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a b s t r a c t

Diabetes mellitus (DM) is a major health problem with devastating effects on ocular health in both
industrialized and developing countries. The control of hyperglycemia is critical to minimizing the
impact of DM on ocular tissues because inadequate glycemic control leads to ocular tissue changes that
range from a temporary blurring of vision to permanent vision loss. The biochemical mechanisms that
promote the development of diabetic complications have been extensively studied. As a result, a number
of prominent biochemical pathways have been identified. Among these, the two-step sorbitol pathway
has been the most extensively investigated; nevertheless, it remains controversial. To date, long-term
pharmacological studies in animal models of diabetes have demonstrated that the onset and develop-
ment of ocular complications that include keratopathy, retinopathy and cataract can be ameliorated by
the control of excess metabolic flux through aldose reductase (AR). Clinically the alleles of AR have been
linked to the rapidity of onset and severity of diabetic ocular complications in diabetic patient pop-
ulations around the globe. In spite of these promising preclinical and human genetic rationales, several
clinical trials of varying durations with structurally diverse aldose reductase inhibitors (ARIs) have shown
limited success or failure in preventing or arresting diabetic retinopathy. Despite these clinical setbacks,
topical ARI Kinostat® promises to find a home in clinical veterinary ophthalmology where its anticipated
approval by the FDA will present an alternative treatment paradigm to cataract surgery in diabetic dogs.
Here, we critically review the role of AR in diabetes mellitus-linked ocular disease and highlight the
development of Kinostat® for cataract prevention in diabetic dogs. In addition to the veterinary market,
we speculate that with further safety and efficacy studies in humans, Kinostat® or a closely related
product could have a future role in treating diabetic keratopathy.

© 2016 Elsevier Ltd. All rights reserved.
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Diabetes mellitus (DM) is a major health problem that can have
devastating effects on ocular health in both industrialized and
developing countries (Miyamoto et al., 2007; Paques et al., 1997).
DM can adversely impact many parts of the eye ranging from the
conjunctiva, cornea, iris, and lens in the anterior segment to the
vitreous, retina and optic disk of the posterior segment. The clinical
effects of DM on ocular tissues has been reviewed in detail (Skarbez
et al., 2010). Central to minimizing the impact of DM on ocular
tissues is the control of hyperglycemia, because inadequate glyce-
mic control leads to ocular tissue changes that range from a tem-
porary blurring of vision to permanent vision loss.
1. The biochemistry of diabetic complications

The biochemical mechanisms by which relative insulin-
deficiency and C-peptidopenia (Wahren and Larsson, 2015) and
consequent hyperglycemia and hyperlipidemia promote the
development of diabetic complications have been extensively
studied in various tissues. As a result, several networks of
biochemical pathways have been identified as being particularly
prominent (Aronson, 2008; Oates, 2008). These include increased
metabolic flux through the sorbitol pathway with consequent os-
motic (Kinoshita, 1986), oxidative (Barnett et al., 1986), pseudohy-
poxic (Williamson et al., 1993), methylglyoxalic (Rabbani and
Thornalley, 2012), and advanced glycation endproduct (AGE) (Yan
et al., 2010) stresses; elevated activities of NADPH oxidase (Jha
et al., 2014), diacyl glycerol/PKC (Geraldes and King, 2010),
abnormal mitochondrial (Nishikawa et al., 2000) and endoplasmic
reticulum metabolism (O'Brien et al., 2014), p66Shc activation
(Yang et al., 2014), hexosamine synthesis (Schleicher and Weigert,
2000) and poly-ADP ribose polymerase activation (Pacher and
Szabo, 2005). Common to increased metabolic flux through these
interconnected pathways and enzymes is increased oxidative and
nitrative stress with the excess generation of reactive oxygen/ni-
trogen species (ROS/RNS).

