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SUMMARY

Diabetes mellitus has an effect on many organ systems
including the eye, kidney and peripheral nerve. Many of
these complications develop in animal models of diabetes,
which has allowed some of the mechanisms of damage in
target organs to be studied. Aldose reductase, an intracel-
lular enzyme, converts glucose to sorbitol, and it is the
intracellular accumulation of sorbitol which is thought to
result in irreversible damage. In the diabetic eye the
increased sorbitol accumulation in both the lens and the
retina has been implicated in the pathogenesis of cataract
and retinopathy, the major ocular complications of
diabetes. In those experimental models which demon-
strate characteristic diabetic complications, pharma-
cological inhibition of the enzyme aldose reductase has
resulted in prevention of target organ damage. This
paper summarises the experimental evidence upon which
the clinical trials of aldose reductase inhibitors in diabetic
patients have been initiated and the results of published
drug trials in these patients.

INTRACELLULAR GLUCOSE
METABOLISM

During normoglycaemia, glucose entering the cell is rap-
idly phosphorylated by the enzyme hexokinase and enters
the Embden—Meyerhof pathway, providing the major aer-
obic energy source for the cell (Fig. 1).' This pathway is
fully saturated at normal glucose levels, so that if hyper-
glycaemia occurs the excess glucose cannot be metab-
olised by this pathway. The enzyme aldose reductase (AR)
has a much lower affinity for glucose than hexokinase and
significant amounts of glucose enter the sorbitol (or
polyol) pathway only when its levels are raised.” AR con-
verts glucose to the alcohol sorbitol, which is then further
oxidised to fructose by the enzyme sorbitol
dehydrogenase.
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AR and the sorbitol pathway were originally discovered
in seminal vesicles and placenta and subsequently
detected in tissues in which glucose transport is insulin-
independent," which includes all those in which diabetic
complications develop. In most of these tissues the normal
physiological role of AR and the polyol pathway is
unknown and no physiologically significant amount of
sorbitol is detectable.*

ANIMAL MODELS OF DIABETIC
COMPLICATIONS

Animals such as rats can be rendered diabetic by adminis-
tration of drugs such as streptozotocin that are toxic to the
pancreatic islets. One of the major problems with these
animals is that they are sick, become ketotic and often suc-
cumb to infection, so that they do not live very long. The
galactose-fed animal on the other hand, be it rat or dog, has
been found to develop many of the complications of
chronic diabetes but remains well with a normal blood
glucose level.' It is known that galactose is a very good
substrate for AR, much better than glucose, and galactose
feeding results in the intracellular accumulation of the
alcohol galactitol, which is not further metabolised by sor-
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bitol dehydrogenase. Galactitol therefore accumulates
more quickly than sorbitol and results in more rapid onset
of cellular damage.*

Damage is thought to occur in the cell in which either
sorbitol or galacticol accumulates by the creation of
hypertonicity and the subsequent osmotic attraction of
water. This occurs because the polar nature of these

Fig. 2. Electron micrographs of retinal capillary to show
basement membrane. (A) in control rat, (B) in galactose-fed rat;
(C) in rat fed galactose and aldose reductase inhibitor.
(Courtesy of Dr. W. G. Robison.)
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alcohols prevents their easy penetration of membranes and
subsequent removal from the cell by diffusion. The
increase in intracellular fluid causes the cell to swell with
eventual damage to its membranes which then has secon-
dary effects on cell homeostasis.’

ALDOSE REDUCTASE AND CATARACT
FORMATION

Cataracts develop in both diabetic and galactose-fed ani-
mals at a rate directly dependent on the amount of AR
present in the lens. In mice, where lens AR levels are
extremely low, cataracts do not develop in either of these
metabolic states. In diabetic rat lenses AR activity has
been found to increase, whereas sorbitol dehydrogenase
activity decreases.” Using immunohistochemical tech-
niques with antibodies against purified AR, there is
increasing staining of the lens with the onset of diabetes.’

Using drugs which inhibit AR (aldose reductase inhibi-
tors: ARIs), the onset of cataracts can be significantly
delayed in these experimental animals if the ARI is given
at the onset of the disease.® Intervention studies demon-
strated that the cataractogenic process can only be
reversed during the early stages prior to the onset of
nuclear cataract.” Interestingly, biochemical analysis of
these cataractous lenses revealed no difference in the
levels of glycosylated proteins between treated and
untreated rats. Since only the lenses from the treated rats
remained clear, these results indicate that there is no
relationship between non-enzymatic glycosylation and
the polyol pathway and that non-enzymatic glycosylation
does not appear to be responsible for cataract formation in
this situation.'’ Unfortunately, the role of AR in cataract
formation in human diabetics has not been established."'

