. It is therefore possible that full activity of the PPP in the in vivo 
diabetic rat lens is more marked than the figures suggest.
It was thought, the first of the concentrations used was large enough to achieve 
intralenticular concentrations close to the Km for Type II hexokinase, which 
constitutes 70% of the total hexokinase activity in the iens (Gonzalez et ai., 1978) 
thus there was no possibility the substrate was rate limiting. It was found using a 
sensitive radioactive assay for hexokinase that the enzymic activities were 
unchanged. The assay, which utilizes the removal of G6P by G6PDH probably reflects 
more favourable conditions than in the in vitro whole lens incubations where at high 
glucose concentrations, G6P may accumulate and inhibit hexokinase. The additional 

stimulation in 50mM glucose may simply be explained on a mass action basis. At lOmM 

glucose hexokinase activity does not appear to be limiting for G6P entry into either 
the PPP or glycolysis as its activity surpasses glucose uptake by a factor of two. 

However, as explained above the potential situation of hexokinase in vivo will not 

be as favourable as the enzyme measurement under optimum conditions. In 50mM 

glucose, glucose entry is greater than the available hexokinase activity, the latter 
probably explains its steady accumulation of glucose over time, and the enzyme under 
these conditions could be rate limiting for glucose 6-phosphate (G6-P) provision.

To summarize, the faster entry of glucose at 50mM provides hexokinase with a 
substrate, such that a maximum physiological activity can be achieved, this is not 
the case in lOmM glucose when G6-P cannot be supplied as rapidly and thus the PMS 
stimulation is correspondingly smaller. This indicates that the enzymes of the 
oxidative route of the PPP and the NADPH/NADP+ pool, even when the NADP+ 
availability is not limiting, are restricted by the supply of G6-P. It is also
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interesting that in diabetes, the level of hexokinase doubles (Gonzalez et aL,

1978) (Table 44), possibly as a protection mechanism, so G6-P provision can permit 

greater PPP activity to achieve a high NADP+ redox state. G6-P is also raised in 

hyperglyceamic conditions, again adding credence to the belief that hexokinase flux 
is responsible for the PMS differential effect.

e) Stimulation of the PPP by diamide and tert-butyl hydrogen peroxide.

The glutathione concentration in the lens is relatively high in comparison with 

other tissues and in diabetic cataracts the concentration of glutathione decreases 
(Pau et al., 1990). Glutathione maintenance in the lens has been closely associated 

with the PPP activity and generation of NADPH (Cheng et al., 1983, 1984). The flux 

studies discussed above, have demonstrated that the PPP has an elevated activity in 
hyperglycaemic conditions and in PMS a greater increased stimulation of the PPP 

implies further capacity. How does this relate to the demands induced by altering 
the glutathione concentration? The glutathione content of the lens, as altered by 
stimulating the glutathione redox cycle via the reduction of the total free reduced 
glutathione by diamide or hydrogen peroxide has the expected result of stimulating 
the PPP (Table 7). lmM tertiaiy-butyl hydrogen peroxide, which is a co-substrate 
with glutathione for glutathione peroxidase, producing oxidised glutathione 
(Srivastava, 1976; Epstein et al., 1990). The resulting mixed disulphides and 
oxidised glutathione are cleaved by the glutathione reductase-NADPH system to 
produce reduced glutathione (Srivastava and Beutler, 1973).
In normal glycaemia the maximum PPP activity as determined by stimulation with PMS 
is 20 fold higher than the normal, whereas stimulation by tertiary-butyl hydrogen 
peroxide is only 8 fold higher, diamide has a similar effect causing a 7 fold 

stimulation. This would indicate that in a normal glucose environment the 

glutathione redox cycle and the maintenance of the glutathione concentration is well 
within the PPP capacity requiring less than 50% of the total potential.
In the presence of tertiary-butyl hydrogen peroxide (lmM) there is a total 

replenishment of lenticular NADPH every 24 seconds in normal glucose and every 14 
seconds in high glucose. This later value is close to that maximally achieveable and 

indicates that under these conditions, competition for NADPH may be approached. 
Tertiary-butyl hydrogen peroxide is also able to generate free radicals upon 

entering the cell, if the oxidant defense system is not fully functional and cause 
further stimulation of the PPP.

Diamide in the normal glycaemic incubation can increase the turnover of NADPH via 
the increase in oxidised glutathione from 190 seconds to 46 seconds, confirm the 
finding by Giblin et al., (1981, 1982). Only in the high glucose incubation would 

the competition between aldose reductase and glutathione reductase become fully
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apparent. The difference in 14CC>2 released from [ l - 14C]glucose in normal and 

hyperglycaemia demonstrates the difference in demand on the PPP in the presence of 

an active polyol pathway.

At normal glucose concentrations the PPP has adequate potential to accommodate 

demands on NADPH required to maintain glutathione since at normal concentrations of 

glucose there is very little, if any polyol pathway activity, therefore the main 
restriction on this pathways activity appears to be glucose uptake and hexokinase.

Whereas, in hyperglycaemia there is an increased polyol pathway activity, increased 

demand on glutathione maintenance and possibly glucose autoxidation, the later will 
generate oxidants which are scavenged by antioxidant intermediates requiring NADPH 
for glutathione reduction.

2.1.3. LACTATE PRODUCTION IN THE IN  VITRO  LENS INCUBATION.

a) Normal glucose in vitro incubation with or without PMS.
In the lens the majority of glucose is metabolised by glycolysis to produce lactate 
(Kuck, 1970). In lOmM glucose the lens produces 12.6 umoles/g/h of lactate (Table 
2), this is comparable to lactate production in Sprague-Dawley rats of 17.3 
Umoles/g/h published by Gillis et al., (1981). The rate of 2-deoxy[2-3H]glucose 
uptake is 4.15 umoles/g/h indicating glucose uptake is inadequate to account for the 

lactate produced.
The radiolabelled glucose equivalents found as lactate are even larger, 17 and 

20umoles/g therefore anomolous. Examination of glucose phosphorylation via tritium 
exchange, confirms this anamoly (Table 2, 3) and is in general agreement with the 
glucose uptake.
Separation of [ l - 14C]glucose from [ l - 14C]lactate on an ion-exchange column was used 
to assess flux to lactate. A full compliment of blanks were run with each group 
taking into account any contamination or erratic elution of the sample and the data 
for glucose flux to lactate would appear to be valid, due to its reproducibility.
One possibility which cannot be discounted is that a novel pathway of glucose 

metabolism exists in the lens, which compromises a major route of glucose 

utilization. The product of which must be of a similar charge to lactate to co
elute.

In lOmM glucose with PMS the total lactate production over 1 hour, as measured 

spectrophotometrically, drops to a quarter of the lactate production when compared 

with glucose at this concentration. PMS as an artificial electron acceptor will 
ultimately effect the NAD+/NADH ratio in a similar fashion to the NADP+/NADPH ratio. 

This in turn will affect lactate dehydrogenase and glyceraldehyde 3-phosphate
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dehydrogenase, the two glycolytic enzymes using this nucleotide. The drop in total 

lactate production in the presence of PMS indicates that there is a change in the 

NADH/NAD+ ratio, that is no NADH is available for normal lactate dehydrogenase 

activity. In the lOmM glucose incubation the polyol pathway is not active therefore 

at this concentration there is no competition for NAD+.
The values for [U or l - 14C]lactate as expressed as [U or l - 14C]glucose equivalents 

are again in excess of the expected values, but these results can be compared as 
proportionalities. When PMS is present in the normal glycaemic incubation the level 
of lactate formation from [ l - 14C]glucose falls by 20% only. This does not compare 

with a 50% fall in the [U-14C]glucose to [U-14C]lactate flux and a 74% fall in total 
cold lactate production. These results are somewhat unexpected in view of the fact 
that veiy little NADH will be available for lactate dehydrogenase and it would be 

expected that the fall due to PMS for each lactate measurement would be the same. It 
would appear that at least some NADH remains in the presence of PMS. This is quite 

possible as the oxidative capacity of PMS is lower with NADH compared with NADPH 

(Dickens and Mcllwain, 1938). [6-14C]glucose oxidation in this example is increased 
two fold, albeit from a very low basal level. This indicates glycolysis continues as 
far as pyruvate, due to the increased NAD+/NADH ratio due to PMS, increasing this 
and the flux through to the TCA cycle. It is very interesting that [3,4-14C]glucose 
is substantially increased in the presence of PMS (4.5 fold) and is further 
confirmation that pyruvate is channelled away from lactate to oxidative metabolism.
For this reason, it is unlikely therefore that the increased flux through the PPP 
with PMS accounts for the decrease in lactate production, as the glucose which 
passes through the PPP is still available for glycolytic flux as fructose 6- 
phosphate and glyceraldehyde 3-phosphate.
As stated earlier, an anomoly exists between the measured total (cold) lactate and 
that from the labelled glucose, especially [ l - 14C]glucose. This anomoly is a 
stoichiometric one, in that, the absolute levels do not balance and the depression 
of lactate formation with PMS is not so apparent when [ l - 14C]glucose is the source. 

The reasons for this are not clear but could be explained, as proposed earlier, on 

the basis that radiolabelled lactate co-elutes with some other metabolic 

intermediate which has become labelled during the incubation. When one examines the 

level of glucose uptake, glucose phosphorylation and total lactate production 

(cold), then there appears a broad stoichiometric balance (Tables 2 and 3). It 

should be noted that the lactate measurements are expressed in pmoles of lactate, 

rather than glucose equivalents, which is how the radiolabelled lactates are 
expressed.

Approximately for every gram of lens, 5pmoles of glucose is transported into the



lens, phosphorylated and finally produces lOpmoles of lactate per hour. This balance 

is not seen when labelled lactate derived from 14C-glucose is considered. This 
figure, approximately 20]imoles/g/h is calculated in relation to original glucose 

equivalents and really reflects 40pmoles/g/hr of lactate which is 4 times higher 
than those for cold lactate and those published by other workers. For this reason, 
and the smaller apparent decrease in radioactive lactate with PMS, it is felt that 
the radioactive lactate method when used with the lens is flawed and it is planned 

to examine the labelled products to investigate if some other novel, yet major 

metabolic route exists. Until this is carried out no further explanation can be 

offered for this anomoly.

b) High glucose in vitro incubation with or without PMS.

The total lactate production of the lens in the high glucose medium of 12.8 

pmoles/g/h and the rate of glycolysis and pyruvate dehydrogenase is 0.116 

pmoles/g/h, similar to the values in lOmM glucose, although the intralenticular 
glucose concentrations and other metabolic profiles are markedly different.

This similar flux through glycolysis in lOmM and 50mM glucose, may be explained by 
glycolytic regulation of the hexokinase and phosphofructokinase steps (Lou and 
Kinoshita, 1967). Hexokinase is regulated by the glucose 6-phosphate concentration 
and phosphfructokinase is regulated by the ATP concentration, which in the 1 hour 
incubation under consideration, is still maintained at normal levels. In 50mM 
glucose, glucose 6-phosphate is raised but this is rapidly channelled into the PPP 
which has an increased activity (see Section 2.1.5). Gillis et al. (1981) found in 
lenses incubated in increasing concentrations of glucose from 2-35mM, the only 
glycolytic intermediates to increase were glucose and glucose 6-phosphate, and these 
did so proportionally with the extracellular glucose concentration. This suggests 

some later glycolytic step is an important regulator of glycolysis in 
hyperglycaemia.

Comparison of lactate production as radiolabelled glucose equivalents between lOmM

and 50mM glucose indicates lactate production has doubled. This again does not
comply with the values for cold total lactate production. The tritiated glucose

values do not differ between the lOmM or 50mM glucose incubations, however the 50mM

glucose value is an underestimation of tritium exchange as the PPP is activated 5
fold in this condition and leads to a removal of tritiated glucose 6-phosphate

before the tritiated water exchange step. For this reason, it cannot unequivocally

be stated that lactate formation and hence glycolysis is increased in
hyperglycaemia, although as PPP derived fructose 6-phosphate, and fructose from the
polyol pathway can both rejoin the glycolytic pathway.

As discussed earlier, the NADVNADH ratio which is altered by an active polyol
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pathway imparts a regulatory effect on glycolysis in hyperglycaemia. As explained 

above, the validity of the radioactive lactate determination is in doubt. This is 

further compounded by the results with the 50mM glucose showing a differential 
between a two fold increase in [ l - 14C]glucose to [ l - 14C]lactate and an unchanged 
level of cold lactate. If this label reflects a non-glycolytic route of glucose 

metabolism, as proposed above, then this pathway would appear to be influenced by 

intracellular levels of glucose and it might be speculated that this route is linked 

to aldose reductase or some other route in which the enzymes have a high Km for 
glucose. In lOmM glucose, hexokinase is regulated by the glucose 6-phosphate level 

therefore limiting glycolytic flux, but at higher glucose concentrations the polyol 
pathway produces fructose which in the lens is able to be phosphorylated to fructose

1-phosphate since ketohexokinase is present. This bypasses regulation by hexokinase 
therefore increasing the flux through glycolysis and also bypassing phosphoglucose 

isomerase tritium exchange (Ohrloff and Hockwin, 1973).
The 50% drop in the lactate production with PMS may be explained by the decreased 

NADVNADH ratios, as discussed in more detail previously. When PMS is present there 
is a disruption of the polyol pathway since NADPH is not available for aldose 
reductase, despite a plentiful supply of NAD+ for sorbitol dehydrogenase and hence 
lactate formation cannot be derived through this route.
c) Effect of diamide on lactate production.
Lactate production was measured from [U-14C]glucose in the presence of lmM diamide 
(Table 11), as with all the other incubations, more labelled lactate was produced 
than enters the lens. Diamide was used to decrease the cellular glutathione 
concentration in order to determine if altering the sulphydiyl environment altered 

other aspects of anaerobic energy metabolism. By changing the sulphydiyl environment 
there may be changes in membrane permeabilty altering lactate production and 

influence the intralenticular pH. It is interesting to note that diamide decreases

2-deoxy[2-3H]glucose uptake yet the lactate production does not correspondingly 

fall, which may be a reflection of the different transport kinetics for glucose and
2-deoxyglucose uptake into the lens. Diamide had veiy little effect on lactate 

production, and further indicates that this challenge to lens integrity is a useful 

tool, as veiy little apparent alteration in the normal energy metabolism of the lens 
is evident.

2.1.4. METABOLITE LEVELS IN THE IN  VITRO  LENS INCUBATION AFTER 1 HOUR.

The major role of glycolysis in the lens is to produce energy in order to maintain 

lenticular integrity and clarity. In the 1 hour incubations in both the lOmM and
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50mM glucose the lenticular energy level is maintained (Table 6). Hothersall et al.,

(1988) found in the hyperglycaemic lens incubation, ATP starts to drop after 18 

hours. In the lens the two major regulatory enzymes in glycolysis are hexokinase and 

phosphofructokinase, in the control lens under physiological conditions glucose 6- 
phosphate inhibits hexokinase activity by 55% (Lou and Kinoshita, 1967), this 

inhibition can be slightly decreased by increased ATP levels. Phosphofructokinase 
activity is inhibited by elevated ATP concentrations and inhibition is released by 

cyclic AMP (Lou and Kinoshita, 1967). The concentration of ATP in lOmM and 50mM 
glucose is approximately 1.36 pmoles/g, at this concentration ATP lowers the G6P 

inhibition of hexokinase by 50% and partially inhibits phosphofructokinase activity. 

a-Glycerolphosphate transfers reducing equivalents of NADH generated from the polyol 

pathway into the mitochondria for oxidative phosphorylation in the lens (Pirie, 
1962)(Figure 13). The a-glycerophosphate shuttle in the rabbit lens accounts for 40% 

of NADH oxidation in the lens, with the remainder used by lactate dehydrogenase 

(Graymore, 1970). In conditions where lenticular glucose concentrations are elevated 

the a-glycerolphosphate shuttle may be supplying the second step of the polyol 
pathway with NAD+(Figure 13).

As the external glucose concentration is increased from lOmM to 50mM the 
concentration of a-glycerolphosphate increases (Table 6). Cheng et al. (1989) using 
nuclear magnetic resonance (NMR) techniques found that lenticuar a-glycerolphosphate 
did not derive from intermediate pools, such as glycerophosphorycholine, or the 

polyol pathway, or the PPP, rather it is derived from glycolysis. This is very 
strong evidence for compartmentation or channelling within the cell, implying that 
fructose 6-phosphate derived from the PPP or polyol pathway is in a separate pool 
from the fructose 6-phosphate derived from glucose phosphorylation through 
hexokinase.