Among these various biochemical pathways, the two-step sor-
bitol pathway has been the most investigated; and yet, it remains
Please cite this article in press as: Kador, P.F., et al., Aldose reductase, ocu
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controversial still. Briefly, in this pathway, excess glucose is reduced
to the sugar alcohol sorbitol by the NADPH-dependent enzyme
aldose reductase (AR). In the second step sorbitol, which is
considered an osmolyte, is oxidized to fructose by the NADþ-
dependent enzyme sorbitol dehydrogenase (SDH). AR has broad
substrate specificity and can also reduce galactose to the sugar
alcohol galactitol, but galactitol is only poorly further metabolized.
In diabetic tissues that do not depend on insulin for glucose entry
and that do not downregulate passive glucose transport or in
galactosemic tissues, elevated extracellular hexose causes abnor-
mally increased metabolic flux of hexose through AR, the first
enzyme of the sorbitol pathway. In some tissues this leads to the
intracellular elevation of the polyols sorbitol or galactitol, an event
that has been shown to induce osmotic and oxidative stress
through the various mechanisms mentioned above. Elevated
metabolic flux through AR also causes increased turnover of
NADPH, the obligatory cofactor of AR and a key component of
cellular antioxidant systems (Kinoshita, 1986; Oka et al., 2012). In
diabetic tissues, increased sorbitol levels also lead to increased flux
through SDH which results in increased fructose levels and
increased turnover of NADþ, the obligatory cofactor of SDH. The
consequent elevated cytosolic NADH/NADþ ratios inhibit nicotin-
amide phosphoribosyl transferase (NAMPT) which leads to reduced
NADþ-dependent deacetylase Sirt-1 activity and prolonged acety-
lation and expression of Early growth response 1 (Egr1) activity
(Vedantham et al., 2014). Erg1 controls the gene expression of a
number of transcripts that are implicated in the pathogeneses of
diabetes complications, including vascular cell adhesion molecules,
matrix metalloproteinases, tumor necrosis factors, and tissue fac-
tors (Fig. 1). By preventing sorbitol accumulation, inhibitors of AR
(ARIs) also indirectly inhibit such downstream events resulting
from increased sorbitol dehydrogenase activity. Studies on the
specific inhibition of SDH with SDH inhibitors (SDHIs) have been
limited in the eye because sorbitol accumulation accelerates cata-
ract formation and because SDHIs should be irrelevant for efficacy
in galactosemic animals since galactitol is poorly metabolized by
SDH (Maret and Auld, 1988).
lar diabetic complications and the development of topical Kinostat®,
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Fig. 1. Summary of biochemical changes associated with increased Sorbitol Pathway activity. Increased “polyol” formation can result in cellular changes that result from osmotic
stress, REDOX changes, the generation of ROS, and the induction of growth factors and signaling changes. The metabolism of sorbitol is linked to the activation, acetylation, and
prolonged expression of Egr1 which leads to proinflammatory and prothrombotic changes. AC, acetylation; bFGF, basic fibroblast growth factor, DAG diacylglycerol; Erg 1, ETS-
related gene-1; GSH glutathione, MMPs, matrix metalloproteinases; NAMPT, Nicotinamide phosphoribosyl transferase; Na/K-ATPase, sodium-potassium ATPase; PKc, protein ki-
nase c; REDOX, reduction and oxidation; ROS, reactive oxygen species; Sirt1, NAD-dependent deacetylase sirtuin-1; TF, tissue factor; TGFb, transforming growth factor beta; TNFa,
tumor necrosis factor alpha; VEGF, vascular endothelial growth factor; VCAM, vascular cell adhesion molecule.
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Since the observation in the early 1960's that galactosemic and
diabetic cataracts are similarly linked to AR activity (Kinoshita,
1965, 1974), galactose feeding has often been used in animal
studies to implicate AR in the onset and progression of diabetic
complications. Although galactosemic animals are not diabetic,
galactosemic animals develop certain ocular complications similar
to those in diabetic animals but the lesions develop faster and are
generally more advanced and severe. Similarly, feeding lactose to
galactosemic newborns results in rapid cataract formation. Because
galactitol is poorly further metabolized, studies in galactosemic
animals require robust inhibition of AR in order to demonstrate
efficacy. A number of animal studies employing such robust AR
inhibition to prevent sorbitol or galactitol formation have clearly
demonstrated efficacy in preventing the onset and progression of
diabetic or diabetic-like ocular complications including keratop-
athy, pupil function changes, cataract and retinopathy.

Moreover, following a seminal report from the Chung lab in
1995 (Ko et al., 1995), additional clinical evidence linking AR gene
polymorphisms to both AR activity and the development of diabetic
complications has emerged. In the AR gene, the most common
(AC)n microsatellite polymorphism, “Z,” has an n ¼ 24. Shorter
length AR gene microsatellites, most often n ¼ 23 (“Z-200), are
associatedwith elevated AR transcriptional rates (Yang et al., 2003),
enhanced expression level of AR (Shah et al., 1998), and increased
AR activity levels. In contrast, the longer (AC)nmicrosatellites, most
often n ¼ 25 (“Zþ2”), are associated with reduced AR transcrip-
tional rates (Yang et al., 2003) and relatively lower AR activity levels
(Zou et al., 2002). SNP C(-106)T in the basal promoter also interacts
with the (AC)n element to determine the transcription rate of the
AR gene (Yang et al., 2003). Inmany, but not all studies, the Z-2 allele
(“high AR expression”) has been found to be associated with an
elevated prevalence of diabetic microvascular complications, partic-
ularly diabetic retinopathy, nephropathy and neuropathy, as well as
cataract formation. Conversely, the Zþ2 allele (“low AR expression”)
has been often, but not always, found to be associated with a lower
prevalence of diabetic complications (Demaine et al., 2000; Demaine,
2003; dos Santos et al., 2006; Fujisawa et al., 1999; Heesom et al.,
1997; Ichikawa et al., 1999; Ikegishi et al., 1999; Kao et al., 1999;
Ko et al., 1995; Kumaramanickavel et al., 2003; Lee et al., 2001a,
2001b; Oates and Mylari, 1999; Olmos et al., 1999, 2000; Park
et al., 2002; Petrovic et al., 2005; Richeti et al., 2007; Wang et al.,
2003, 2014). Such data are consistent with the concept that high
Please cite this article in press as: Kador, P.F., et al., Aldose reductase, ocu
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tissue expression of AR might predispose interaction with elevated
glucose levels to accelerate the progression of diabetic complica-
tions (Oates and Mylari, 1999).