ARIs have also been administered topically in diabetic
rats. There was decreased cataract formation in these rats
over a 4-month period, which was associated with
decreased lens sorbitol in the treated rats as compared with
controls."

KERATOPATHY

Diabetic corneal epithelium can heal more slowly when
traumatised and in studies with diabetic or galactose-fed
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Fig.3. Blood-retinal barrier permeability in galactose-fed (for
11+ months) and diabetic (for 11+ months) rats.
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animals denuded corneal epithelium was found to re-
epithelialise more slowly."” This delay was prevented by
administration of an ARI, either orally or topically, and
AR has been detected in the cornea in both epithelium and
endothelium.'* In patient studies, healing of diabetic cor-
neal epithelium was achieved with administration of the
topical ARI in patients in whom spontaneous healing had
not occurred."”

RETINOPATHY

The classic histopathological features of diabetic retino-
pathy are pericyte degeneration, basement membrane
thickening, microaneurysm formation and capillary non-
perfusion. Neovascularisation can occur as a consequence
of retinal ischaemia. All of these features have now been
reproduced in the animal models, particularly the galac-
tose-fed beagle dog, demonstrating that stressing the
polyol pathway alone can give rise to all the characteristics
of the retinopathy seen in diabetic patients.'® Again, all of
these features are inhibited in a dose-dependent manner by
the concomitant administration of an ARI at the onset of
the disease state."’

Macula oedema due to loss of integrity of the blood-
retinal barrier (BRB) is a common cause of loss of vision
in diabetic patients.'® Pericyte—endothelial cell interaction
is thought to be important in maintaining the BRB and the
combination of pericyte loss together with endothelial cell
basement membrane thickening could result in its func-
tional breakdown. Increased retinal capillary basement
membrane thickening occurs in the galactose-fed rat and
is inhibited by concomitant administration of an ARI
(Fig. 2). In order to examine whether this morphological
increase in basement membrane thickness is associated
with a functional increase in permeability, the perme-
ability of the BRB to small molecular weight non-trans-
ported solutes was quantitatively assessed in vivo at
various time points after galactose feeding with and with-
out concomitant administration of an ARI (sorbinil)."”
BRB breakdown occurred after 11 months of galactose
feeding and was totally prevented by administration of the
ARI (Fig. 3). Using similar techniques, the same study
was repeated in diabetic rather than galactose-fed rats and
using another AR, statil.”” Although BRB breakdown did
occur in the diabetic animals, no prevention occurred in
the animals concomitantly fed the ARI (Fig. 3). Signifi-
cantly increased sorbitol levels were measured in the ret-
inas of the diabetic rats, including those fed the ARI,
suggesting that retinal AR activity was incompletely
inhibited. Reversal of retinal pathology has not been
possible.

RETINOPATHY TRIALS WITH ALDOSE
REDUCTASE INHIBITORS IN MAN

In a large patient study, sorbinil was administered for 3
years at a dosage of 250 mg daily to diabetic patients who
had either no or very mild retinopathy.*' At the end of this
time there was no significant difference in the severity of
retinopathy between the two groups of patients, although a
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statistically significant slower increase in microaneur-
ysms was apparent in the treated group. The real signifi-
cance of this finding is uncertain. A different ARI
(ponalrestat) was given to a small group of patients with
minimal background retinopathy for a maximum of 12
months, also with no significant effect.”” These trials have
been carried out for a relatively short period of time in the
natural history of diabetic retinopathy and the results of
the trials conducted over a longer time are awaited.

CONCLUSIONS

The concept of a single final common pathway for the
pathogenesis of diabetic complications is a very exciting
one if it means that its pharmacological inhibition could
prevent the occurrence of complications. The experimen-
tal evidence is convincing but to date the patient data are
not. There are several reasons for this. Firstly, the distri-
bution of AR in man is different from that in rat and dog
and little is known about its regulation, particularly in the
retina. Secondly, there is no evidence in man that the avail-
able ARIs at the doses used actually get into the eye and do
inhibit the types of AR present in the eye. Further work is
vital in this area to answer these questions, since beyond
any reasonable doubt the best way in the future of treating
these devastating complications which can blind diabetic
patients is to prevent them occurring in the first place.
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