The increased flux through the polyol pathway increases the demand for NAD+ as well 

as NADPH. Glycolysis may be regulated by available NAD+ for the GAPDH step, this is 

normally provided from the pyruvate to lactate reaction. If the polyol pathway is 

operational then NAD+ may limit glycolysis by subjecting GAPDH to limited NAD+ 

availability. To overcome this, a-glycerolphosphate dehydrogenase activity which is 

raised in diabetes (Gonzalez et al., 1983, 1983)(Table 44) can reoxidise NADH 

produced in the polyol pathway or glyceraldehyde 3-phosphate dehydrogenase with a 

concomitant increase in a-glycerolphosphate. This metabolite may play an important 

role in achieving a glycolytic flux adequate to maintain ATP and lens integrity.
PMS in the incubation media oxidises all the available NADPH and NADH resulting in 
decreased production of a-glycerolphosphate due to the absence of available NADH.

In the 1 hour incubation the concentrations of other glycolytic intermediates, 2-
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Figure 13: Transfer of NADH equivalents between a-glvcerolphosphate and the polyoj 

pathway.
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phosphogluconate, 3-phosphogluconate and phosphoenolpyruvate do not change when 

glucose is increased, indicating these steps are not regulated in the lens. PMS 
decreases the concentration of 2-phosphogluconate, 3-phosphogluconate and 

phosphoenolpyruvate which will again be due to the result of NADH oxidation by PMS 

preventing the passage of glyceraldehyde 3-phosphate to other trioses.

2.1.5. GLUCOSE 6-PHOSPHATE: AN IMPORTANT CROSSROAD IN 

LENS METABOLISM.

The importance of hexokinase in the metabolism of the lens has been emphasised in 

the past (Gonzalez et aL, 1978) and this is no less true today. This highly 
regulated enzyme, unlike in most other tissues, in the lens is rate limiting for 
flux through the glycolytic pathway (Gonzalez et aL, 1978), and plays a key role in 

the supply of glucose 6-phosphate a metabolite at the crossroads of many metabolic 
pathways in the lens (see Figure 7). Every conceivable aspect of this enzymes 
properties has been studied, its subcellular distribution and the kinetic parameters 
of its iso-enzymic forms being the most important.
The increase in the content of glucose 6-phosphate in the lens incubated with high 
glucose concentrations or in diabetes (Table 44) may be expected to have effects on 
alternative routes of metabolism at the 'glucose 6-phosphate crossroads'.
Rose and O'Connell (1964) have shown that the rate of glucose utilization by intact 
red blood cells is inversely proportional to the amount of glucose 6-phosphate over 
a 40-fold range of concentration. These authors also demonstrated the link between 

the redox state of erythrocytes, the flux of glucose through the PPP and the glucose 

6-phosphate concentration. Thus, the addition of 6.7pM methylene blue resulted in a 

20-fold increase in 14CC>2 yield from [ l - 14C]glucose, while the glucose 6-phosphate 
concentration fell from 0.045umoles to O.Ollpmoles/ml packed cells.

The influence of high glucose concentrations on the utilization of glucose, via the 

glycolytic route and the PPP, will depend not only on changes in the redox state of 

the nicotinamide nucleotides, but also on the steady state concentration of glucose 
6-phosphate.

The concentration of glucose 6-phosphate might also be expected to influence the 
formation of UDP-glucose since there is evidence that a major determinant of UDP- 
glucose formation is the level of glucose 1-phosphate (Roach et aL, 1975)(see 
Figures 15 and 16), which will itself be influenced by glucose 6-phosphate via the 
phosphoglucomutase reaction. Further, it has been shown in a number of tissues that 
there are parallel changes in UDP-glucose and the resulting products arising and 

glucose 6-phosphate content (Spiro, 1984). This relationship does not hold in the
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diabetic rat lens (see Table 38 and Section 3.1.). It is postulated that the 

decrease in the energy charge of the cell and the fall in UTP in the diabetic rat 

lens markedly influences the formation of UDP-glucose and thus of products such as 

carbohydrate containing macromolecules.
In the lens, as in other tissues, some of the hexokinase is bound to subcellular 

particles. This imparts more favourable kinetics on the enzyme, in that it lowers 

the Km for ATP and raises the Ki for glucose 6-phosphate 5-fold, and it has been 

postulated to be close to the site of ATP production and translocation. The later is 

probably not the case in the lens as the majority of the ATP is generated 
cytosolically by anaerobic glycolysis. In diabetes lens hexokinase increases two

fold (both Types I and II) (Gonzalez et al.t 1978) and this is the proposed 
mechanism by which the level of glucose 6-phosphate in the lens is raised. In the 
hyperglycaemic lens the level of glucose 6-phosphate is also raised and, as in 
diabetes, there is a concomitant increase in flux of this metabolite through the 
pentose phosphate pathway. Unlike the diabetic situation, hexokinase remains 
unchanged in in vitro hyperglycaemia incubation. The elevation of intracellular 
glucose which results from this treatment should have no effect on the flux through 
hexokinase, as the normal glucose level, which is several fold higher than the Km, 
is already capable of achieving maximum flux saturation at a given level of 
hexokinase enzyme (Table 3). How then is the glucose 6-phosphate level raised? As 
can be seen from the metabolic map (Figure 7) the only other source of glucose 6- 
phosphate is fructose 6-phosphate which could be derived from fructose through the 
polyol pathway or derived from the recycled pentose phosphate via the non-oxidative 

pentose phosphate pathway. The very large increase in the pentose phosphate pathway 
evident with elevated glucose (Table 3) could account for the re-formation of 

glucose 6-phosphate. That this occurs is clear from the calculated recycling of the 
pentose phosphate pathway (C2-C6)(Table 3), the 14 CO2 from which glucose 6- 

phosphate is formed from fructose 6-phosphate. The increase in flux, both from 

hexokinase derived and pentose phosphate pathway recycling derived glucose 6- 

phosphate, may in itself lead to an accumulation of glucose 6-phosphate when high 

glucose conditions prevail. Other factors which should be considered, are the 
protective role on hexokinase stability imparted by high glucose concentrations 

(Wilson, 1979) which would work in favour of greater glucose 6-phosphate formation. 
However, this effect could be counter balanced by glucose 6-phosphate solubilization 

of bound hexokinase, which is also enhanced by high glucose levels. Concerning this 
later point it is debatable whether bound hexokinase in the lens is a physiological 

phenomenon or an artefact of preparation as much of the particulate pellet produced 

upon homogenisation is derived from denatured crystallins. Further it may be noted
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that the amount of mitochondrial material is very small in the lens since 

mitochondria are found only in the epithelial layer.

A further possible explanation for the recorded accumulation of glucose 6-phosphate, 

which occurs contrary to an unchanged equilibrium in glucose flux through hexokinase 
in hyperglycaemia, can be put forward. The basis of this explanation is that 
accumulating fructose can also be a substrate for hexokinase (Km 3.4mM)(Ohrloff and 
Hockwin, 1973). This could produce fructose 6-phosphate, which will be in 

equilibrium with glucose 6-phosphate. This provides the lens with a supply of 

glucose 6-phosphate derived from polyol pathway intermediates. One argument against 
this proposal is that hexokinase saturated with glucose would not necessarily be 

able to supply more hexose phosphates simply by being presented with another hexose. 

However, the kinetics of hexokinase with various substrates is not that straight 

foreward and upon more detailed examination a plausable mechanism for greater 

activity with fructose can be found. This is as follows, the
inhibition of hexokinase by glucose 6-phosphate is a well documented phenomenon 
(Kosow and Rose, 1968) and follows ordered substrate additions, 
requiring a shift in phosphorylated glucose on the enzyme. This is achieved through 
a carbon-2 hydroxy bond moving glucose 6-phosphate away from the active site 
allowing another hexose to bind. At this point glucose 6-phosphate sterically 
hinders another phosphorylation step. Fructose and fructose 6-phosphate are unlike 
glucose and glucose 6-phosphate, in that they do not cause conformational changes in 

the enzyme when they bind, and fructose 6-phosphate as a result does not inhibit 
hexokinase. It has been observed, using different sources of hexokinase, that 
fructose phosphorylation can be up to two-fold greater than that for glucose from 
the same level of enzyme (Crane and Sols, 1953). It can therefore be postulated that 
the reason for this is, fructose 6-phosphate produced through direct phosphorylation 

of fructose by hexokinase sterically hinders any free glucose 6-phosphate binding 

and the subsequent inhibition of the enzyme. Glucose 6-phosphate bound to the enzyme 

when more than one hexose substrate is present, as in vivo, will still be capable 

of causing inhibition. Therefore the ratio of glucose 6-phosphate to fructose 6- 

phosphate produced by hexokinase will vary with availability of fructose. This ratio 

in turn is dependant on the glucose level and flux through the polyol pathway, and 

will determine the effect of feedback inhibition by glucose 6-phosphate. The 

increase in the level of fructose 6-phosphate derived from hexokinase would also 

raise not only the total level of glucose 6-phosphate, but also the free level by 
decreasing the available binding sites on hexokinase, permitting more rapid flux 
through the pentose phosphate pathway.

As stated earlier, the accumulation of sorbitol is not a prerequisite for the
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activity of the polyol pathway, as some sorbitol formed can be metabolised to 

fructose and then via ketohexokinase, which is present in the lens, to fructose 1- 

phosphate (Ohrloff and Hockwin, 1973). This can enter glycolysis, being cleaved to 

form glyceraldehyde and dihydroxyacetylphosphate, by aldolase B and less rapidly by 

aldolase A. Glucose 6-phosphate cannot be derived from fructose 1-phosphate in the 
lens therefore this is not a possible source of elevated glucose 6-phosphate in 
diabetes and hyperglycaemia. The published Km for ketohexokinase is 0.4mM, this is 

around the physiological concentration of fructose in normal glycaemic conditions 
(Ohrloff and Hockwin, 1973). The increase to 2mM is apparent in the hyperglyceamic 
incubation, (Hothersall et al,1, 1988) and up to 9mM in 2 month alloxan diabetes 
(Table 44) will lead to an increased flux through fructose 1-phosphate (F l-P ) and 

hence into glycolysis.
The capacity to utilise fructose is demonstrated from the data in Table 47, when 

lOmM fructose is in the media. Assuming the same equilibrium for glucose uptake, 
then this would reflect an intracellular level of fructose similar to that of 
controls. At this level fructose is oxidatively metabolised at only 10% the rate of 

glucose, perhaps related to the low aldolase B in the lens (Harding and Crabbe,
1984). The relatively low activity of this route may be a possible explanation for 

the build up of fructose in the lens in diabetes. The lack of any increase in 
radiolabelled CO2 release when [U-14C]fructose is added to [U-14C]glucose (Table 47) 
would imply that fructose oxidation does in fact pass through the hexokinase rather 
than the ketohexokinase and aldolase B route.

On considering the fate of glucose 6-phosphate, three major routes must be 
considered they are; glycolysis, the PPP and UDP-sugar formation. An increase in G6P 
would normally lead to a increase flux through glycolysis. This has been shown to 
not be the case (Table 3) and can be attributed to the competition for NADH between 
GAPDH for glycolysis and that used by SDH in the polyol pathway (Hothersall et al1, 

1988). It has been shown that when G6-P is raised, UDP-sugar levels are 
correspondingly raised. This is because G6-P is in equilibrium with G l-P . However, 

this does not hold true for the lens, and this is probably as a result of the drop 
in UTP energy charge. This is discussed in Section 3.1. but the outcome of the 

alteration in pyrimidine metabolism is raised, G6-P is metabolised less effectively 

by this branch of its metabolism. The inability of glycolysis and UDP formation to 

consume additional G6-P leaves only one route for its disposal, that is the PPP. The 

Km of G6PDH for G6-P is veiy low 1.3 x 10“SM (Glock and McLean, 1953) and so any 
rise in G6-P will not directly affect the rate of entry into the PPP. However, the 

Ki for NADPH 1.4pm (Cheng and Chylack, 1977) is raised 4 to 5 fold to 5.7pM by 

elevated levels of G6-P. In physiological terms, this means that if one compares the
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TABLE 47: COMPARISON OF FRUCTOSE AND GLUCOSE OXIDATION BY THE LENS.

jmoles/g/hour I Glucose
Utilisation

lOmH [U-'*C]Glucose 0.483 + 0.121 100
lOiM [U-'^C]Fructose 0.053 + 0.14 11
5mM [U-'^C]Glucose + [U- -̂C]Fructose (5iM) 0.407 + 0.08 85
5iM [U-'+C] Glucose + 5mM Fructose 0.658 + 0.250 136

The incubations were carried out in 4mls KRB for 1 hour at 37*C, as described in the 
Methods section.



activity of G6PDH at physiological G6-P levels (0.08mM) and in hyperglycaemic levels 

(0.13mM), then there is a 22% rise in activity. This is further increased to 78% at 

higher NADPH concentrations. An increase in activity at this step will lead to an 
increase in G6-P, which is normally at a low level, 5-10pM. The Km of this substrate 

for 6PGDH is lOpM (Glock and McLean, 1953). So, any small increase in G6-P level 

could have a significant effect on the activity at this step. As with G6-P, 6-PG is 

able to reverse inhibition by various effectors. NADPH is a competitive inhibitor of 

this enzyme, however the quantitation of the kinetic change with G6-P is not fully 
documented and it is difficult to acertain what the proportional effects will be. '

The accumulative result of this is an increase of intracellular G6-P will produce a 

more favourable flux through the oxidative steps of the PPP.

Compartmentation and channelling of metabolites.

A frequently discussed possibility for regulation of metabolism is the dynamic 
interaction of enzymes with the structural elements of the cell and the 

compartmentation of free and bound forms of metabolites, in particular of the 
NADVNADH, NADPVNADPH and ATP/ADP couples (Krebs and Veech, 1969; 
Bessman and Geiger, 1980; Fossel and Hoefeler, 1987; Srere, 1987; Keleti and Ovadi, 
1988; Cheng, Cohen and Raijman, 1989).
The present consideration of the effects of changes of key metabolites, cofactors 
and effector molecules on regulatory enzymes and pathways of metabolism in the lens 
is oversimplified, in that, insufficient consideration can be given to the amounts 
of bound and free substrates and nicotinamide nucleotides to compartmentation of 
enzymes, such as hexokinase, and to channelling of substrates among and within 
metabolic routes, due to the relative lack of information on these parameters in a 

highly structured tissue such as the lens. Not only is there a marked difference in 

the cell structure, function and composition between epithelial cells and lens fibre 
cells, but there will also be a gradient of metabolites and enzymes across the lens 

as the cell ages, that is between the cortex and nucleus. The regional distribution 
of ATP and UTP, which has been studied by Wilson (1980) is particularly important in 
relation to the later discussion on the regulation of pathways of glucose metabolism 

and of uridine sugar derivatives.

The regulation of metabolic 'crossroads' is of particular interest. In the lens the 
formation of glucose 6-phosphate via hexokinase and the distribution of glucose 6- 

phosphate between glycolysis and the PPP may well depend upon the binding of enzymes 

of those routes to intracellular elements (Wilson, 1980; Bessman and Geiger, 1980;
Srere, 1987; Keleti and Ovadi, 1988). An example may be cited from the adsorption of 
the enzymes glucose 6-phosphate dehydrogenase, phosphofructokinase, glyceraldehyde

3-phosphate dehydrogenase, pyruvate kinase and lactate dehydrogenase with structural
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elements in muscle (Keleti and Ovadi, 1988). Further, the existence of a glycolytic 

enzyme multicomplex in muscle has been reported (Stephans et al1, 1986). There is 

evidence that the binding of glycolytic enzymes to the cytoskeleton is functionally 

significant and that the degree of binding may be different for various isoenzymes 

dependent on the metabolic status or ontogenic state of the tissue (Keleti and 

Ovadi, 1988).
At branch points in metabolism there may be vectorial flow of intermediates in a 

given direction, one such system widely studied is the diversion of triose phosphate 

to glycerol 3-phosphate rather than through the glycolytic route (Keleti and Ovadi, 

1988). In the context of the present study on the effect of high glucose 

concentrations on the metabolism of glucose via the glycolytic route, it is 
interesting to note that recent work re-evaluating the relationship between the 
glycerol 3-phosphate dehydrogenase/lactate dehydrogenase system provided evidence 

against the direct transfer of NADH between the active sites of these enzymes and 
emphasised the potential importance of the free NADH pool (Brooks and Storey, 1991). 
The postulate presented here, is that the formation of high concentrations of 
glycerol 3-phosphate in the diabetic rat lens and the normal lens exposed to high 
glucose concentrations may relate to the second step of the sorbitol pathway, the 
formation of fructose and NADH, gaining strength from the observations of Brooks and 
Storey (1991), re-emphasises the need for methods to determine the free NADVNADH 
gradient as opposed to the total content (see Krebs and Veech, 1969).
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2.2. THE USE OF DIAMIDE TO ALTER GLUTATHIONE AND GLUCOSE

METABOLISM IN  VITRO IN THE LENS AND RETINA.