In spite of these promising preclinical and human genetic ra-
tionales, multiple clinical trials of varying durations with several
structurally diverse ARIs have shown limited success or overt fail-
ure in preventing and reversing long-term diabetic complications.
The best-known ophthalmic example is the Sorbinil Retinopathy
trial (Sorbinil Retinopathy Trial Research Group, 1990). ARIs have
been orally administered in all major clinical trials with the dosage
focused on minimizing any drug-induced potential safety concerns
while at the same time reducing sorbitol levels in target tissues
(Malone et al., 1984; Oates, 2002, 2008; Peterson et al., 1986).
Repeated clinical failures, especially in retinopathy and neuropathy,
resulted in loss of enthusiasm for the polyol pathway as a thera-
peutic target with sorbitol as an endpoint (Pfeifer et al., 1997;
Polydefkis et al., 2015).

Despite these clinical setbacks, one ARI promises to find a home
in clinical veterinary ophthalmology where its use will present an
alternative treatment paradigm to cataract surgery in diabetic dogs.
An FDA MUMS designation (equivalent to orphan drug in humans)
has been granted for the development of the topical ARI Kinostat®,
which has passed a critical toxicology study and successfully
finished its required clinical trial (see data below). With anticipated
FDA approval in the next year, this will be the first ARI available for
veterinary use in the US. The purpose of this article is to critically
review the role of AR in diabetes mellitus-linked ocular disease and
the potential for ARI treatment to reduce diabetes mellitus-driven
ocular disease in diabetic dogs.
2. Aldose reductase and the rat lens

Studies on the role of AR in the diabetic eye began in the early
1960s when Kinoshita demonstrated that similar bilateral cataracts
develop in both diabetic and galactosemic rats and that these cat-
aracts are linked to the intracellular accumulation of sorbitol or
galactitol which is catalyzed by the enzyme AR (Kinoshita, 1965,
1974). The lens changes appear osmotic in nature with hydration-
associated histological changes present in the equatorial zone and
cortical fiber cells (Kuwabara et al., 1969). However, the earliest
hydration changes were later observed to begin at the central lens
epithelial cells with the appearance of cell edema, aberrant
lar diabetic complications and the development of topical Kinostat®,
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Fig. 2. Relationship between osmotic changes resulting from sorbitol formation and
the induction of growth factor and signaling changes, and the generation of ROS in the
rat lens epithelial cell.
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intracellular vacuoles, and loss of normal tortuosity of cell bound-
aries (Robison et al., 1990b). These regional osmotic changes
correspond to the lenticular distribution of AR which is primarily
present in the metabolically active lens epithelial cells and equa-
torial region (Akagi et al., 1986a). This distribution is also consistent
with the localized swelling observed by Raman Spectroscopy
(Mizuno et al., 1990). This indicates that the hydration changes are
localized and do not require the entire lens to be swollen, as often
assumed, to initiate osmotic cataract formation. The abnormally
hydrated lens cells undergo permeability changes followed by
biochemical changes associated with cataract formation that
include reductions in the levels of glutathione, myoinositol, Naþ,
Kþ-ATPase activity, loss of amino acids, altered electrolyte imbal-
ance, and altered lens crystallin synthesis (Kador and Kinoshita,
1984; Kinoshita, 1974). These observations led Kinoshita to pro-
pose the Osmotic Hypothesis of sugar cataract formation which
states that the intracellular accumulation of polyols in lens cells can
result in hyperosmotic stress that draws water into these cells
(Kinoshita, 1974; Kinoshita et al., 1979). This fluid accumulation
initiates permeability changes that are then followed by the onset
of a series of complex biochemical changes associated with cataract
formation (Kador and Kinoshita, 1984; Kinoshita, 1974; Kinoshita
et al., 1979). Subsequently, osmotic stress has also been linked to
cell signaling changes, the induction of growth factors, and the
generation of ROS resulting from the osmotic induction of endo-
plasmic reticulum (ER) stress in the lens epithelial cells (Kubo et al.,
2004; Lee and Chung, 1999; Mulhern et al., 2006, 2007; Obrosova,
2002; Obrosova and Fathallah, 2000; Obrosova et al., 2003; Yeh and
Ashton, 1990; Zatechka et al., 2003; Zhang et al., 2012a).

In the Osmotic Hypothesis, the AR catalyzed accumulation of
polyols does not per se initiate biochemical changes associated
with cataract formation. Rather, the elevated intracellular polyols
indirectly initiate cataract formation via biophysical and
biochemical cascades by drawing water into the cell through
osmosis and causing cell and tissue swelling which causes detri-
mental permeability changes. Primary support for the Osmotic
Hypothesis comes from in vitro lens organ culture studies which
demonstrate that the development of sugar cataracts in experi-
mental animals can be duplicated by culturing intact lenses in
culture medium containing high levels of glucose, galactose or
xylose. In these studies, the various biochemical changes associated
with cataract formation can be minimized or prevented by the
addition of ARIs to the culture medium (Kinoshita et al., 1979). Lens
organ culture studies, conducted under iso-osmotic media condi-
tions where increased osmotic pressure in media prevents cell
swelling despite the intracellular accumulation of polyols, confirm
that neither polyol formation per se nor increased AR activity by
itself directly initiate the early biochemical changes associated with
cataract formation in experimental animals. This includes the
generation of ROS, growth factor and cell signaling changes that are
currently being investigated as the cause of cataract formation by a
number of laboratories (Fig. 2) (Obazawa et al., 1974; Randazzo
et al., 2011; Zhang et al., 2012a).

The importance of AR as the cause of sugar cataract formation is
further supported by in vivo animal studies where similar bilateral
cataracts develop in either naturally diabetic or chemically induced
diabetic rats or in rats fed a galactose diet. These sugar cataracts
demonstrate similar osmotic changes (Friedenwald and Rytel,
1955) and their rates of formation are directly proportional to
blood glucose or galactose levels (Patterson, 1954) as well as the
lens levels of AR present (Chylack and Kinoshita, 1969; Kador et al.,
1986; Kador and Kinoshita, 1984; Kinoshita, 1965, 1974; Kinoshita
et al., 1965, 1968, 1969, 1981, Obazawa et al., 1974; Robison et al.,
1990a; Van Heyningen, 1959). The development of these sugar
cataracts is also dose-dependently reduced or prevented by the
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administration of systemic or topical ARIs (Kador and Kinoshita,
1984). Animal models containing low lens AR levels further
confirm the importance of AR in sugar cataract formation. Mice do
not develop sugar cataracts because their lens levels of AR are low
(Varma and Kinoshita, 1974). However, when the lens AR levels are
increased in transgenic mice, sugar cataracts rapidly develop after
induction of DM or galactosemia (Cheung et al., 2005; Grossniklaus
et al., 2010; Ho et al., 2006). Animal studies also diminish the
proposed and often accepted central role for glycation in sugar
cataract formation (Bron et al., 1993; Kandarakis et al., 2014). The
absence of sugar cataracts in diabetic or galactosemic mice has not
been correlated with any reduction of glycation. Moreover, ARIs
inhibit sugar cataracts in both diabetic and galactosemic rats
without reducing the levels of hyperglycemia or galactosemia, lens
protein glycation, or AGE formation (Chiou et al., 1980; Hamada
et al., 1996; Kador et al., 2000). The role of AR in cat, dog and hu-
man cataracts will be discussed below.
3. Diabetic retinopathy

Diabetic retinopathy manifests as a vascular disease with
ongoing neural retinal alterations where diabetes-induced changes
in the neurons, glia and retinal capillaries eventually lead to the
proliferation of new vessels that extend from the retina into the
vitreous (Antonetti et al., 2006, 2012). Neovascularization is
accompanied with secondary hemorrhage, retinal detachment, and
eventual loss of visual function. Vascular changes begin with the
selective degeneration of retinal capillary pericytes (mural cells)
which Cogan proposed to be the hallmark of diabetic retinopathy
(Cogan and Kuwabara, 1967). Capillaries with loss of pericytes
dilate and the remaining endothelial cells proliferate. Capillaries
adjacent to dilated capillaries carry less blood and gradually lose all
of their cells to become nonperfused ghost vessels. This results in
areas of nonperfused retina adjacent to areas of dilated capillaries
that continue to perfuse the retina. As the endothelial cells prolif-
erate, outpouchings of the capillary wall appear with the
concomitant laying down of basement membrane and the devel-
opment of typical diabetic microaneurysmswith marked basement
membrane thickening. In the late 1970's, support for a role for AR in
these retinal microvascular changes began with the observations
that AR was immunohistochemically detected only in the pericytes
of isolated human retinal capillaries (Akagi et al., 1983) and retinal
capillary pericytes were isolated and found to produce sorbitol
when cultured in high glucose media (Buzney et al., 1977).
lar diabetic complications and the development of topical Kinostat®,
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Subsequent work has also detected AR in rat and human retinal
endothelial cells, e.g., (Dagher et al., 2004) and in other retinal cell
types. Moreover, isolated intact retinal capillaries, when cultured in
high glucose or galactose media, produced sorbitol or galactitol
which was reduced by the presence of ARIs in the culture media
(Kennedy et al., 1983). When administered to diabetic or galacto-
semic rats, ARIs also reduced retinal capillary basement membrane
thickening (Frank et al., 1983; Robison et al., 1983). Based on this
emerging data, the National Eye Institute (NEI) and Pfizer Inc. in
1983 designed and initiated a joint clinical study, the Sorbinil
Retinopathy Trial, to determine whether the ARI sorbinil could
delay the onset or slow the progression of retinopathy from the
early to the more advanced stages (Cogan et al., 1984).