Diamide is an oxidising agent with a high specificity for glutathione, rapidly 

oxidising reduced glutathione (GSH) to oxidised glutathione (GSSG). The reaction is 

a two-step process (Kosower et al., 1972).

H- GS
( 1 ) GS“ + ( C H 3)2NCON«NCON(CH 3)2 ----------> (CH 3 )2N C O N -N C O N (C H 3>2

i

Diamide H

GS H _

(2) (CH3)2NCON-NCON(CH3)2 + GS- ----- » GSSG * (CH3)2NCONHNHCON(CH3)2
I

H

The conversion of glutathione to oxidised glutathione has been found in red blood 

cells, neurones and the rat lens to be very rapid (Kosower et aL, 1969; Erwan et 
aL, 1971; Duncan et al., 1988). It has been shown that one mole of glutathione is 
oxidised by 0.6 moles of diamide under experimental conditions whereas the 
theoretical amount of diamide required is 0.5 moles (Kosower et al., 1972).
Glutathione reacts more rapidly with diamide than with other small molecules such as 
NADH and lipoic acid.
Apart from the effect of diamide on glutathione there is an effect on cellular 
glucose uptake, the transport of amino acids, and the reaction with reduced pyridine 

nucleotides and protein-bound sulphydryl groups (Kosower et al., 1972).

All the free glutathione is oxidised by diamide, the cell responds by increasing 
NADPH production to return glutathione to the reduced state, as shown by the flux 
data in Table 7. This is far more important in the cell, quantitatively, than the 

reaction between diamide and the reduced nucleotides. When glutathione is oxidised 
it has been shown to inhibit protein synthesis, even in the presence of a large 
excesses of reduced glutathione, this is an illustration of the importance of the 

thiol-disulphide status in the cell (Reddy, 1990).
In the red blood cell, stoichiometric diamide treatment oxidises all of the 
intracellular glutathione, but this glutathione can be re-reduced within 30 minutes.
As the amount of diamide is increased there is an increase in the lag time at the 

beginning of regeneration and a decreased recovery rate. This reflects unconsumed 

diamide, the rate of glutathione regeneration being dependent not only on enzymatic 
activity, but also availability of cofactors and substrates. Gandolfi et al. (1988) 

found the rate of regeneration is increased in the presence of dithiothreitol (DTT),
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this is to be expected, as its action as a sulphydiyl-reducing agent enhances the 

sulphydiyl status.

Glucose uptake in red blood cells is affected by diamide, 0.5 or 1 mM diamide 
causing a moderate decrease, 1.5 mM diamide severely reducing and 2.0 mM diamide 

completely blocking glucose uptake (Leoncini and Maresca, 1983). Glucose uptake 
therefore appears to be correlated with sulphydryl status. Glutathione may effect 
glucose uptake by increasing Vmax without effecting the Km for transport. In red 
blood cells, glucose uptake is correlated with intracellular glutathione 

concentration.

It has been proposed by Jung and Rampa (1974), that in whole cells, diamide, through 
the action of oxidising glutathione, is capable of inducing the formation of 

disulphide bonds between glutathione and membrane proteins, in particular the 

glucose transporter which has essential thiol groups which could be oxidised.

Duncan et al. (1988) have studied the effect of diamide on the rat lens and have 
found that it alters sodium and potassium conductance. As emphasised before, the 

lens contains a high concentration of glutathione relative to other tissues. It is 
thought to be important for maintaining the sulphydiyl groups of proteins in a 
reduced state, which is necessary for the activity of lens enzymes, maintenance of 
lens membrane permeability and crystallin integrity. In cataractous lenses there is 
a loss of internal and membrane sulphydiyl groups which results in a loss of 
permeability and an increase in intracellular sodium and calcium.
Duncan et al. (1988) were able to identify three phases of response to diamide. The 
initial phase lasts for 30 minutes, there is a depolarization and decrease in 
membrane conductance, which may be due to the inactivation of the potassium 
channels. The second phase, that is after incubation with diamide for 30 minutes, 
shows an increase in electrical conductance and rate of depolarisation, this is 

probably due to the inactivation of non-specific cation channels. The third phase is 
only apparent after prolonged (>12 hours) incubation, this phase involves a change 

in bulk flow rather than membrane resistance, this may be due to a diamide induced 

uncoupling as a result of the oxidation of internal sulphydiyl groups or a secondaiy 

change to the calcium accumulation or in the internal pH. It is interesting to note 

that only in the third phase is there a marked decrease in lens transparency.
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2.2.1. GLUTATHIONE AND METABOLITE RECOVERY AFTER A

30 MINUTE ImM DIAMIDE TREATMENT.

The total glutathione concentration in the lens was decreased by 50% after 
incubating the lens in ImM diamide for 30 minutes confirming diamide does conjugate 
with free lenticular glutathione in this period (Table 8). As there is a decrease in 

the level of glutathione in the streptozotocin diabetic and hyperglyceamic lens, it 

was thought possible that high glucose levels following diamide might be detrimental 
to glutathione recovery.

Lenses incubated in hyperglyceamic medium for over 60 minutes following diamide 

treatment, had decreased glutathione concentrations relative to the recovery at 

normal glucose concentrations. This indicates that the recovery of glutathione is 
faster in the presence of normal glucose concentrations compared with 

hyperglycaemia.

In the diamide treated lens at normal glucose concentrations, the PPP will be driven 
by the requirement for NADPH to reduce the oxidised glutathione (Table 7). The 1 
hour radiolabelled glucose studies show that the stimulation of the PPP by decreased 
cellular glutathione is only 28% of the maximum possible PPP stimulation and 

approximately 40% of the maximal PPP stimulation using tertiaiy-butyl hydrogen 
peroxide (Table 7). Likewise, at normal glucose concentrations ATP levels do not 
change therefore the availability of ATP is not limiting for glutathione synthesis.
Unless there has been irreversible membrane damage there should be total recovery of 
glutathione in the lens in normal glucose.

In hyperglycaemia, this is not the case, there is an increase in the PPP to maintain 
polyol pathway activity. The ability of the lens to re-reduce the oxidised 
glutathione is dependent on the ability of the PPP to generate NADPH and the 

competition that occurs between aldose and glutathione reductase for NADPH. In high 

glucose the rate of recovery may be slowed down by this competition for available 
NADPH.

The ratio of total glutathione : reduced glutathione remains essentially constant in 

each condition, under normal conditions 99.9% of the glutathione in the cell is in 

the reduced form, therefore total glutathione measurements are an indication of the 

reduced glutathione concentration. When diamide treated lenses are transferred into 
normal media, the tissue can begin to restore its sulphydiyl redox state in favour 

of the reduced glutathione, how successfully and rapidly it can achieve this is 
dependent on the other requirements for NADPH. A low level of success exists when 

hyperglycaemia and/or oxidative challenge remain, leading to a situation where some 
glutathione will persist in the oxidised form. The lens is permeable to oxidised
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glutathione but not reduced glutathione (Srivastava and Beutler, 1968) therefore in 

this situation where more oxidised glutathione occurs there is a greater risk that 

it will be lost from the cell, putting an even greater demand on glutathione 

synthesis and ATP requirement in order to replenish the glutathione stores.
Lenses incubated with ImM diamide for 30 minutes did not show any decrease in 

glucose, sorbitol or ATP concentrations (Table 9), suggesting, in this limited time 

there is no alterations in cellular energy metabolism. When the lenses are 

transferred into the normal glucose media, the ATP concentration is slowly 

decreased. This may be a result of the decreased capacity of glycolysis, due to the 

low extracellular and intracellular glucose as shown in Table 9. Whereas, in the 
high glucose incubation ATP levels are maintained and the lenticular glucose 

concentration is elevated. A decrease in reduced glutathione is able to stimulate 
the PPP via the glutathione redox cycle, but this would not limit ATP production via 
glycolysis. Glutathione synthesis may be increased, in response to the fall in 

glutathione, resulting in an increased demand for ATP which is not immediately 
compensated for.
As in the red blood cell (Leoncini and Maresca, 1983), the lenticular glucose 
concentration is dependent on the concentration of diamide and the length of the 
incubation. In a 1 hour incubation using 2-deoxy[2-3H]glucose and with 1.0 mM 
diamide present throughout, glucose uptake is decreased by 50%. In fact, the 
lenticular glucose concentration in lOmM glucose is maintained up to 20 minutes, 
after which time it drops significantly. These fluctuations may be a result of 
changes in metabolic demand and alterations in membrane conductance. In high glucose 
there is a similar increase in glucose concentration at 40 minutes then maintenance 

of a constant glucose concentration, this change at 40 minutes may reflect the time 

of diamide clearance in the cell.
Diamide did not alter the sorbitol concentration in the lens and as expected when 

the lens was transferred to normal glucose the sorbitol concentration did not alter. 

Transferring the lens into high glucose, results in an increase in sorbitol 
concentration after 30 minutes indicating the polyol pathway is active in this 

incubation even though glutathione recovery is taking place. Interestingly, the 

sorbitol concentration decreases after 60 minutes in high glucose, this is most 
likely due to the commencement of damage to the lens membrane, allowing sorbitol to 
be lost from the lens.
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2.2.2. EFFECT OF ImM DIAMIDE ON ^CALCIUM UPTAKE

AND METABOLIC HOMEOSTASIS.

In the lens, high concentrations of internal calcium have been associated with so- 

called calcium (Ca++)-induced cataract and diabetic cataracts (Hightower and Reddy, 

1982; Hightower et al1, 1989). In the alloxan induced diabetic rabbit lens as well 

as a decrease in glutathione and ATP, there is an associated 2-fold increase in 

lenticular calcium (Hightower et al1, 1989). The sequence of events leading to Ca++ 

changes in the lens is still not clear. Increased lenticular calcium concentrations 

have been thought to be instrumental in causing protein aggregation, decreased amino 

acid uptake (Hightower, 1985), decreased membrane transport, in particular Na+/K+ 
transport (Hightower, 1985), changes in lens membrane physiology such as uncoupling 
of gap junctions between fibre cells (Gandolfi et al1, 1990) and inhibition of 
glycolytic enzymes (Hightower and Harrison, 1987)(Figure 11 and 16).
There is a striking difference in 43Ca++ uptake between O2/CO 2 and air/C02 incubated 
lenses, which is overridden in the presence of diamide (Table 16). This differential 
caused by the oxygen tension is apparent at both lOmM and 50mM glucose (Table 16). 
This difference could be due to a change in energy metabolism, as the flux data 
implies, that the higher the oxygenation rate the greater the flux rate, by 
comparison of glucose oxidation rates in lens where the media to air space ratio is 
changed. However, there is no evidence that Ca++ uptake requires ATP, rather ATP is 
required for Ca++efflux, therefore if energy metabolism were impaired then Ca++ 

might be expected to accumulate. The fact that this difference is apparent at 50mM 
glucose is further confirmation that the 43Ca++ transport phenomenon is not linked 

to energy metabolism. The restoration of rates of uptake to that of the control 

(lOmM glucose in O2/CO 2) by diamide, despite the lack of effect of diamide on the 

control level implies that the maintenance of a normal sulphydiyl status can achieve 

a limitation on Ca++ import into the lens when the oxygen tension is close to 

physiological, remembering the avascular lens in vivo is surrounded by the aqueous 
and vitreous humour and has a much lower oxygen tension. This could be implicated in 

the elevated Ca++ levels usually associated with numerous cataract models and again 

emphasises the importance of maintaining a reduced sulphydiyl environment within the 
lens. The indications, are therefore, that in O2/CO 2 at lOmM glucose, the lens is 
already unable to limit Ca++ uptake, this presumably as a result of damage to 
exterior sulphydiyl groups which unlike the in vivo situation are not readily 
accessible to re-reductive capacity within the humours.

The higher 43Ca++ uptake level at 50mM glucose in air/C02 compared with the 

equivalent at lOmM is also veiy interesting (Table 16), as the 43Ca++ uptake in
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O2/CO 2 at the two glucose levels is essentially the same. It may partly explain why 

Ca++ accumulation occurs in diabetic cataract formation (Marcantonio and Duncan,

1986). It is most unlikely that the glucose effect on 45Ca++ recorded here has 

anything to do with changes in the sulphydiyl status in the lens, as at the time 

examined in this study, the glutathione levels have not altered. However, some 

localised changes in the membrane potential resulting from high glucose are partly 

responsible for this change in ion fluxes. The additional increase in 4SCa++ uptake 

with diamide in the hyperglyceamic O2/CO 2 incubated lens would indicate that the 
shift in the redox state of the sulphydiyl component towards being more oxidised, 

only increased 45Ca++ uptake, when other factors leading to an increase in calcium 
uptake are present. Further examination of this phenomenon is necessary to elucidate 

whether influx or efflux of Ca++ is regulated by the oxygen tension and levels of 
extracellular sulphydiyls.

The effects of ImM diamide on glucose metabolism are equally striking and can be 
explained on the basis of the stimulation of the PPP by an increased requirement for 
NADPH to regenerate glutathione in the reduced state. The production of lactate and 
glycolysis on the other hand is unaltered by diamide, this is despite a larger and 
significant decrease in the uptake of 2-deoxyglucose. This decrease, which is 
apparent at the high glucose concentration and equivalent to approximately 50% in 
both cases, most certainly results from a membrane polarization effect. This effect 
on glucose transport has been recorded in other tissues and is well documented. What 

is apparent from Table 11 is that, the lactate production in terms of glucose 
equivalents again is seven fold larger than the glucose uptake and this discrepancy 
which has been discussed in an earlier sections is even greater when diamide is 
present. It is possible that 2-deoxyglucose uptake is considerably different from 

that of glucose and differentially effected by diamide, although it seems improbable 
in view of the fact that in other tissues studied 'true' glucose uptake appears to 

be inhibited by the presence of diamide. This exaggeration of the differential 
between 2-deoxyglucose uptake and lactate formation caused by diamide, at 50mM 
glucose it is apparent, at this stage of the investigation remains unresolved.
However, that this only occurs in elevated glucose conditions implies either an 

auto-oxidative mechanism in the presence of the lens or some novel pathway with a 
high Km for glucose.
The quantitative level of stimulation of [ l - 14C]glucose oxidation by diamide above 

the basal levels for both lOmM and 50mM glucose are approximately the same, 0.7 

pmoles/g/hr. This indicates that in the presence of an active polyol pathway, not 
only is there enough reserve potential of the PPP, shown with the flux data with PMS 

(Tables 2, 3 and 7), but in the whole lens in vitro it can use this capacity to
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restore the reduced glutathione to the normal level. What, in this case may be 

limiting, is the speed of recovery, that is, that determined by the whole lens 

glutathione reductase activity. It should be noted that the fluxes are taken over a 

one hour period. The indications from the glutathione recovery experiments, are that 

60 minutes is not enough time to recover the glutathione to the normal redox state, 
indeed this process is more active between 60-90 minutes. This indicates that NADPH 

provided by the stimulation of the PPP over the one hour is used to compensate for 
excess diamide which is taken up into the lens and continues to reoxidise any re
reduced glutathione. The rate of this process is determined by the level of 

remaining diamide in the lens and may be sufficiently slow, such that, the maximum 
rate of the PPP is not approached.
Epstein and Kinoshita (1970) have reported that glutathione depletion with 0.4mM 
diamide is minimised when glucose is present, proposing that NADPH generated from 

the PPP is able to maintain the sulphydiyl integrity. This is confirmed by the 
results in Table 8 where total glutathione oxidation is never achieved at the 

lengthy recoveiy times required, impling that PPP activity can not achieve immediate 
restoration of sulphydiyl-disulphide ratios.
These results with diamide help to emphasise, not only the important role of 

glutathione directly in maintaining lens clarity through ciystallin sulphydiyl 
maintenance, but also at the membrane level, maintain normal cation pumping and 
permeability, which if impaired may lead to conditions whereby cataract formation 
occurs.
In lenses of alloxan diabetic rabbits the increase in calcium is associated with 
lens fibre cells, the result being an aggregation of soluble proteins, such as a -  

ciystallins and development of lenticular opacity (Gandolfi et al1, 1990).
Interestingly, this increase in calcium concentration in the fibre cells of the lens 

nucleus is not uniform, rather one opaque fibre cell is often adjacent to a clear 
cell. It has thus been suggested (Gandolfi et al1, 1990) calcium influx is not 
uniform as a result of different cellular responses. The preliminary studies of this 

thesis have concentrated on whole lens calcium influx which does not fully address 
the complexity of glucose uptake and metabolism, and its dependence on the calcium 

and sulphydiyl balance in the lens. It would appear from the distribution of calcium 

in the cataractous lens that the change in the metabolism of fibre cells is 

fundamental to the maintenance of cellular clarity and function since these are the 

areas associated with lenticular damage. This may be a result of compartmentation of 

metabolic processes between the lens epithelial cells and the fibre cells (see 
Figure 14). The lens epithelial cells are more metabolically active than the fibre 

cells, with the greater portion of oxidative energy metabolism occurring in the
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epithelial cells. In the fibre cells the priority of the cell is to maintain the 

ciystallin sulphydiyl groups in a reduced state and prevent the intracellular 

calcium concentration from increasing.