Prior to the Sorbinil Retinopathy Trial, validation for the role of
AR in diabetic retinopathy was limited because of the lack of a
practical experimental animal model that mirrored the retinal
changes observed in human diabetic retinopathy. In the early
1960's, Patz reported that spontaneously diabetic dogs developed
early retinopathy that was similar to that in humans (Patz and
Maumenee, 1962) and this was subsequently followed by a report
that alloxan-induced diabetic dogs could also develop similar
retinal microvascular changes (Engerman and Bloodworth, 1965).
Requiring up to 60 months to develop, these diabetic dogs
demonstrated retinal capillary microaneurysms, pericyte ghosts
and obliterated vessels. Moreover, these vascular changes were
reduced when similar diabetic dogs were placed in good glycemic
control (Engerman et al., 1977). However, a major drawback of
using diabetic dogs at the time was the high mortality of these
animals both in the induction of diabetes and maintenance of their
diabetes with insulin which made studies requiring a minimum of
60 dogs costly and work intensive to adequately maintain
(Anderson et al., 1993). A breakthrough came in 1984 when dogs
were documented to develop similar retinal changes after only 36
months of galactose diet despite normal insulin, glucose and lipid
levels (Engerman and Kern, 1984). The similar but faster micro-
vascular changes observed in the galactosemic dogs added support
for the hypothesis that AR plays a central role in initiating diabetic
retinopathy and reinforced the scientific premise for the sorbinil
trial.

In planning the Sorbinil Retinopathy Trial, there were concerns
over the study design. The time course of diabetic retinopathy
development had not been established and the validity of inter-
vening with an ARI at a time point where clinical microaneurysms
were already present was unknown. Limited intervention studies in
rats on cataract formation had suggested that there is a point where
intervention with ARIs is no longer effective (Hu et al., 1983);
however, similar retinal intervention studies could not be con-
ducted because of the lack of a feasible animal model. More
importantly, there was a concern that AR inhibition in the retinal
capillary target tissues would not be adequate. Therefore initial
tests were done at what was believed to be the highest well
tolerated drug dose. However, a percentage of patients receiving
sorbinil metabolized the drug to a toxic intermediate and experi-
enced adverse reactions characterized by fever, skin rash, and
myalgia (Spielberg et al., 1991). In an attempt to minimize these
adverse effects, the dosage of sorbinil was reduced to a level that
was hoped to be both safe and efficacious; in the end, it was neither.

Because of these concerns over the clinical Sorbinil Retinopathy
Study design, the NEI Intramural Research Program initiated an ARI
prevention study in galactose-fed dogs to validate the premise that
robust inhibition of AR could prevent the onset and progression of
retinal microvascular changes in that normoinsulinemic model of
diabetic retinopathy. The study was also designed to document the
onset and progression of retinal changes associated with diabetic-
like retinopathy in untreated galactose-fed dogs. To minimize
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potential biological variations, young 9-month old male beagles
were used. One group served as the normal, control group and was
fed ca. 450 g of dog diet containing 30% non-nutrient filler daily
while all other dogs received ca. 450 of dog diet containing 30%
galactose. One galactose-fed group served as the untreated control
while the other groups received either sorbinil (Pfizer Inc.) or its
more potent analog, 2-methyl sorbinil (M79175, Eisai Co., Ltd.).
Since both ARIs contain the hydantoin ring, a third non-hydantoin
ARI, zenarestat (FK366, Fujisawa Pharmaceutical Co., Ltd.), was
subsequently evaluated (Fig. 3). The 36-month end points of the
ARI studies were the anticipated clinical appearance of micro-
aneurysms and histological appearance of vascular changes asso-
ciated with diabetic retinopathy. All dogs received extensive eye
examinations at 3e4 month intervals by a diplomate veterinary
ophthalmologist along with standard clinical blood chemistries.
Eye enucleations from random dogs in the control and untreated
galactose-fed groups were initiated at 12 months and in each drug-
treated group beginning after 24 months of galactose-feeding.

4. Diabetes-like retinal changes in untreated galactose-fed
dogs

The development and progression of diabetic retinopathy is a
slow process that requires months to years in both patients and
animal models. Since AR-linked lesions are accelerated in galacto-
semic animals, the untreated control galactose-fed dogs served not
only as untreated controls for the ARI treatment studies but also as
animal models for establishing the progression of diabetic reti-
nopathy. By conducting enucleations at select time intervals
beginning at 12 months after the onset of galactose-diet, a time-
line for the histological development and clinical appearance of
retinal changes associated with diabetic retinopathy was estab-
lished (Fig. 4).

The first histological change to be observed after 19 months of
galactose-feeding in one of two dogs was retinal capillary pericyte
degeneration, and by 24months pericyte ghosts were present in all
eyes of untreated dogs examined (Kador et al., 1988, 1990a). In
addition to the pericyte ghosts, some retinal vessels from these eyes
displayed a proliferation of endothelial cells in capillaries where
pericytes were lost along with a number of acellular capillaries
where both pericytes and endothelial cells were absent. By 27
months, microaneurysms appeared in the eyes of one of three
untreated galactose-fed dogs and by 30e36 months this incidence
lar diabetic complications and the development of topical Kinostat®,
reteyeres.2016.04.006



Fig. 4. Time-frame of retinal changes in 9-month beagles fed 30% galactose diet. Retinopathy progresses from the early background stage to the advanced proliferative stage.
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increased to all eyes in untreated dogs examined. Initially, only
saccular microaneurysms appeared and their numbers increased
with the duration of galactose feeding. The formation of these
microaneurysms appeared linked to endothelial cell proliferation
associated with the presence of pericyte ghosts. By 33 months,
some microaneurysms had become markedly enlarged while
others appeared to degenerate. At the same time the first clinical
sign of early retinopathy, the appearance of dot and blot hemor-
rhages was observed by limited fundus examinations through the
cataractous lenses. Exudate formation was also present as miliary
punctate lesions deep within the retina adjacent to the hemor-
rhages. Clinically, the microaneurysms appeared predominantly in
the central area close to the optic disc; however, their number
increased with the duration of galactose feeding and by 48 months,
larger confluent hemorrhages were observed.

By 54 months of galactose feeding, cataracts in approximately 8
of 18 dogs cleared sufficiently to allow fluorescein angiography to
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be performed at 54, 56, 58 and 60 months. These revealed the
presence of dot and blot hemorrhages, focal fluorescein leakage,
occluded arterioles, intraretinal microvascular abnormalities
(IRMA), and broad areas of nonperfusion (Takahashi et al., 1992). A
striking feature of these angiograms was the development of broad
areas of nonperfusion that demonstrated the chronic progression of
capillary bed closure in these galactose-fed dogs. These observa-
tions were confirmed by trypsin digestion and histology of the
subsequently enucleated eyes. For example, after isolation of the
capillary beds by trypsin digestion, areas showing loss of blood flow
corresponded to areas containing acellular capillary networks.
Histologic examinations of cross sectioned retinas from areas of
nonperfusion also demonstrated soft exudate (cytoid bodies) in the
nerve fiber layer and some gliosis of the nerve fiber layer in the area
of nonperfusion. By 60 months, vascular changes were also
observed in the larger vessels (arteries and arterioles) of these dogs.
Occluded arterioles, often with huge hemorrhages throughout the
lar diabetic complications and the development of topical Kinostat®,
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neuronal retina, were observed in areas adjacent to areas of non-
perfusion. Trypsin digestion also revealed node-like protrusions of
the vessel walls of arteries or arterioles. With fluorescein angiog-
raphy, these nodes revealed vessel wall staining in the early filling
stage with subsequent weak fluorescein leakage. The peripheral
retina also showed the presence of large arteriovenous (A-V)
shunts. Portions of these A-V shunts displayed increased cellularity
and club-like structures that appeared to grow toward the inner
limiting membrane. In three of eight 60-month dogs, fluorescein
angiograms also revealed massive fluorescein leakage from the
vascular networks surrounding the optic disc that appeared to be
indistinguishable from fluorescein angiographic findings of neo-
vascularization of the disc. Cross-sectioned histologic studies of one
of the three eyes revealed the presence of a well-developed
vascular plexus just beneath the inner limiting membrane. These
vessels displayed characteristics associated with new vessels that
included a higher density of endothelial nuclei, narrow lumina, and
thickened basement membrane material that only weakly stained
with periodic acid-Schiff. While dogs do not specifically have a
macula and cannot develop macular edema, cystoid space forma-
tion in the outer plexiform layer, suggestive of retinal edema, was
detected by histologic examinations of cross-sectioned retinas from
dogs fed galactose diet for 60 months. Foamy histiocyte infiltration
into the cystoid spaces, suggestive of hard-exudate formation, was
also observed. Fundus photographs from dogs that were fed
galactose diet for 66 months also demonstrated both intravitreal
hemorrhages and partial posterior vitreous detachment. This sug-
gested the presence of vessels outside of the retina and provided
additional evidence for new vessel growth. By 74e80 months,
proliferative retinopathy was observed with intravitreal retinal
vascular growth (Kador et al., 1995).

In summary, dogs fed a galactose diet develop diabetes-like
retinal vascular changes that corresponded to all clinical stages of
diabetic retinopathy ranging from early background to the
advanced, proliferative stage. Specific regional analyses, achieved
by mathematically dividing each of the intact retinal vessel prep-
arations into 24 distinct sub regions, indicated that there are spe-
cific regional differences in the formation and progression of retinal
lesions with changes in pericyte density and microaneurysm for-
mation developing predominantly in the central retina, especially
at the temporal and nasal upper side (Takahashi et al., 1993). The
onset and progression of retinal changes also appears linked to the
age at onset of galactose feeding (or onset of diabetes) (Kador et al.,
2007b). In comparing retinal changes in initially 2-month versus 9-
month old beagles, significantly (p < 0.05) increased pericyte
degeneration, expressed as either the number of pericytes/mm
capillary length or the ratio of endothelial cells versus pericytes (E/
P ratio) was observed in the retinas of the younger dogs. The
number of microaneurysms per eyewas also significantly increased
in the younger dogs, but no difference in acellular capillary areas
was observed (Fig. 5). This correlates with the initial threefold
higher level of AR activity in the retinas of the 2-month-old dogs.
Clearly, these retinal vascular changes begin with the selective
degeneration of pericytes which contain AR. This was confirmed by
Northern blot analysis of cultured retinal capillary pericytes and
endothelial cells isolated from the retina of beagles (Murata et al.,
2002). When cultured separately in medium containing either
10 mM D-galactose, 30 mM D-glucose, or 2 mM of 3-
fluorodeoxyglucose, only pericytes but not endothelial cells accu-
mulated sugar alcohols. Moreover, the prolonged accumulation of
polyols induced apoptosis which was prevented by ARIs. More
importantly, as discussed below, the administration of adequate
doses of ARIs also prevented the onset and progression of retinal
vascular changes in the galactose-fed dogs.
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5. Effect of ARI treatment on the progression of diabetes-like
retinal changes