2.2.3. EFFECT OF 24 HOUR DIAMIDE TREATMENT IN  VITRO  ON 

LENS METABOLISM.

The lens derives its oxygen supply from the aqueous humour, which is supplied by the 

blood via the ciliaiy body and iris (see Introduction). The outer layers of the 

cornea are supplied with oxygen from the atmosphere but this is unable to penetrate 

the cornea and alter the oxygen tension in the aqueous humour. The oxygen tension 

and the flow of the aqueous humour are of vital importance to both the comeal 
epithelium and the lens, due to its role as the sole oxygen carrier.

A rabbit breathing in normal atmosphere, with an oxygen tension of 155 mmHg, has a 
partial pressure in the aqueous humour of 55 mmHg (Kleinstein et al1, 1981). The 

partial pressure of oxygen in arterial blood is 80-100 mmHg, indicating a drop of 
approximately 50% in oxygen tension between blood and the aqueous humour. When the 
oxygen tension of the environment is increased to 713 mmHg the aqueous humour 
partial pressure of oxygen is increased to 150 mmHg (Kleinstein et aJ., 1981).
Relative to the oxygen tension in blood the partial pressure of oxygen in the

aqueous humour, although it has the capacity to increase to 150 mmHg when breathing
air with a high oxygen tension, is relatively low, indicating the availability of
oxygen for the lens is not the same as for other tissues. The fact that the lens
functions in a relatively anaerobic environment, which is reflected in the low

oxygen consumption of O.lpl/mg/h in the lens (Kinoshita and Wachtl, 1958) bears this
out. This has to be taken into consideration when incubating the lens.

Historically, radiolabelled glucose experiments and other in vitro preparations have 
used Krebs-Ringer bicarbonate buffer as the incubation media, this buffer has been 

gassed with O2/CO 2 (95%/5%). The carbon dioxide element stabilizes the bicarbonate 

in the buffer therefore maintaining the pH and the oxygen component dissolves into 
the buffer to give an oxygen tension equivalent to the partial pressure of oxygen in 

arterial blood. This is ideal for incubating tissues which are normally well 

vascularised, however to the avascular lens this will present hyperbaric conditions. 

Conditions such as this are likely to impart a certain degree of oxidative stress 

above that normally encountered. For these reasons a study was undertaken to 

investigate whether any differences could be encountered between the normoxic 
(air/C02) and hyperoxic (O2/CO 2) environment can effect the lenses capacity to 

recover reduced glutathione levels following diamide treatment. In the 24 hour
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incubations the effect of a normal (air/CCte) oxygen tension, that is, normal for the 

lens but low relative to the arterial blood oxygen tension, was compared with the 

high (O2/CO 2) or oxygen tension similar to the oxygen tension in blood. A gas 

mixture of air/C02 (95%/5%) was used to equilibrate the buffer and produce an oxygen 

tension similar to that found in intraocular tissues (Kinoshita and Wachtl, 1958).

a)Steady state metabolite levels in normal glycaemia: Effect of oxygen tension and 

diamide.
Lenses incubated in lOmM glucose did not show any changes in metabolite levels due 

to the difference in oxygen tension, indicating that, when the glucose concentration 

is not elevated changes in the surrounding media used here do not effect lenticular 

metabolism.
In the presence of diamide the situation is different in both the normal (air/CC>2) 
and high oxygen (O2/CO 2) tensions after 24 hours incubation with diamide (ImM) some 
lenses became opaque. Duncan et al. (1988), found in lenses incubated in ImM diamide 
for more than 12 hours, there is cellular uncoupling, oxidation of internal 
sulphydiyl groups, decreased membrane and cytosolic sulphydiyl groups, increased 
calcium influx, a change in internal pH and a decrease in lens transparency. In the 
24 hour incubations, diamide decreased the metabolite concentrations of glutathione, 

ATP, NADPH, sorbitol and a-glycerophosphate. There is an increase in glucose uptake, 
this is contrary to the 2-deoxy[2-3H]glucose measurements in the 1 hour incubation 
with diamide. The increase in glucose uptake with long-term incubations with diamide 
may be a reflection of changes in the membrane-bound sulphydiyl groups in the lens. 
This phenomenon has been reported in human erythrocytes in the presence of excess 

diamide for 3 hours, which may be due to alterations in the membrane bound glucose 

carrier protein (Leoncini and Maresca, 1983).
The total glutathione concentration decreased with diamide, the result is an 
increased demand for NADPH to reduce oxidised glutathione and an increased demand 

for ATP for glutathione synthesis, both of which consequently decrease after diamide 
treatment. There is only a negligible amount of polyol pathway activity in the lens 
under normal glucose conditions and even this appears to be decreased with diamide, 

as the sorbitol concentration drops in the incubation with air/CC>2 . This can also be 
attributed to the increased demand for NADPH by glutathione reductase. Diamide 

decreasing the lenticular glutathione concentration can be associated with a loss of 

Na+/K + ATPase activity (Delamere and Paterson, 1988). In the presence of glucose the 
lens is able to synthesize glutathione therefore the effect of diamide may be 

directed to the sulphydiyl groups in the membrane rather than those in the cytosol.
Some of the changes observed in the presence of diamide may not be the result of 

diamide directly, but rather secondary changes induced by increased membrane
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permeability such as increased calcium influx or change in pH.

The a-glycerolphosphate concentration is decreased by 75% with diamide, which may be 

associated with the decrease in ATP, since the a-glycerolphosphate shuttle is 

important for the re-oxidation of cytosolic NADH and production of ATP via 

mitochondrial oxidative phosphorylation. Changes to sulphydryl dependent enzymes 
induced by diamide may well be important factors at this time period.

b) Steady state metabolite levels in hyperglycaemia: Effect of oxygen tension and 

diamide.
In the 24 hour incubations as the extracellular glucose concentration is increased 

the intracellular ATP and glutathione concentrations decrease, and at the same time 
the sorbitol and glucose concentrations increase in both air/C02 and O2/CO 2 . The 
increase in polyol pathway activity is evident from the increased sorbitol 
concentration and this is associated with a decrease in reduced glutathione. The 

lens in hyperglyceamic conditions must produce enough ATP for the various synthetic 
and metabolic processes. This appears to be limiting, since ATP drops, and may be 

due to a greater requirement for ATP.
The increase in glucose concentration results in a more pronounced effect with 
diamide, although the pattern of change is similar to the normal glucose incubation 

and is the same for both oxygen tensions.
Incubations in a normal oxygen tension NADPH and a-glycerolphosphate are no longer 

significantly changed as in O2/CO 2 . Hyperglycaemia does minimize the effect of 
diamide on lenticular glutathione, this is apparently due to the NADPH being 
maintained by the PPP (Epstein and Kinoshita, 1970), which at 50mM glucose has a 
greater maximal capacity for reasons discussed in Section 2.1.2. The hyperglyceamic 

lens under normal oxygen tension maintains NADPH and a-glycerolphosphate which would 
indicate there is less demand on NADPH than when the same conditions prevail but 
with a higher oxygen tension.

The lack of significant differences in metabolites measured between the two oxygen 
tensions when diamide is absent indicates that energy and glutathione metabolism can 

proceed normally in what would usually be considered sub-normoxic conditions for 
many tissues. Alternatively, one could say energy and glutathione metabolism proceed 

normally despite what are hypoxic conditions for the lens. Although either of these 
cases are true for normal glycaemic incubations, it is not the case in 

hyperglycaemia, when ATP and sorbitol levels are considerably lower in the O2/CO 2 

incubation. This is contrary to what would be expected in normal vascular tissues, 

but may not be the case in an avascular tissue such as the lens.

In fact, evidence using brain slices incubated in Krebs-Ringer bicarbonate buffer 

gassed with O2/CO 2 (95%/5%), indicate that at this oxygen tension, in this tissue,
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significant peroxidative events occur when compared with air/CC>2. If this occurs in 

the lenses incubated with 50mM glucose then protection from the oxidative challenge 

will have to compete with an active polyol pathway. The unchanged NADPH and total 

glutathione would imply that competition between these two systems does not occur. 

This contrasts with the decrease in sorbitol, which would imply competition. At 50mM 
glucose, glucose entry into the lens is very high and the supply of substrates for 
metabolism can in no way be limiting therefore can be discounted as an explanation 
for the decrease in ATP and sorbitol. More exhaustive investigations of this 
phenomenon are necessary if further elucidation is to be made.
The effect of hyperglycaemia on the lens metabolites in question is not well 

documented for incubations carried out in O2/CO 2. This study (Table 12) confirms 
the decrease in ATP, glutathione and NADPH, although the later in particular is just 

outside the 0.05 significance level, this is probably due to the smaller number of 

observations. A parallel study in air/C02 indicates that the perturbation due to 

hyperglycaemia occurs but to a lesser degree. NADPH and ATP are unchanged, whilst 
total glutathione decreased (Table 13). This indicates once again that lens 
metabolic integrity can be maintained at a lower oxygen tension and is able to cope 

with exposure to high glucose levels better in this environment than in 95% oxygen.
In contrast to this effect of changes in oxygen tension alone, diamide whilst 
present throughout the 24 hour incubation has a veiy striking effect. The 0.5:1 
theoretical ratio of diamide to glutathione (Kosower et al1, 1972) required to 
oxidise glutathione is exceeded by approximately 80 fold, assuming complete uptake 
into the lens. However, this is unlikely to be the case and furthermore a certain 
amount of diamide will be consumed through the oxidation of other intracellular 
reducing agents. Even so, a vast excess is presented to the lens which is apparent 
from the large decrease in NADPH and total glutathione.

When hyperglyceamic conditions prevail the decrease in ATP and total glutathione is 
even more marked. This is true for both air and oxygen incubations, in fact the 
oxygen tension does not appear to have any effect on the severity of changes induced 

by diamide. The difference in ATP and glutathione levels, in the continuing presence 
of diamide and hyperglycaemia can be explained on the following basis: the PPP is 

operating to provide NADPH for glutathione reduction which will continue to be re
oxidised due to the excess of diamide. NADPH will also be consumed by the polyol 

pathway, which also continues throughout the time of incubation.

Oxidised glutathione is lost from the lens hence the very low level of total 

glutathione. Clearly this occurs at a faster rate in the hyperglyceamic lens as 
there is a 3 fold greater loss than at lOmM glucose. This is very convincing 

evidence that in hyperglyceamic conditions the provision of NADPH can not maintain
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glutathione reduction and an active polyol pathway. Further evidence for this is 
provided by a very marked decrease in sorbitol accumulation that is apparent when 

diamide is present in the hyperglyceamic incubation, indicating that NADPH supply is 

inadequate for aldose reductase capacity.

One other parameter from this data which is worthy of discussion is the change in 
glucose content which appears either elevated or unchanged with diamide at both 

glucose concentrations. This is in contrast to the 2-deoxyglucose uptake 
measurements which indicate a decrease in uptake. This difference can be explained 

by the fact that the 2-deoxyglucose uptake is measured at 1 hour whilst the glucose 
content is that after 24 hours. It has been shown that the lens is depolarised after 
12 hours in diamide, after which time glucose entry would increase to equilibrate 

with that outside the lens.

Recent studies by Epstein et al (1990), have found the aqueous humour flow via the 
trabacular meshwork in the calf lens is decreased when there is an increase in 

reduced sulphydiyl groups in the aqueous humour, whereas oxidised disulphide groups 
increases outflow. The composition of the aqueous humour is dependent on the 

exchange of metabolites and solutes across the corneal epithelium, ciliary 
epithelium, iris and lens epithelium therefore any changes in metabolic balance will 

ultimately effect the composition of surrounding tissues. In the aqueous humour the 
presence of oxygen and light enhances the effects of damaging oxidative effects of 

free radicals and peroxides (Pirie, 1965). The aqueous humour is unable to deal with 
oxidative assault enzymatically, due to the absence of free radical scavenging 
enzymes such as glutathione peroxidase and catalase (Pirie, 1965). The aqueous 
humour does contain some antioxidants, such as ascorbic acid, which reacts with 
oxygen and hydroxyl radicals to yield hydrogen peroxide and dehydroascorbic acid. 
The released hydrogen peroxide is reduced to water by a non-enzymatic reaction with 
glutathione forming a disulphide. The effects of altering the reduced glutathione 
levels in the aqueous humour, therefore altering the sulphydiyl buffering capacity, 

via changes induced by an increase in hydrogen peroxide concentrations, such as in 

diabetes, still needs to be explored. The relationship between glutathione 

maintenance in the aqueous humour, oxygen tension, and the rate of outflow of the 

aqueous humour, although beyond the scope of the thesis are interesting to consider 

with respect to lenticular environment and metabolism.
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2.2.4. GLUTATHIONE-ESTER AND HYDROGEN PEROXIDE

EFFECTS ON LENTICULAR METABOLISM IN HIGH OR

LOW GLUCOSE.

In the human lens the highest concentration of glutathione is located in the 

anterior cortex, the epithelial layer and the posterior cortex (Pau et al. 1990).

The development of cataracts in diabetic patients can be divided into diabetic 

cataracts and senile cataracts. Senile cataracts are divided into two groups, 

nuclear and cortical cataracts. In nuclear cataracts the content of glutathione in 
the nucleus is 50% of the anterior cortex, this is associated with a decrease in ATP 

leading to an ionic imbalance, the result being, increased water entry and the 

production of subcapsular vacuoles. In the cortical cataract the glutathione content 

is low throughout all the regions of the lens (Pau et al., 1990). Associated with 
the development of cataracts in humans, is an increase in hydrogen peroxide in the 
aqueous humour (Spector and Gamer, 1981). This indicates that glutathione in the 
cataractous lens is used mainly to scavenge the increased concentration of 
extracellular and intracellular hydrogen peroxide.
Lenticular clarity is dependent on the sulphydiyl environment which is dependent on 
the maintenance of reduced glutathione in the lens. In lenses subjected to oxidative 
stress lens glutathione is one of the first metabolite concentrations to fall 
therefore glutathione-ester was added to the media in an effort to increase the 
lenticular glutathione concentration. Glutathione-ester is able to penetrate the 

cell membrane more rapidly than oxidised glutathione increasing the glutathione pool 
(Srivastava and Beutler, 1973; Ishikawa and Sies, 1984). Glutathione-ester is able 

to partially alleviate any changes incurred by H 2O2 on sorbitol, glutathione and 

NADPH levels in the hyperglyceamic lens. Martensson et al., (1989) has observed an 
increase in intralenticular reduced glutathione when glutathione-ester was present 

in the incubation media. Glutathione-ester may in fact provide a first line of 

defense for oxidative assault extracellularly.
Effect of hydrogen peroxide.

Under normal glycaemic conditions oxidative stress from added hydrogen peroxide will 

increase the drain on NADPH through the NADPH/GSH redox couple linked to the 

glutathione reductase/glutathione peroxidase system, thus removing potentially 
harmful H 2O2 . This situation will be maintained until the level of and consequently 

rate of removal H 2O2 is outside the limits of the provision of NADPH by the PPP. The 
decrease in sorbitol formation as well as the fall in NADPH/GSH, which results from 
the presence of H 2O2, at both normal and high glucose levels, indicates, that, once 

put under oxidative stress, there is a fierce competition between aldose reductase

200



and glutathione reductase for available NADPH. This would fit in well with the 

reported Km values for NADPH of these two enzymes (Latta and Augusteyn, 1984; Haider 

and Crabbe, 1984), but it is unexpected, that at normal glucose levels the NADPH 

requirement for aldose reductase would be sufficient to lead to a competition, 

although this has been shown to be the case several times.