5.1. Preliminary studies

Compared to the retina, it is generally more difficult for orally
administered drugs to reach the lens. Therefore, the lens polyol
levels were examined as a surrogate biomarker for retinal polyol
concentrations with the assumption that adequate administration
of ARIs to prevent sugar cataracts should ensure that adequate
levels of ARIs are also being delivered to the retina. Because both
sorbinil and M79175 in man have tissue half-lives that are greater
than 30 h, no problem in drug availability in the dog was antici-
pated. Prior to beginning the initial NEI dog study, a small pre-
liminary multi-dose trial was conducted in dogs to confirm that an
oral dose of 50 mg/kg sorbinil adequately inhibited AR in the lens
and neural retina of the eye as well as sciatic nerve and kidney.
After pre-dosing for 3 days, all dogs were fed a 30% galactose
diet along with sorbinil for 7 days. Subsequent tissue analyses
confirmed that the 50 mg/kg dose of sorbinil reduced galactitol
levels >90% in all target tissues examined compared to untreated
galactose-fed dogs. This strengthened our assumption that drug
half-life in this study would not be a problem.

5.2. Initial prevention study

Based on the pilot dosing results, a prevention study was initi-
ated with one group of 9-month old male beagles receiving an
average single daily dose of 62 mg/kg of sorbinil administered 1 h
before feeding and a second group receiving 0.5 mg/kg of the
M79175 administered 1 h before feeding. Surprisingly, the first 4-
month examination quickly proved to be problematic. Unexpect-
edly, lens vacuole formation, an early lens change in sugar cataract
development, was observed in all ARI-treated as well as untreated
dogs, suggesting little or no protective drug effects. Pharmacoki-
netic studies of blood drug levels quickly showed that the half-life
of both drugs in dogs is less than 4 h. Overall, these results clearly
indicated that the levels of ARIs administered to the dogs to prevent
lens galactitol formation were inadequate to prevent the early
stages of cataractogenesis in this model. The ARI dosing regimen
was subsequently changed to reflect the rapid metabolism of these
drugs, with dosages of ARIs now divided around the daily galactose
diet (Kador, 1990; Kador et al., 1990b). After 9 months, an additional
group of fifteen 9-month old male beagles was added to the overall
study, with this group receiving 5 mg/kg of M79175 (high dose).
After 26 months this group was further divided with 8 dogs
receivingM79175 now supplemented with an additional 250 mg of
sorbinil (M79175-sorbinil). Clinical blood chemistry profiles
showed no apparent adverse effects related to ARI administration.

The development and progression of retinal changes was
arrested to some degree in all ARI-treated dogs. Compared with
untreated galactose-fed dogs, where a 100-percent incidence of
pericyte ghosts was observed in all eyes after 24 months of galac-
tose feeding, a 100-percent incidence of pericyte ghosts was
delayed in dogs treated with low-dose M79175 until 30 months; in
sorbinil-treated dogs until 33 months; and in the high-dose-
M79175-treated dogs until 36 months. In the M79175-sorbinil
group pericyte ghosts were present in only 50 percent of the
dogs (2 of 4 dogs). In all eyes fromARI treated dogs that were free of
pericyte ghosts, no other histologic abnormalities were detected,
and the retinal capillaries were indistinguishable from those of the
controls (Kador et al., 1990a).

The incidence and numbers of microaneurysms were also
reduced in the ARI-treated dogs. All untreated galactose-fed dogs
displayed microaneurysms after 30 months, while all dogs treated
lar diabetic complications and the development of topical Kinostat®,
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with low-dose M79175 and all dogs treated with sorbinil displayed
microaneurysms at 33 months and 36 months, respectively. Some
dogs from each of these three groups also displayed intraretinal
hemorrhages by 33 months. In dogs receiving high-dose M79175, a
single microaneurysm was observed in one dog after 33 months of
galactose feeding, and two microaneurysms were observed in one
of two dogs after 36 months. No microaneurysms were present in
M79175-sorbinil-treated dogs at 33 months of galactose feeding,
but one of four dogs displayed onemicroaneurysm after 36months.
None of the high-dose M79175-treated or M79175-sorbinil-treated
dogs displayed intraretinal hemorrhages during the 36-month
period.