The addition of glutathione, in the form of the ester, to replenish the reduced 
sulphydryl pool, depleted by H 2O2, prevents to a large extent the perturbations 

caused by the peroxide. This is as anticipated, since the NADPH requirement for 
reduced glutathione maintenance is relieved and eradicates any competition for this 

cofactor, allowing sorbitol to form unimpeded by any restrictions of NADPH 
availability. When the stress on available NADPH is greatest, that is, when glucose 

levels are high, then the effects of glutathione ester are at their most marked.
A further explanation for the decrease in available NADPH when H2O2 is included in 
the incubations, is that H2O2 at the concentration of ImM can lead to the damage of 
certain proteins (Schaich and Karel, 1976), in particular those requiring sulphydryl 
groups for biological activity. The data in Table 20 would support this premise. The 
two dehydrogenases of the PPP and isocitrate dehydrogenase (NADPH) are crucial to 
the maintenance of cell viability through their capacity to restore NADP+ to the 
reduced form and all three of these enzymes are severely decreased in activity in 

the presence of 1mm H2O2 . In fact, glucose 6-phosphate dehydrogenase accumulates in 
the aging lens in an altered form to the native enzyme and has also been shown to be 
inactivated by metal catalysed oxidation (Ohrloff et al., 1980).
The level of availability of glucose for entry into intermediary metabolism is not 
effected (hexokinase activity unchanged), despite the known requirement of this 

enzyme for reduced sulphydryl groups and its susceptability to oxidative 

inactivation (Kletzky et al., 1986). In the hyperglycaemic group the apparent fall 

in aldose reductase activity (Table 20), together with the reported decrease in 

NADPH reductive capacity could explain the very large drop in sorbitol accumulation 
at ImM H 2O2 (Table 19). Contrary to this fall in aldose reductase activity, is the 

reported activation of this enzyme by free radicals (Del Corso et al., 1987). This 
lack of agreement may be a result of different types of exposure to oxidative 
insult, the activation of the enzyme being counteracted by the gross conformational 

changes occurring in the presence of ImM H 2O2 . Following an oxidative insult to the 
lens, any subsequent activation of aldose reductase would exacerbate the insult by 
removing NADPH from the protective mechanisms required to deal with such 
eventualities.

Further to this drop in the capacity to supply NADPH, resulting in a decreased 

glucose entry into the polyol pathway and the failure to re-reduce oxidized
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glutathione, shown by the sharp fall in glutathione reductase activity, a decrease 

in glutathione peroxidase removal of peroxide will inevitably lead to a situation in 

the lens, where free radical formation (OH*) arises. These metabolite and enzyme 

changes resulting from a combination of hyperglycaemia and oxidative stress if left 

unchecked would lead to intra-lenticular conditions condusive to macromolecular 

damage and consequent cataract formation.
The effect of hyperglycaemia.

The fall in NADPH brought about by hyperglycaemia does not appear to be prevented by 

addition of the ester of glutathione. An explanation for this observation, which has 

been confirmed several times, can be proposed on the following basis. The addition 
of the glutathione ester to the incubation leads to an increase in the intra- 
lenticular reduced glutathione content, confirming the observation of Martensson et 
al (1989), thus ameliorating any maintenance problems created directly by oxidative 
stress in the form of H 2O2 addition. However, the reduced glutathione ester cannot 
be used directly to derive NADPH, therefore the addition of the ester will have no 
effect on NADPH changes brought about by increased glucose alone, but may reverse 
any changes that might be due to H2O2 . This has led to the postulation, that the 
fall in NADPH is an immediate and primary response to aldose reductase activity 
during hyperglycaemia and that the decrease in glutathione is a subsequent result of 
this. These changes indicate that hyperglycaemia alone is sufficient to alter NADPH 
availability and the prevention of the consequent decrease in GSH cannot prevent 
this event. The capacity of the lens to resist damage by subsequent oxygen derived 

free radical attack will also be compromised. This proposed mechanism is supported 
by NMR evidence from the laboratory of Cheng and Gonzalez (1986) who have reported 
that the flux of glucose through the sorbitol pathway is markedly decreased under 

oxidative stress conditions and they suggest that inhibitors of aldose reductase 

such as Sorbinil render the lens better able to cope with oxidative stress. This 
observation emphasises one of the main themes of this thesis, that the flux through 
the sorbitol pathway, rather than the accumulation and absolute concentration of 

sorbitol and fructose, are the critical factors by which cataractogenesis is 
initiated.

There is an apparent anomoly between, on the one hand, the decrease in NADPH and GSH 
brought about solely by elevated glucose levels and on the other the difference in 

activity of the pentose phosphate pathway in the presence of high glucose (partially 
activated) and that with phenazine methosulphate (fully activated) as calculated 

from flux data (Tables 2 and 3). The first implying that NADPH supply is limited 

when aldose reductase metabolises this level of glucose and the second indicating 

that reserve potential of the pentose phosphate pathway is still available.
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This may result from compartmentation between the pentose phosphate pathway, (the 

site of NADPH production) and the site where NADPH and GSH are required for anti

oxidant capacity. These two sites (Figure 14) are, the epithelial layer where most 

of the lens oxidative energy metabolism occurs and the fibre cells of the lens 

medulla and cortex where, despite lower metabolic activity, crystallin sulphydryl 

groups have to be maintained in the reduced state. Most of the aldose reductase 
activity is located in the epithelial layer and the bow region (Akagi et al., 1987) 

and in the diabetic, aldose reductase is particularly high in this later region of 
epithelial cell elongation, where water vaculation, associated with cataractogenesis 
first appears. In this instance NADPH requirements within the epithelial layer and 
surroundings will be met by increased activity of the pentose phosphate pathway 
(Figure 14), however that from more remote areas such as the cortex or medulla may 
not be so closely coupled to the pentose phosphate pathway and hence fall prey to 

scavenging by the aldose reductase system. It has been proposed by Giblin et al.,
(1990) that glutathione oxidized in the superficial cortex flows to the epithelium, 

thus explaining the increase in oxidized glutathione in this region of the lens with 
BCNU and H2O2 treatment, whilst reduced glutathione levels remained constant. It is 
most likely that this oxidized glutathione 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 the metabolically relatively inactive areas. The 
data presented here is taken from the whole lens where the fall in total glutathione 
in hyperglycaemic conditions may reflect oxidized glutathione being lost from the 
lens, whilst the fall in NADPH reflects an initial reduction of oxidized glutathione 
in the cortex and medulla, which by virtue of its location is not coupled to the 
main bulk of the pentose phosphate pathway. The supply of NADPH or glutathione to 

peripheral sites would be decreased when either, the reductive capacity of the 
epithelium was partly being consumed by aldose reductase, or the loss of oxidized 

glutathione was such that the requirements for reduced glutathione within the 
epithelium were now greater than the total available.

In addition to compartmentation of metabolites, the dynamics of glucose flux through 

the pentose phosphate pathway and the redox couple NADPH/NADP+, must be considered. 

It is well documented that as the flux of glucose through this pathway increases, 

there is a concomitant fall in the NADPH/NADP+ ratio recorded (Greenbaum et al.,
1971). It is known that the stimulation of the pentose phosphate pathway arises when 

NADP+ becomes available and NADPH falls, and this equilibrium is maintained 

throughout this period of stimulation. It is therefore not surprising that elevated 

glucose stimulation of the pentose phosphate pathway via aldose reductase action 

results in a fall in NADPH and any further stimulation of the PPP by the
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Figure 14: Compartmentalisation of NADPH reducing capacity and glutathione within lens 

epithelial and cortical regions: The effect of hyperglycaemia and oxidative stress.
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introduction of peroxide causes a further drop in the NADPH/NADP* redox couple. 

Despite observing falls in NADPH levels in diabetes and galactosaemia Lou et al., 
(1988) have proposed that availability of NADPH is not limiting for glutathione 
reductase and that transport impairment of glutathione precursors is the main 

contributory factor to glutathione depletion.

The situation with high glucose levels is further complicated by the known auto- 
oxidative capacity of glucose (Wolff and Crabbe, 1985) which will impart oxidative 

stress, even in a system where no peroxide is added. Glycosylation of lens proteins 

which occurs when elevated glucose conditions prevail (Stevens et al., 1978) has 

been linked to oxidative processes (Hunt et al., 1988) and glutathione is able to 

protect against this damage (Huby and Harding, 1988). In addition, free radical 

formation arising from glucose auto-oxidation is able to activate aldose reductase, 

and could be responsible for the increased activity of this enzyme which occurs in 

diabetes (Cheng and Gonzalez, 1986), consequently leads to an exacerbation of the 
downward pressure on NADPH and GSH levels (Figure 14).
The data clearly points to aldose reductase consumption of NADPH as a factor in 
impaired antioxidant status, which could allow oxidative damage to lens proteins and 
lipids to occur unchecked, consequently resulting in lens opacification.
Studies using p-chloromercuriphenylsulphonate (p-CMPS), which blocks the 
extracellular sulphydryl groups of the lens, found that H 2O2 is able to act 
extracellularly and intracellularly (Hightower, 1986). It appears that the first 
effect of increased concentrations of H2O2 ( ImM) in the media is an extracellular 
one, altering the Na+/K +pump, decreasing membrane resistance and causing 
hyperpolarisation. These changes are exacerbated if calcium is present, due to the 
opening of Ca++-dependent K+-channels. In lens incubations of over 24 hours 

duration, there is further depolarisation and an increased permeability to Na+ and 

Ca++ (Walsh and Patterson, 1991; Hightower, 1986).

H 2O2 initially acts extracellularly, but the decrease in glutathione intracellularly 
is evidence that it has an intracellular effect, in fact, Hightower et al. (1989) 

found peroxide-induced changes were sustained only if glutathione levels were 
decreased.

Cheng and Gonzalez (1986) found oxidative assault increased the flux through the PPP 
and the use of aldose reductase inhibitors enabled the lens to cope with the 

increased demand for NADPH under oxidative stress. The decreased activity of these 

enzymes, each one being a key enzyme in the PPP or polyol pathway or the glutathione 
redox cycle, would greatly alter the ability of the lens to maintain glutathione 
and NADPH in normal and high glucose and in the presence of glutathione-ester. With 

respect to compartmentalisation of lenticular metabolism into different regions and
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different cell types in the lens, it is necessary to determine if the inhibition of 

these enzymes is specific for cell types or regions.

2.2.5. THE EFFECT OF ImM BUTHIONINE SULPHOXIMINE ON 

LENTICULAR METABOLISM.

X'-Glut amyl cysteine synthetase, the first and rate-limiting step in glutathione 

synthesis is inhibited by buthionine sulphoximine (BSO) and is thus a useful tool in 
the study of glutathione perturbations in cataractogenesis.

The importance of glutathione synthesis, rather than redox state, in conditions of 

oxidative stress and hyperglycaemia, can be studied using BSO. The preliminary 

results are promising and will now be discussed. There is a contrast in glutathione 

content over a 30 hour period between normal and BSO treated animals. The normal 
recovery in glutathione content found after initial drop which follows excission 
from the eye is not apparent when BSO is present. In situations of oxidative stress 
or increased extracellular glucose, when the lens is less likely to be able to 
maintain glutathione in the reduced form, then glutathione synthesis will be of much 
greater importance. In a 1 hour incubation in high glucose with BSO glutathione is 
decreased, indicating that indeed glutathione synthesis is important for glutathione 
maintenance under these conditions. Even within one hour of exposure to BSO 
glutathione levels in the hyperglycaemic lens are significantly decreased (Table 
22). The implications of this data is that hyperglycaemia in one hour leads to an 

oxidation of glutathione (NADPH competition effect) and that some of this is lost 
from the lens. The activity of de novo glutathione synthesis can replenish 

glutathione, as shown by the unchanged glutathione levels between lOmM and 50mM 

glucose incubated lenses at one hour. When the activity is blocked by BSO then the 
glutathione levels remain depleted.

Further experiments are required to establish the importance of glutathione 
synthesis using BSO in a 24 hour hyperglyceamic lens incubations where the 

maintenance of glutathione may be under greater stress. The synthesis of glutathione 
requires 2 ATPs for every glutathione synthesised, which in terms of glycolytic 

energy, is 11% of the lenticular ATP (Rathbun and Wicker, 1973), a significant 

percentage of glycolytic energy. The in vivo levels of total glutathione in the 
streptozotocin diabetic rat lens fall 3 days after the induction of diabetes, this 
is followed by a fall in ATP at 5 days (Table 24). This would indicate that the fall 
in gutathione is one of the first metabolite changes in diabetes which may, in turn 
cause a fall in ATP, by utilizing more ATP in order to synthesize glutathione. This 

observation has also been confirmed in alloxan-induced diabetic rats ATP levels drop
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(Gonzalez et al, 1980) which are for the reasons discussed above.

The synthesis of glutathione is also dependent on the presence of glycine, cysteine 

and glutamate. In conditions of oxidative stress and prolonged hyperglycaemia there 

is a decreased amino acid transport due to alterations in Na++/K +ATPase (Gamer et 
al.} 1986), which may indirectly limit the ability of the lens to synthesise 

glutathione. Another limiting factor of amino acid availability, if there is a high 

concentration of circulating free radicals, is that extracellular and intracellular 

cysteine may undergo autoxidation (Murray and Rathbun, 1990).
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3.1. INTERRELATIONSHIPS BETWEEN PATHWAYS OF GLUCOSE METABOLISM

AND PYRIMIDINE METABOLISM: RELATIONSHIP TO URIDINE-SUGAR LEVELS 

IN DIABETES.

Glucose overutilization in diabetes besides having an effect on the the polyol

pathway and thus on the redox state of the NADPH/NADP+ and NADVNADH couples, is

associated with increases in glucose 6-phosphate in a number of tissues, thus

pathways arising from glucose 6-phosphate are frequently affected in the diabetic
state. One of the earliest known effects relating to increased glucose 6-phosphate
content of a tissue is the 30-40 fold increase in renal glycogen content in diabetes
(Needleman et a l 1968; Anderson and Stowring, 1973) a serious complication in
uncontrolled diabetes. Reviews by Spiro (1976, 1984), Brownlee and Cerami (1981)
have all highlighted the damaging effects of glucose overutilization in a range of

tissues in diabetes, aspects of which are shown in Figure 6. The role of UDP-sugar
nucleotides in glycoprotein synthesis and basement membrane formation and the
importance of the addition of carbohydrate moieties to the peptide chain of
structural proteins, places the pyrimidine nucleotide sugar derivatives at a focal

point in the consideration of the long-term effects of diabetes on tissue structure

and formation (Figure 15).
Studies on the effect of diabetes on sugar nucleotides in different tissues in the 

rat have shown an increase in UDP-glucose in kidney and testis (Needleman et al.,
1968; Sochor et al., 1979) and a fall in UDP-glucose in liver and muscle, changes 
which correlate with the tissue levels of glucose 6-phosphate and glycogen (Spiro,
1984). On the basis of this profile of changes, Spiro (1984) suggested that, in 

contrast to the biosynthesis of most sugar nucleotides, feedback inhibition as a 
regulator of UDP-glucose is relatively unimportant and that the concentration of the 
immediate precursor, glucose 1-phosphate, may be the determinant of UDP-glucose 
formation. On this basis it was anticipated that UDP-glucose concentration would 
increase in the lens in diabetes.
Another important intermediate arising from glucose 6-phosphate and from the 
accelerated activity of the pentose phosphate pathway is phosphoribosyl 

pyrophosphate (PRibPP). PRibPP is an important substrate for purine and pyrimidine 
synthesis and an activator of the first rate-limiting steps of the de novo pathway 

(Cortes et al., 1980). Indeed, it has been shown that there is a correlation between 

the activity of the pentose phosphate pathway and the formation of ribose 5- 

phosphate, via the oxidative segment of the pathway, with the concentration of 

PRibPP in both, liver in different dietary and hormonal states (Kunjara et al.,

1987) and in the mammary gland during the lactation cycle (Kunjara et al., 1986).
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Figure 15: Pyrimidine nucleotide-dependent biosynthetic routes.
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Thus, there are two aspects of pyrimidine synthesis and sugar nucleotide synthesis 

likely to be altered in the diabetic state with an ongoing effect in lens 

development on nucleic acid and membrane formation. These aspects of glucose 

metabolism, arising from glucose 6-phosphate, that is the formation of UDP-glucose 
and PRibPP are critical to the understanding of deranged metabolism and growth in 

diabetes (Figure 16). Pyrimidine nucleotides are important monomeric precursors of 

RNA and DNA, and provide high energy intermediates for carbohydrate metabolism, such 
as UDP-sugars and for lipid synthesis, (CDP-diacylglycerol). In the lens, growth 

continues throughout life with the growth rate being faster in the immature lens 

than the adult lens (Nordmann et a l , 1974). In the lens the synthesis of DNA and 

RNA is concentrated in the equatorial region of the the epithelial layer (Counis et 
a l 1979). In the selenium cataract, although only inducible in young animals, is 

histochemically considered to be similar to the senile cataract (Shearer and 
Anderson, 1984), there is a 60% decrease in DNA synthesis, despite a sufficient 

availability of precursors (Cenedella, 1987). However, in the galactose cataract DNA 
synthesis is increased (Harding and Crabbe, 1984), thus a model for diabetic 
cataract due to their similarity of location and mechanism of formation.
The lens content of uridine diphosphate sugars (UDP-sugars) is relatively high in 
contrast to glycogen, which is unusually low. The presence of glycoproteins has been 
demonstrated in the lens (Dische, 1965), only recently have intensive studies 
isolated glycoproteins of varying molecular weight in several species suggesting 
glycoprotein synthesis occurs in the lens.
Research has concentrated on decreases in the glycoprotein content in aging, X-ray 

induced cataracts and Nakano mouse cataracts (Nakazawa et al1, 1985), but relatively 
little is known of the changes in sugar nucleotides which are required for 

glycoproteins. In diabetes, where cataract formation is a common complication, both 

clinically and in experimental models, it is usual for UDP-sugars to rise in non

insulin requiring tissues (glucose overutilization)(Spiro, 1984; Sochor et al1,
1979; Needleman et al1, 1968). This rise is probably responsible for the reported 

increases in glomerular basement membrane (GBM) thickening, which has been linked to 

the renal hypertrophy commonly encountered in diabetes. Lens capsule thickening, 

which is associated with an increase in collagen Type IV (Dehm and Kefalides, 1978), 

likewise occurs in diabetes (Engerman and Colquhoun, 1982), although whether this is 
directly related to UDP-sugars levels in the lens, which is thought of as a glucose 

overutilizing tissue, has not yet been determined.
The expected rise in UDP-sugars does not occur in the diabetic rat lens, in fact, 

there is a marked decrease in all the UDP-sugars in the lenses of 2 and 4 week 

streptozotocin-diabetic rat lenses (Table 38). This occurs despite increased levels
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Figure 16: Interrelationships betwween pathways of glucose utilisation and the 

formation of uridine nucleotide sugar derivatives.
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TABLE 49: KINETIC PROPERTIES OF PHOSPHORIBOSYL PYROPHOSPHATE SYNTHETASE AND CHANGES
IN SOME KEY EFFECTOR HOLECDLES IN THE LENS IN DIABETES.

Metabolite and Kinetic Cone, in Lens Potential effect
effector Constant Control Diabetic on of diabetes
molecule on PRibPP

synthetase activity.

Substrates
Ribose 5-P Km 33-290/iH - 

Km 14/iH 1.15mH
PPP increased Increase

Hg ATP 0.93mM See energy change

Effectors
Energy change Key regulator ' ' 0.76 0.73 Decreased
ADP Ki lOfiM 0.163mM 0.196mM Decreased
PRibPP Ki 50-10(M 2.9jiN 

Ki -lmK , 0.42mK
5.3jiM Decreased

GTP 0.31mX Increased
DTP Ki >lmM 0.15mM 0.05mM Increased

For interaction of regulators of PRibPP synthetase see Figure From Fox and Kelley 
(1971) , for interactions among nucleotide di- and tri-phosphates see Becker et a l., 
(1979). The increase in the bioavailability of ribose 5-phosphate via the PPP and 
the fa ll in two inhibitory nucleotide triphosphates, GTP and DTP, provide an 
environment for increased synthesis of PRibPP. The absolute change in ATP and ADP, 
both greatly in excess of their respective Km and Ki values, would seem less 
important than the change in the energy charge. There is no evidence from the 
present study for changes in Pi, an important regulator of PRibPP formation in 
diabetes. The metabolite data in this Table is  taken from Results Table 38̂  and the 
Km and Ki values from the following publications: TJecker et a l., (1979); Klungsoyr 
et a l., (1968); Atkinson (1968); Fox and Kelley, (1972).



Figure 17: De Novo synthesis of UTP in mammalian cells.

UTP
2ADP

2ATP
UMP

CO*
OMP Dec

OMP

PP1
OPRT

Oro
QH* PRibPP

DHO Ox.

H*Oro
Hao

DHOase

CPS IIACTAsp
Glu
2ATP
Pi

CO*

The cytoplasmic trifunctional protein initiating the pathway comprises glutamine- 

dependent carbomyl-phosphate synthetase (CPS II), aspartate carbamoyltransferase 

(ACT), and dihydro-orotase (DHOase). Dihydroorotate oxidase (DHO Ox.) is located on 

the outside of the inner mitochondrial membrane and reduces ubiquinone (Q): the 

formation of ubiquinol (QH2 ) represents a simplified version (Forman, 19S0); the 

reaction product orotate is a strong inhibitor of the enzyme (Chen and Jones, 1976).

The cytoplasmic bifunctional protein catalysing the synthesis of UMP from orotate 

comprises orotate phosphoribosvltransferase (OPRT) and OMP decarboxylase (OMP Dec.); 

two subsequent reactions catalysed by nucleosidemonophosphate kinase and 

nucleosidediphosphate kinase yeild UTP. The initial enzyme or active centre of the 

pathway is under feedback control by the endproduct UTP and is activated by 5-  

phosphoribose 1-diphosphate (Tatibana and Shigesada, 1972). The channelling of 

carbomyl phosphate (CbmP), carbomyl aspartate (CbmAsp) and OMP in the 

multifunctional proteins is indicated. Activator. Inhibitor.

213



of glucose 6-phosphate, which is in equilibrium with glucose 1-phosphate, and of 

PRibPP, two of the precursors for nucleotide sugars (Figure 16). The increase in 

PRibPP is associated with the increase in PPP activity in the diabetic rat lens. In 

the diabetic rat retina there is a fall in PRibPP levels which may be a result of 

increased turnover or decreased activity of the PPP. In the diabetic lens the 

enhanced activity of the PPP stems from the enzymatic reduction of glucose to 
sorbitol by aldose reductase and the increased antioxidant activity, as discussed 

previously, using NADPH (Hothersall et al, 1988). The removal of NADPH results in a 
greater flux through the PPP and enhanced production of ribose 5-phosphate which 
leads to the accumulation of PRibPP for which it is the sole precursor. These 

changes are a result of elevated blood glucose concentrations and a rise in 
hexokinase activity which is found in the diabetic rat lens (Gonzalez et al, 1978). 
Pyrimidines are synthesised by the de novo pathway the enzymes being found in two 
complexes, I and II (Figure 17). Complex II, the second enzyme complex, consists of 
orotate decarboxylase (ODCase) and orotate phosphoribosyl transferase (OPRTase), or 
the salvage pathway, comprising of amongst others, uridine phosphoribosyl 
transferase (UPRTase). In the bovine lens and retina both Complex II and UPRTase 
were measured in order to establish which was the major pathway of pyrimidine 
synthesis in the lens (Table 35). Complex II activity is higher in both the lens and 
retina, with the ratio of Complex II: UPRTase being 1:40 and 1:75, respectively 
(Table 35). The discovery that Complex II activity is highest in the lens epithelium 
(bovine) indicates the majority of pyrimidine synthesis occurs in this layer of 
cells, which considering their potential for differentiation, this is as would be 

expected. These results indicate the de novo pathway is the major pathway of 
pyrimidine metabolism in the lens and retina. In the rat lens the salvage pathway is 
undetectable and the de novo pathway is again the predominant pathway of pyrimidine 

synthesis. The fall in the total uridine pool, despite the unchanged Complex II 
activity and elevated PRibPP/glucose 6-phosphate pool in diabetes indicates that the 

synthesis of uridine sugar intermediates is affected at some other point in this 
regulation. The initial complex of the de novo pathway containing carbomyl phosphate 
synthetase (CPSII), is generally considered as the rate limiting enzyme of the de 

novo sequence (Jones, 1980). It is inhibited by UTP and purine nucleotides, whilst 
PRibPP lowers the Km for ATP (Jones, 1980). In the diabetic lens the tissue content 

of these effectors would serve to increase carbomyl phosphate synthesis (Tables 48 
and 49). However, ATP and glutamine are substrates for this reaction. The ATP fall 
recorded in diabetes, 20% and 27% at 2 and 4 weeks respectively, may be significant 

in regulating this step (Table 38). The glutamine level is also decreased markedly, 

as is glutamate these two probably being in equilibrium. This will again have the
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TABLE 48: KINETIC PROPERTIES OF ENZYMES OF PYRIMIDINE SYNTHESIS AMD CHANGES IN
METABOLITES AND EFFECTOR MOLECULES IN THE LENS IW DIABETES.

Substrates Kinetic Cone, in Lens Potential effect
and effectors Constants Control Diabetic of charge on

enzyme activity 
in diabetes

Carbomyl phosphate synthetase II (glutamine) EC 2.7.2.9.

Substrate: ATP Km 1.7mM a 1.15BK
Glutamine Km 21jjH a 1.24mH

Effectors: PRibPP Ka 4-9/iM b 2.9/iM
DTP Ki approx ImM b 0.154mM
GTP Ki approx 2mM b 0.42mH

0.93mM
0.30mH

Decreased 
Decrease 
(N.B. Substrate 
exceeds Km)

5.3/iM Increased
0.054mM Increased 
0.31mH Increased

Orotate phosphoribosyl pyrophosphate transferase : Orotidylate decarboxylase 
Complex II (EC 2.4.2.10.1: (EC 4.1.1.23.)

Substrate for OPRTase:
PRibPP Km 15-16/iM c,d,e2.9/iH

Effector for ODCase:
OMP Ki 24mH a

5.3/iM Increased

108/iM 164/1H Decreased

Dracil phosphoribosyl pyrophosphate transferase (EC 2.4.2.91 

Substrate: PRibPP Km 120/iH f 2.9/iM 5.3/iM Increased 
(N.B. substrate 
well below Km)

CTP synthetase (EC 6.3.4.21

Substrate: (JTP Km 70/iM a 154jiM
ATP Km 0.91mH a 1.15mH

Glutamine Km 0.21mM a 1.08mM

Effector: GTP Ka 70/iM a 416/A

54/iM Decreased
0.93mM Decreased
0.3mM

308/iM

Decreased

Decreased

For interactions among nucleotide di- and tri-phosphates in regulating pathways of 
DTP and CTP synthesis see reviews by Jones (1980) and Keppler and Holstege (1982). 
The metabolite data in this Table is  taken from Table 3ft in the results. The kinetic 
constants are from published studies as follows: aKeppler and Holstege (1982); 
bTatibana and Shigesada (1972); cJones et a l., (1978); dSilva and Hatfield (1978); 
eJones (1980); fReyes (1969). See Figure n  : De Novo synthesis of DTP in mammalian 
cells.



effect of decreasing CPSII by substrate inhibition. The opposing effects of changes 

in activators, inhibitors and substrates for the carbomyl phosphate synthetase of 
Complex I is difficult to quantitate. It would seem important to set up simulated 

systems using bovine lens preparations with the concentrations of substrates and 
effectors found in normal and diabetic lenses to evaluate the overall effect of 

these complex changes.
The important factor governing the uridine phosphate pools in the lens will be the 

energy status of the adenine and uridine nucleotide sugar levels in the lens. The 

energy charge of non adenine nucleotides is maintained by the ATP level via 

nucleotide diphosphate kinase (NDP kinase) hence the energy charge of the adenine 

nucleotide pool. NDP kinase is regulated by ATP (Km 0.008-1.2mM, depending on 

isoelectric form (Cheng et al., 1971)) and the level of nucleotide monophosphates, 

which are weak competitive inhibitors (Ki 0.65 mM) (Mourad and Parks, 1966)) and the 
activity is heavily dependent on the integrity of its essential sulphydryl groups.
The enzyme NDP kinase has been found to have marked electrophoretic heterogenity 
(Agarwal et al., 1978) which probably reflects the presence of a mixture of 

isoenzymes. The fall in ATP in the early stages of diabetes (Table 38), the increase 
in uridine monophosphate and the lowering of sulphydryl status could all contribute 
to a decreased activity of NDP kinase and would lead to a shift in the different 
nucleotide phosphate energy states.
In other tissues, it has been reported that the ATP:ADP ratio does not always 
reflect the triphosphate: diphosphate ratio for guanine, uracil etc., as would be 
expected if NDP kinase was an equilibrium, non-regulated enzyme. This would also be 
the case in the lens as the energy charge for the uridine nucleotides is not the 
same as, nor is it proportional to the adenine nucleotide energy charge (Table 38).

This ratio of the uridine nucleotides would be compounded by the proposed change in 
the total uridine synthesis.

The difference in the equilibrium between adenine and other nucleotide energy 

charges probably reflects a cellular mechanism by which tissue ATP is conserved for 

important cellular functions such as ionic gradients, exclusion of Ca2+ and for 

glutathione synthesis. The fall in ATP content of the diabetic lens reported in 

Table 38 is the result of a number of potential factors, the most important of these 
is the decreased ability to generate ATP as a result of decreased flux through the 

glycolytic pathway. This observation is supported by the shift in the redox state of 

the NAD+ couple in favour of NADH, as a result of the formation of sorbitol and the 
diversion of glyceraldehyde to glycerol 3-phosphate which accumulates. An energy 

charge of 0.76 is at a level at which the comitted steps of a number of biosynthetic 

sequences are most sensitive to change (Shen et al., 1968). In diabetes the change
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in energy charge although small is significant and may be important in the 

regulation of biosynthetic pathways.

The significance of the changes in uridine nucleotides and hence uridine sugars on 

the lens in diabetes must be considered in relation to the role of these 

intermediates in glycoprotein synthesis. In the lens of the diabetic KK mouse the 
abnormal thickening of the capsule prior to the development of the diabetic state, 

is characterised by an increase in the collagen moeity and a decrease in collagenase 

resistant glycoproteins. There is a reported increase in the incorporation of 

proline into collagen in these mice (Laurent et a l 1981), requiring an increased 

turnover of uridine sugars. However, in general, carbohydrate incorporation into 
glycoprotein is depressed in the diabetic and other cataract models of the lens 

(Laurent et al., 1981) and thus would be insufficient to explain a fall in UDP 
sugars in terms of increased consumption. Recent interest has been directed towards 

the contribution of non-collagenous glycoconjugates to the structure and function of 

basement membranes.
Heparan sulphate proteoglycan levels are reduced in the kidney glomerula basement 
membrane of streptozotocin diabetic rats (Rohrbach et al., 1983) and insulin or 
insulin like growth factor II has been shown to regulate proteoglycan synthesis 
(Jennings et al., 1980). The increased thickening of the lens capsule in diabetes 
could therefore result from an increase in collagen Type IV synthesis despite the 
decrease in heparin sulphate proteoglycan component.
There is insufficient descriptions of the changes of the different proteoglycan 
components of diabetic or cataract lenses. It is known that the glucosaminoglycan 

component changes, there being an increase in hyaluronic acid and a decrease in 
heparin sulphate. These alterations may impair cell adhesion in the lens capsule but 

more importantly with respect to lens metabolism, a breakdown of the diffusion 
barrier would ensue and so induce conditions whereby the intracellular metabolism 

and structure is greatly altered allowing vacuolation and cataract development.
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4.1. TISSUE CULTURE: THE FUTURE FOR LENTICULAR RESEARCH?

Research into lenticular metabolism in the past has concentrated mainly on whole 

lens metabolism. The development of tissue culture techniques, together with 

availability of improved sensitivity of methods for measuring a variety of metabolic 

parameters allows investigation of lens metabolism in a homogeneous cellular 

population.
The whole lens has been studied as a homogeneous tissue with respect to its 

environment, in vivo and in vitro. Future work should centre on the examination of 

the change in lenticular epithelial and fibre cell metabolism at different stages of 
growth and differentiation and intercellular communication, since it is becoming 
more apparent that damage to the lens is cell specific (Gandolfi et al., 1990).
Why do some lens fibre cells form vacuoles and lose transparency whereas the 
neighbouring cell is clear and metabolically stable? Is it an indication of some 
metabolic abnormalities occurring at a crucial time when a particular fibre cell 
underwent elongation? These are two of the many questions which can be explored 
through the use of tissue culture techniques. Cell or tissue culture is defined as 
growth of a specific cell type under in vitro conditions (Boulton, 1990). Tissue 
culture techniques have various advantages over using whole tissues, a pure cell 

population can be obtained, a large volume of cells can be grown from the same 
original source and it allows the examination of the physiology and biochemistry of 
one cell type.
There are many tissues from the eye, which have been cultured, comeal epithelium 

and endothelium, trabacular meshwork cells, lens epithelial and retinal pigment 
epithelial cells.

All the cells in the lens have originated from lens epithelial cells, thus provide a 
unique system for studying cell differentiation. Lens epithelial cells cover the 

anterior surface of the lens and migrate towards the equator. The electron 

microscopy scan (Plate 1) shows their flat interlocking appearance of the monolayer 
of epithelial cells in culture. It is in the bow region in vivo, that they increase 
in height, elongate and differentiate into fibre cells. In vitro cell cultures of 
epithelial cells after 7 or 8 passages undergo differentiation into fibre cells.
Tissue culture techniques have enabled the stages of epithelial cell differentiation 
into fibre cells to be studied using lenses from embryos and new bom animals in 

vitro and to a lesser extent lens epithelial cells from adult animals (Courtois et 
al., 1978). Epithelial cells from 6-day old embiyonic chicken lenses in the presence 
of foetal calf serum during differentiation elongate, synthesize an increased amount 

of lens crystallins, accumulate increased amounts of specific crystallin mRNA,
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decrease their rate of cell division and eventually resemble lens fibres (Courtois 

et al., 1978; Beebe and Feagans, 1981; Nagineni and Bhat, 1989).

Rat lens epithelial cells are initially rounded or cuboidal shaped, then elongate, 

increasing in volume displacing the nucleus to one side of the cell, at the same 
time the cytoplasm becomes 'filmy'. When gamma-crystallin is produced the cell 

nucleus disintegrates and the cell then takes on all the characteristics of fibre 

cells. The initiation of this elongation period is unknown, but there is speculation 

that differentiation is dependent on a factor in the media surrounding the lens or 
due to cell to cell contact (Creighton et al., 1976). It has been found that several 
hormones for example insulin promotes the differentiation of lens cells in vitro and 
in vivo (Courtois et al., 1981; Arruti et al., 1985).

In the sequence of lens epithelial cell growth and transformation into fibre cells 
there is initially an increased DNA synthesis followed by a dormant period where no 
DNA synthesis or mitosis is evident. This is followed by increased mitosis, RNA, 
protein and DNA synthesis during the elongation process. The terminal stage, is the 

transformation of epithelial cells into fibre cells. Fibre cells are non-dividing, 
do not contain nuclei or DNA or undergo mitosis. During the terminal differentiation 
into fibre cells cellular DNA repair mechanisms are impaired, indicating a specific 
period whereby cells are particularly susceptible to oxidative damage (Counis et 
al., 1979).
The use of tissue culture has allowed the identification of specific crystallins as 
markers for cellular differentiation (Creighton et al., 1976; Wen et al., 1991) and 
has been valuable for studying changes in cell differentiation in vivo.
It has now been established in rat galactose-induced cataracts there is 

proliferation of epithelial cells, initially an enhanced expression of gamma- 
crystallin and a probable lens fibre cell gap junction protein (MP26) mRNA. In the 
fibre cells there is a fall in gamma-crystallin and MP26 mRNA which is a result of 
decreased metabolic activity as cataracts proceed (Wen et al., 1991). In view of the 

above factors, the culture of lens epithelial cells provides an ideal model for the 
study of metabolic parameters.

The comparison of glucose metabolism in the two lens cell types, epithelial and 

fibre cells could provide valuable information on the cellular compartmentation of 
specific pathways and cellular responses to such perturbations as oxidative stress. 

Initial studies, shown in Table 23 studying [ l - 14C]glucose metabolism show that lens 

epithelial cells have a high metabolic activity relative to the whole lens as would 

be expected. In these initial studies the most important factor is the development 

of a system for flux experiments, where all the cells are exposed to media and 

maintain viability. A possible solution to some of the problems encountered, would
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be the culturing of cells on microbeads which would allow the cells to interact with 

the media and would allow the cells in media to be shaken in the waterbath allowing 

maintenance of the oxygen tension.
The use of tissue culture is providing valuable information on lens metabolism with 

respect to cell differentiation. Future work will concentrate on the differences in 
glucose metabolism of epithelial and fibre cells and the metabolic response to 
alterations in the sulphydryl environment.
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5. THE RETINA.

5.1. GLUCOSE METABOLISM IN THE DIABETIC RAT RETINA.

In the diabetic retina there are both morphological and biochemical changes in the 

different cellular layers. In retinopathy there is an increased vascularisation of 

the capillary bed with dilation of the vessels and eventually the vessels occlude 

resulting in retinal hypoxia which stimulates the production of more vessels 
(Kohner, 1977). In the diabetic patient the oxygen affinity of haemoglobin 

(glycated) is significantly altered (Ditzel, 1976), the viscosity of blood increases 

(Barnes et al., 1977) blood flow (Kohner et al., 1975) and results in an increased 

incidence of ischemic incidents in the diabetic retina.

The retina in diabetes shows changes parallel to those seen in other tissues, such 
as lens and nerve, of increased sorbitol accumulation, although not on the scale 

seen in the lens (MacGregor et al., 1986), depressed inositol content (20-40%) and 
an associated fall in Na+/K +ATPase, and with decreased lipid content of the inner 
nucleus and ganglionic nerve layers (Greene et al., 1983). The link between changes 
in glucose metabolism, the polyol pathway, myoinositol metabolism and Na+/K +ATPase 
have been investigated in detail by Green et al. (1983). It seems from evidence to 
hand, in particular the work of Matchinsky et al. (1966) that a parallel situation 
may be held to occur in specific layers of the retina.
The activity of various glycolytic enzymes is distributed unevenly throughout the 
retinal layers (Zimmerman et al., 1976). In the monkey and rabbit retina one of the 
regulatory enzymes of glycolysis, hexokinase, is mainly found in the inner segment 
of the cones and rods (Lowry et al., 1956, 1961; Zimmerman et al., 1976). In these 
regions hexokinase activity is paralleled to the activity in blood. In the alloxan- 
induced diabetic rat retina, 4 to 6 weeks after the induction of diabetes, the 

activity of hexokinase Type I and Type II is increased in the soluble fraction, but 
in the particulate fraction, Type II is absent, as compared with the control rat 

retinas (Gonzalez, 1982).

The other glycolytic enzymes are concentrated in the area of the visual receptors 

closer to the vitreous humour. In the retina of the streptozotocin-induced diabetic 

rat retina, 1 week after induction of diabetes, there is an increase in two 

regulatory enzymes PFK and PK suggesting there is an increased flux through 

glycolysis (Tables 31 and 32). In the 2 week diabetic rat retina, PK and PFK 
activity is normalised indicating glycolytic activity is stabilised. Treatment of 1 

week diabetic rats with verapamil, a calcium blocker, lowers the elevated PK and PFK 
activities in the diabetic rat (Table 33).
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The metabolism of the retina is completely different from the lens. It is a highly 

vascular tissue and relies to a large extent on oxidative metabolism for its energy 

and as a result is a much more metabolically active tissue. In contrast to the lens 

the glutathione level is much lower and reflects the much smaller requirement for 

protein sulphydryl maintenance. That is not say that glutathione is not important in 

the retina. The exposure to fully reoxidised blood and the unusually high content of 

polyunsaturated fatty acid (22:6), means that lipid peroxidation is a very real 

possibility and this is despite the full compliment of other antioxidants. In fact 

in some clinical conditions of retinal degeneration, the peroxidation of 

decosahexanoic acid is so rapid that migration of lipid peroxides across the 

vitreous to the posterior of the lens leads to posterior subcapsular cataracts. As 

in the lens, glutathione is maintained in the reduced form by NADPH generated by the 

PPP. This pathway is present in retina and as a proportion of glucose oxidation is 
not as high as in the lens but quantitatively is equivalent. In diabetes the basal 
activity of this pathway is significantly elevated as is the fully activated pathway 
(Gonzalez, 1982) and this is as a result of the increase in G6PDH after 2 weeks 
diabetes (Table 35). One of the enzymes which changes in diabetes (Table 33) is 
'malic enzyme', this enzyme is also able to supply the retina with a source of 
NADPH. In fact, the retina has a large reserve of NADPH supply enzymes as NADPH 
linked ICDH is also relatively high in activity, this is probably a reflection of 
lipids in this tissue.
Treatment of diabetics with glutathione-ester during the 2 week period of diabetes 
reverses the increases apparent in many enzymes associated with NADP+, for example, 
G6PDH, 'malic enzyme' and, glutathione peroxidase and reductase. These increases 
imply a higher turnover of NADPH which could be related to glutathione and oxidative 

events. Supplementation with glutathione-ester being able to reverse these changes 
is indicative of this probability.

In vitro studies of the rat retina using radiolabelled glucose have shown PPP 
activity is increased, when reduced glutathione is decreased by diamide (Winkler,

1983). In the in vivo diabetic rat model treatment with glutathione-ester lowers the 
G6PDH activity (Table 34), suggesting there is a decreased flux through the PPP as a 

result of the reduced glutathione environment being maintained. Both the in vivo 
and in vitro observations suggest glutathione maintenance is linked with the PPP, 

as previously discussed in the lens. In the retina the PPP is largely responsible 

for supplying NADPH for the visual cycle, being essential for the conversion of 

retinal to retinol. The PPP is also important for supplying ribulose-5-phosphate and 
other precursors for DNA and RNA synthesis, although this requirement diminishes 
with age.
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S.2. GLUTATHIONE SYNTHESIS IN THE RAT RETINA.

In the retina ATP is produced by aerobic metabolism via glycolysis and the TCA 

cycle. The generation of NADPH is used for the synthesis of fatty acids, steroids 

and reductive reactions one of which maintains glutathione and other sulphydryl 

compounds in the reduced state.
Glutathione in the retina probably has a similar functions as in the lens, linked to 

the detoxification of oxygen derived free radicals. However, unlike the lens the 

main protective mechanism is centred towards polyunsaturated fatty acids rather than 

proteins, this being a reflection of the differing cellular components of these two 

tissues. The retina is particularly susceptible to oxidative damage due to its high 
levels of polyunsaturated fatty acids especially decosahexanoic acid (22:6), high 
oxygen flux and constant illumination (Organisciak et al., 1987).

In the alloxan-diabetic rat retina glutathione levels fall with the increasing 

duration of diabetes (Heath et al., 1962), suggesting glutathione is being lost from 
the retina and not being resynthesised. In red blood cells, during this condition, 
it is maintained at normal levels except when ketosis occurs. Accompanied with the 
retinal fall in glutathione is a decreased level of NADPH and increased polyol 
pathway activity (MacGregor et a1., 1986).
There is very little literature on glutathione synthesis and breakdown in the retina 
since it has been assumed the majority of glutathione in the retina is taken up from 

the blood (Heath et al., 1962).
As outlined in the introduction -glutamyl transpeptidase has a function in 
transferring -glutamyl groups to amino acid acceptors and dipeptides (Rathbun and 

Wicker, 1973). -Glutamyl transpeptidase activity in the human ciliary body and iris 
is 13mU/mg protein and in the retina is llm U /m g protein whereas in the whole lens is

0.033mU/mg protein (Miller et al., 1976). Activity in the retina is probably related 
to the importance of glutamate and GAB A as retinal neurotransmitters.

In the streptozotocin-induced diabetic rat retina -glutamyl transpeptidase activity 
does not increase with the duration of diabetes. Glutathione may be transported into 

the retinal cells or synthesized intracellularly, as discussed the Introduction. -  

Glutamylcysteine synthetase was measured in the rat retina and increased in activity 
with age, as was observed in the rat lens (Table 29). In the streptozotocin-induced 
diabetic rat retina when the enzyme is measured by the HPLC method there is a 

decrease in -glutamylcysteine synthetase activity (Table 31) in the 2 week diabetic 
rat retina. In the diabetic lens the activity of -glutamylcysteine synthetase is of 

the same order of magnitude
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5.3. GLUTATHIONE REDOX CYCLE AND ANTIOXIDANT ENZYMES

IN THE RAT RETINA.

Glutathione reductase and glutathione peroxidase have been isolated in the rat 

retina (Naash and Anderson, 1989; Heath et al., 1962). Glutathione peroxidase 

activity is divided into selenium-dependent, which is capable of reducing organic 

hydroperoxides and hydrogen peroxide and selenium-independent which only reacts with 

organic hydroperoxides, as explained in the introduction. In the liver the Se- 

independent glutathione peroxidase enzyme is able to conjugate glutathione with 1- 
chloro-2,4-dinitro benzene a reaction usually catalysed by glutathione transferase 
(Lawrence and Burk, 1976). Glutathione peroxidase activity in the rat and rabbit 
retina has a higher activity in the rod outer segments suggesting it has a 
protective role in the retina against light damage. In the retina, especially the 
rod outer segments the glutathione peroxidase present is the selenium-dependent 

enzyme (Naash and Anderson, 1989). Glutathione peroxidase activity was measured 
using cumene hydrogen peroxide as the substrate which is an indicator of both Se- 
dependent and Se-independent activity (Table 31).
Glutathione-S-transferase activity has been identified in the rabbit and rat retina, 
with the activity in the rabbit retina being 8-fold higher than in the rat. However, 
on the rod outer segments glutathione-S-transferase activity is higher in the rat 
than in the rabbit suggesting there may be a species difference in the importance of 
various routes of detoxification (Naash and Anderson, 1989). In the human lens 
glutathione-S-transferase activity is comparable to the levels found in the rabbit 
retina (Naash and Anderson, 1989). In the retina glutathione peroxidase and 
glutathione transferase activity are thought to be inversely proportional to each 

other, if glutathione peroxidase activity falls there is a corresponding increase in 

glutathione-S-transferase activity. Stone and Dratz (1980) found glutathione-S- 
transferase activity increased in Se-deficient and vitamin E deficient rats to 

compensate for the loss of Se-dependent glutathione peroxidase. This appears to be 
the case in retina, glutathione-S-transferase activity at 4 weeks increases with a 
decrease in glutathione peroxidase activity in the whole homogenate (Table 31). 

Furthermore, in the 1 week diabetic rat retina glutathione reductase falls, 
suggesting the retina is unable to reduce oxidised glutathione, further exacerbating 
any drop in glutathione. Catalase activity is not altered in the diabetic retina 

indicating that this anti-oxidant system is not important in the development of 

retinopathy and as outlined in the introduction, its importance as a defence 
mechanism is minimal, being reflected by its very low activity in this tissue.

The retina does depend on anti-oxidant compounds such as a-tocopherol and ascorbic
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acid to scavenge hydroperoxides and free radicals therefore it would also be 

informative to examine the levels of these compounds in the retina and vitreous 

humour of diabetics.

5.4. TOTAL GLUTATHIONE AND METABOLITE RECOVERY IN THE RETINA 

AFTER A 30 MINUTE INCUBATION WITH ImM DIAMIDE.

a) Glutathione recovery in the retina.
The importance and function of retinal glutathione is relatively unexplored. These 
experiments examine the effects of diamide at the same concentration and incubation 
time as in the lens, on the level of glucose and glutathione in the retina (Table 
10). Diamide in the retina, decreases the reduced glutathione level, as expected, 
yet total glutathione levels were not altered. Once the retinas are transferred into 
normal or high glucose there is again no net loss of oxidised glutathione from the 

retina. In normal glucose the reduced glutathione level after 90 minutes fully 
recovers whereas in high glucose recovery time is shortened to 30 minutes. The 
retinal response to diamide is very different to the lenticular response which shows 
a decrease in total and reduced glutathione levels. This would indicate the lens is 
more susceptible to factors effecting a sulphydryl environment and metabolic 
stability, which in turn may indicate it is more susceptible to oxidative assault.
The retina, on the other hand is not dependent on maintenance of sulphydryl groups 
due to the relatively low concentration of these groups and is more dependent on 
maintaining ATP for processes such as vision. The retina is able to derive a large 

amount of its own glutathione from the blood supply but does synthesize some 
glutathione.

This difference in recovery rates is probably due to a dependence on glucose 
concentration. In the retina 77% of the total lenticular glucose is converted to 
carbon dioxide (CO2) by the tricarboxylic acid cycle and 23% is oxidised by the PPP. 
In retinas treated with 0.4mM diamide the 14C - l /14C-6 ratio in the control rat is 

2.2 whereas with diamide the ratio is increased to 26 indicating the retina has a 
great capacity for PPP stimulation (Winkler, 1983). A concentration of ImM diamide 

was used in the incubations measuring metabolites, which is higher than the 

concentration used by Winkler (1983), which may indicate that the PPP activity is 

able to cope with the increased demand for NADPH. In the 30 minute diamide 

incubation glucose uptake is not altered, when the retina is transferrred into high 

glucose there is an increase in glucose uptake as expected. The retinas are not 
incubated in diamide for a long enough period for membrane changes to occur which 

could alter the glucose uptake or transport of other compounds.
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SYNOPSIS:

Researchers have proposed two mechanisms by which cataracts develop in the diabetic 

patients. They are the osmotic theory which is dependent on the accumulation of 
sorbitol in the lens (Kinoshita et al., 1962) and non-enzymatic glycation of 

proteins resulting in the aggregation of proteins (Stevens et al., 1978; Cerami et 
al., 1979; Brownlee et al., 1984; Wolff and Dean, 1987; Hunt et al., 1988; Wolff et 
al., 1991). The diabetic lens is subjected to hyperglyceamic conditions which result 
in an increased flux through the polyol pathway. In the diabetic rat and rabbit lens 

sorbitol accumulates intracellularly causing hydration, lenticular swelling and in 
the long term, cellular damage (Kinoshita, 1964). However, in the human cataractous 

lens, sorbitol does not appreciably accumulate, since aldose reductase activity is 

relatively low and sorbitol dehydrogenase activity is relatively high in the human 

lens therefore removes any sorbitol produced, (Varma et al., 1979; Jedziniak et al.,
1981) suggesting the activation of this pathway alone is not responsible for 
cataract development. However, it has been emphasised throughout this thesis and by 
others that it is the flux through this pathway which is critical, not the 
increasing sorbitol levels.

The activation of the polyol pathway and oxidative stress has been linked with the 
perturbations observed in the diabetic lens (Barnett et al., 1986; Hothersall et 
al., 1988). In the diabetic patient there is an increase in circulating free 
radicals, and within the aqueous humour there are elevated concentrations of 
hydrogen peroxide (Pirie, 1965; Bhuyan and Bhuyan, 1977; Atalla et al., 1988b).
Under such conditions of oxidative stress, glutathione is oxidised by reactions 
catalysed by glutathione peroxidase and glutathione-S-transferase and reduced 
glutathione levels are subsequently maintained by the re-reduction of oxidised 
glutathione by glutathione reductase, this system is called the glutathione redox 
cycle. In hyperglycaemic conditions glutathione reductase and aldose reductase 

compete for NADPH supplied by the PPP. Aldose reductase preferentially uses NADPH 

and cellular reduced glutathione levels fall precipitously as shown in the results 

presented in this thesis. The drop in cellular glutathione levels has an adverse 

effect on the sulphydryl environment in the lens, the thiol groups on the lens 

proteins are able to be oxidised producing insoluble protein aggregates which alter 

lenticular transparency (Truscott and Augusteyn, 1977; Lou et al., 1989). In 

cataractous human lenses there is also a loss of free glutathione and an increased 
concentration of protein bound glutathione and cysteine (Harding, 1972; Truscott and 
Augusteyn, 1977; Lou et al., 1989) which are more susceptible to proteolysis (Liang 

and Pelletier, 1988).
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More recent reports have implicated non-enzymatic glycation as the mechanism through 

which cataractogenesis is initiated. The first step in glycation is the attachment 
of glucose or a glucose moiety to the amino group on a protein via nucleophilic 

addition, forming a Schiff base. The reaction between the Schiff base and glucose 
reaches an equilibrium over a period of weeks, the Schiff base rearranges to form a 
stable compound called an Amadori product which is chemically reversible. At this 

stage, in the uncontrolled human diabetic, glycation can be reversed by controlling 

the blood glucose levels. Amadori products accumulate very slowly and undergo a 

series of rearrangements and dehydration reactions forming advanced glycation end- 

products (AGE) (Figure 18). AGE products form protein-protein crosslinks which 

fluoresce due to their characteristic brown pigment. They are chemically 

irreversible products and accumulate throughout the life of the protein at a rate 
proportional to the equilibrium concentration of the reversible amadori product 

(Brownlee et al., 1984). As the pH increases from 7.0 to 9.0 and the glucose 
concentration increases there is an increase in Amadori products. The ability of 
hyperglycaemia to induce aggregation and cross-linking of proteins under 
physiological conditions in vitro and in vivo was first shown using bovine and rat 

lens proteins, crystallins (Stevens et al., 1978).
Non-enzymatic glycation alters enzyme activity, binding of regulatory proteins, 
protein cross-linking, susceptibility to proteolysis, ionic transport, nucleic acid 
function, immunogenicity and macromolecular recognition (Furth, 1988). In these 
systems glycated proteins are more susceptible to oxidative attack and attack by the 
immune system (Furth, 1988). In the normal lens, protein thiol groups are unreactive 
and 'buried' within the protein structure whereas in the cataractous human lens the 
thiol groups are exposed and react more rapidly suggesting there are changes in the 
native conformation of the lens proteins (Harding, 1972). Non-enzymatic glycation 

leads to the aggregation of proteins held together by covalent or non-covalent bonds 

in the diabetic cataractous lens. Aggregates held together by covalent bonds are 

divided into two groups, those which are susceptible to sulphydryl reducing agents 

and those which are not (Cerami et al., 1978) (Figure 19). In the human lens 
tyrosine has been proposed as a potential non-disulphide cross-link, as has 

tryptophan, a photoxidation product which is thought to be responsible for the 

colour and cross-linking in browning products and this type of cross-linking is 

brought about directly by free radical attack (Cerami et al., 1978, 1979). In the 

aging rat lens the aggregation of insoluble high molecular weight proteins is due to 
disulphide linkages (Swamy and Abraham, 1987). Lou et al., (1989) have divided 
disulphide linkages into two groups, protein-protein disulphide crosslinks and 

protein-thiol mixed disulphides. They found the mixed disulphides are increased in
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Figure 18: Protein Glycation.
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Figure 19: Changes in lens proteins during cataractogenesis.
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oxidative cataract models (Lou et al., 1989), such as in the presence of hydrogen 

peroxide (Lou et al., 1986), but not under hyperglyceamic conditions. The formation 
of protein-reduced glutathione mixed disulphides involves extensive conformational 

changes which results in this structure being more susceptible to proteolysis and 

oxidation (Liang et al., 1988). Varma and Mooney (1986) have shown the lens is 
vunerable to damage by superoxide, hydrogen peroxide and hydroxy radicals due to the 

photochemical generation of various species of oxygen in situ. Conformational 
changes of proteins induced by non-enzymatic glycation renders the previously 

unexposed sulphydryl groups susceptible to oxidation (Brownlee et al., 1984). 
Non-enzymatic glycation of nucleic acid bases can occur in the lens resulting in 
abnormalities of DNA template function and the accumulation of glycated end-products 
which are thought to be responsible for age-dependent changes in the genetic 
material including chromosomal abherrations, DNA strand breaks and a decline in DNA 
repair, replication and transcription.
In the lens epithelium non-enzymatic glycation of Na+/K +ATPase renders the pump 
inefficient inhibiting K+ transport by 50-75% and inhibiting ATP hydrolysis (Gamer 
et al., 1986) therefore greatly altering lens metabolism. In the retina of alloxan- 
diabetic rats Na++/K +ATPase activity is also inhibited, although whether this is due 
to non-enzymatic glycation is still to be investigated (MacGregor and Matschinsky,
1986). In hyperglyceamic conditions the aldose reductase inhibitor AL1576, was able 
to restore lens K+ transport and ATP hydrolysis by reacting with the modified 
Na++/K +ATPase, but it was unable to prevent glycation (Gamer et al., 1986).
The lens capsule consists largely of collagen and has a high carbohydrate content 
(Pirie, 1951), with aging the capsule thickens. In diabetes (Caird et al'., 1969) and 

in human cataracts (Cogan and Kuwabara, 1962) there is an excess in capsular 
material. Non-enzymatic glycation can disrupt ionic interactions between membranes 

and the matrix of the lens capsule ultimately increasing its permeability and 
affecting lens metabolism. The lens capsule is stabilised by lysine-derived 
crosslinks (Tanzer and Kefalides, 1973; Heathcote et al., 1984) and disulphide bonds 
(Spiro, 1970; Dische, 1971) which are both susceptible to oxidative modification, 
glycation and proteolysis.

If, as a result of exposure to some environmental factor, ciystallins are 

incorrectly synthesised or become damaged then, under normal conditions, they are 

removed. This is achieved by a pathway of proteolytic degradation which, in the lens 

as with other tissues, requires ATP and the polypeptide ubiquitin (Jahngen et al.,
1991). The principle of this pathway is that ubiquitin, via a series of three 
enzymatic steps, binds to proteins and 'tags' them for proteolytic removal. This is 

a continuous process and requires ATP and intact thiol sites on the enzymes for
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ubiquitin transfer (Hershko, 1991). The removal of potentially toxic oxidatively 

damaged protein and protein fragments may provide a protein editing function which 

constitutes a secondary anti-oxidant defence mechanism (Taylor and Davies, 1987). 

Recent evidence suggests that the process of damaged protein removal may be 
diminished in certain conditions were cataract formation occurs and that, in such 

lenses, even proteins extensively damaged may not be removed (Taylor and Davies,
1987). Whether this is a result of concomitant damage to the protein editing system 
or because ubiquitin binding to these severely damaged proteins is blocked for 
comformational reasons is not known. Products of proteolytic breakdown of protein 
aggregates have been identified in the aqueous humour and lens cells, and found to 

increase with the severity of cataracts (Barber, 1973).
Glutathione levels and hyperglycaemia are fundamental to both the 

osmotic/glutathione redox cycle theory and the glycation theory on the development 
of cataracts. In the polyol pathway/glutathione redox cycle hypothesis the 
alterations of the cellular redox state and the decreased sulphydryl environment 

lead to the cell being more susceptible to oxidative stress and glycation. Non- 
enzymatic glycation is inhibited by reduced glutathione in normal physiological 
conditions, in the presence of elevated concentrations of reductive sugars. Huby and 

Harding (1988) have proposed that one of the central roles of reduced glutathione in 
the cell is to protect proteins against chemical modification by sugars and other 
types of electrophilic attack. The maintenance of a reduced sulphydryl environment 
prevents the disulphide crosslinking of protein molecules responsible for protein 
aggregation in cataractous lenses (Ajiboye and Harding, 1989). In the lens the 

glutathione concentration which is able to inhibit glycation by galactose (Harding, 
1972) and glucosamine (Ajiboye and Harding, 1989) with lens proteins is similar to 
the in vivo glutathione concentrations, suggesting that a fall in glutathione levels 
would lead to an increase in glycosylated proteins, which in turn would accumulate 
or be subjected to oxidative proteolysis.

In the diabetic patient there are two types of cataracts, the 'true' diabetic 
cataract and the early onset senile cataract. The true diabetic cataract is very 
rare and if identified early enough in its development then the alteration in 

transparency can be reversed by controlling the blood glucose concentration. In this 

type of cataract the biochemical situation may be analogous to the formation of 

reversible amadori products of glycation. In the senile cataract there is an 

increase in glycated proteins which occurs as part of the normal aging process. In 

the diabetic patient with early onset senile cataracts the development of the 

cataract is more likely to have been initiated by the mechanisms proposed in the 

glutathione redox cycle imbalance making it more susceptible to glycation. It is not
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a case of one or the other processes, rather one or other of these events when 

exacerbated by oxidative assault, producing a combined attack on lenticular 

integrity (Figure 20).
In this thesis the majority of the research has concentrated on the maintenance of 

reduced glutathione with respect to NADPH levels, the polyol pathway and oxidative 
stress, and the resulting perturbations in lenticular metabolism. The role of 
glycation in the unfolding of lens proteins is disputed, with some researchers 

proposing that glycation is able to cause unfolding of proteins, whilst others 

propose that ionic changes in the cellular environment leads to the unfolding of 
lens proteins. Swamy and Abraham (1991), have recently studied glycation in rat lens 

crystallins in vivo and in vitro and found glycation occurs within days in the in 
vitro system and in the in vivo streptozotocin-induced diabetic rat model glycation 

products are initially observed after 15 days. There are three groups of lens 

crystallins in the rat lens X, a  and p. In the in vivo and in vitro rat lens 

studies, Jf-crystallins are glycated more readily than a -  and p-crystallins. t-  
Crystallin is monomeric and contains only 3 lysine residues whereas aA and pBp 
crystallins contain 7 or 13 lysine residues respectively. This discrepancy between 
the number of lysine residues and the extent of glycation, suggests the 
accessibility of glycation sites is more important than the number of sites (Swamy 
and Abraham, 1991). Swamy and Abraham (1991), have further proposed as the lens 
grows /-crystallins are pushed towards the lens nucleus where they constitite 95% of 
the crystallins in the nucleus, and in older animals they are more inaccessible to 
glycation. In young animals the cortical layers have a concentration of / -  

crystallins, glycation occurs more rapidly and as the cells pack into the nucleus 
there is more potential for protein aggregation. These authors have proposed / -  

crystallins are glycated in the early stages of diabetes and in the later stages a -  
and P-crystallins are glycated, all forming protein aggregates.
In the in vivo metabolite profiles in streptozotocin-induced diabetic rat lenses 

discussed in this thesis, it is apparent glutathione levels have fallen 

significantly in the first three days. In the in vitro, 1 to 24 hour incubations 

glutathione levels drop considerably after 18 hours. These results would suggest the 

fall in glutathione levels could alter the conformation of lens proteins allowing 

glycation sites to become more accessible. In the alloxan-induced diabetic rat lens 
there is an increase of various metabolites of glucose such as, glucose 6-phosphate 

and glucosamine (Gonzalez et al., 1980) (Table 44), which are able to cause 

glycation more readily than glucose. In situations where there is conformational 
changes to a protein, there is potentially an increased ability for non-enzymatic 

glycation of that protein to occur.
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Figure 20: Changes in lens metabolism with diabetes.
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The present data, in conjunction with published data suggests in the diabetic lens 

the fall in the glutathione levels 3 days after the induction of diabetes leads to 
an unfolding of lens proteins and an increase in non-enzymatic glycation. In 

hyperglyceamic conditions the lens is subjected to an increase in circulating 

oxidants. Reduced glutathione is essential for protection of the cell against free 
radical damage. It is the prognosis of this thesis that the supply of NADPH is 

preferentially directed to aldose reductase at the expense of glutathione reductase 

activity, causing glutathione to fall with a concomitant increase in oxidised 

glutathione and protein-bound glutathione. This change in the bound and free 

glutathione results in conformational changes in lens proteins making them more 
susceptible to glycation, aggregation and oxidation.
The development of cataracts in the diabetic lens is a result of changes in the 

extracellular and intracellular environment. It is not the result of changes in 
osmotic pressure and the glutathione redox cycle or non-enzymatic glycation, but 
rather a combination of the later two. Obviously, further studies involving the role 
of glutathione must be explored with respect to cellular differentiation and 
differences in fibre cells and epithelial cells metabolism. Advances in experimental 
techniques and instrumentation takes us closer to exploring various ideas and 
theories.
In view of the limitations imposed by the non-homogeneous nature of the tissue, the 
very low concentrations of intermediates and cofactors present (at, or below, the 
level of measurement by conventional methodology), the difficulty of calculating the 
redox or phosphorylation state of the nicotinamide and other nucleotides and, above 

all, the intracellular distribution of enzymes, it is clear that any interpretation 

of results offered must be tempered by the knowledge of these defects. Nevertheless, 
this Discussion has attempted to present an a^ysis of the results in the light of 

the information available with some confidence that the picture that has emerged is 

a reasonable approximation of the events that occur. It is difficult to envisage a 

more complete analysis emerging without recourse to the very specialized and 
elaborate analytical procedures pioneered in Lowry's laboratory. Perhaps in the in 
vitro model described above which allows a closer definition of prevailing 

conditions and is more amenable to manipulation of each of a number of critical 
factors independently, will provide an alternative, and more attainable route to 

elucidation of the problem of cataractogenesis.
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Now do you not see that the eye embraces the beauty o f the 

whole world? I t is the lord o f astronomy and the maker o f 
cosmography; it counsels and corrects all the arts o f mankind; 

it leads men to the different parts o f the world; it is the 

prince o f mathematics, and the sciences found on it are 
absolutely certain. I t has measured the distances and sizes o f 

the stars; it has found the elements and their locations;
....has given birth to architecture, and to perspective, and to 
the divine art o f painting. Oh excellent thing, superior to all 
others created by God! ... What peoples, what tongues will fully 
describe your true function? The eye is the window o f the human 
body through which it feels its way and enjoys the beauty o f the 
world. Owing to the eye the soul is content to stay in the 
bodily prison, for without it such bodily prison is torture.

Leonardo da Vinci (1452-1519).
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