From these observations the time required to develop a 50%
incidence of pericyte ghosts and microaneurysms was calculated
and compared to the cataract severity observed in these dogs
(Table 1). In addition, the adrenal gland galactitol levels were
measured as an indicator of systemic ARI inhibition. The results
indicate that the decrease in retinal changes and cataract devel-
opment correlated with the adrenal gland galactitol levels in the
order: no treatment > low-dose M79175 > sorbinil > high-dose
M79175 > M79175-sorbinil.

The retinal changes in all 36-month dogs were quantified with
computer image analysis (Takahashi et al., 1993). Individual maps of
each isolated intact retinal vasculature were constructed. Each map
was divided into 24 distinct subregions and measurements of the
endothelial cell to pericyte (E/P) ratio were conducted in 0.1 mm2

areas surrounding the midpoints of 12 subregions associated with
the highest incidence of microaneurysms. The E/P ratio of dogs on
control diet was 3.01 ± 0.12 compared to the significantly (p < 0.05)
higher ratio of 4.75 ± 0.55 in the untreated galactose-fed group. The
E/P ratio of the sorbinil treated group was 4.09 ± 0.61, the low dose
Table 1
Summary of ARI effects on retinal, lens and tissue biological markers observed in galacto
required in months to develop a 50% incidence of either pericyte ghosts or microaneury
jectively classified on a scale of 0 to 4, with 4 being the most advanced cataract accordi
anterior or posterior cortex; 2) a progression of vacuoles and opacification to stria in the c
and 4) a complete dense cataract.

Biological marker Galactose diet

Untreated Sorb

Pericyte ghosts 19.2 29.7
Microaneurysms 27.4 31.3
Cataract severity 2.5 1.6
36 Month adrenal gland galactitol levels (mg/mg protein) 10.02 1.04

a Calculated from 30e36 month values.
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M79175 group was 5.40 ± 1.20, the high dose M79175 group was
3.94 ± 0.31, and the M79175-sorbinil group was 3.57 ± 0.19. Of the
ARI treated galactose-fed dogs, only the E/P ratio of the M79175-
sorbinil group was significantly (p < 0.05) lower than the E/P
value of the untreated galactose-fed dogs.

This initial study confirmed that retinal changes are linked to AR
activity with the greatest delay in retinal changes observed with
the highest systemic levels of AR inhibition. ARIs protected against
the degeneration of retinal pericytes and the subsequent formation
of microaneurysms in an apparent dose-dependent manner. The
retinal changes also correlated with the degree of cataract devel-
opment, supporting the premise that for systemically administered
ARIs, inhibition of cataract formation can serve as a surrogate
biomarker for AR inhibition in retinal pericytes. The results also
raised the question of whether AR activity in this study had or had
not been sufficiently reduced to achieve maximum possible
protection.

5.3. Expansion of the prevention studies

Since no adverse effects were observed at the ARI doses
administered, an additional study utilizing higher doses of M79175
was initiated along with two doses of the non-hydantoin ARI,
zenarestat (FK366). Using a similar experimental design with 9-
month old male beagles fed 30% galactose diet, eight dogs in each
group received an average dose of either 10 or 16 mg/kg/day of
M79175 administered around the galactose diet for 38 months
(Kador et al., 1994). In addition, groups of 12 galactose-fed beagles
received either an average of 30 mg/kg/day or 180 mg/kg/day of
FK366. Thesewere similarly administered around the galactose diet
as those receiving M79175. Appropriate controls were chosen from
se-fed dogs. The values for pericyte ghosts and microaneurysms represent the time
sms. Cataract severity (calculated as the mean score from 6e36 months) was sub-
ng to the criteria: 1) an incipient cataract with some degree of vacuolization in the
ortex with involvement of the sutures; 3) opacification of most of the visible cortex;

inil M79175 low dose M79175 high dose M79175 þ Sorbinil

26.7 31.5 35.7
29.7 35.7 >36.0
2.1 0.9 0.7a

2.31 0.36 0.14
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a concurrent study containing 12 similar age matched male beagles
receiving only galactose diet (untreated galactose-fed group) and
12 control beagles receiving only standard diet containing 30% non-
nutrient filler.
5.4. M79175 treated groups

Administration of higher doses of M79175 resulted in an even
greater reduction in pericyte ghost, microaneurysm, and visible
hemorrhage formation. At 38 months pericyte ghosts were present
in the eyes from 4 of 4 untreated galactose-fed dogs examined, 2 of
4 dogs receiving 10 mg/kg/day M79175 and in 1 of 4 dogs receiving
16 mg/kg/day M79175. The 4 untreated dogs also had a mean
number of 22 microaneurysms per eye examined compared to only
a single microaneurysm in 1 of 4 eyes from dogs treated with
10 mg/kg/day M79175 and 2 microaneurysms in 1 of 4 eyes from
dogs treated with 16 mg/kg/day M79175. No clinically visible
hemorrhages were present in either M79175 treated group
compared to visible hemorrhages in 2 of 4 untreated galactose-fed
dogs. When combined with the results from the first study, a dose-
response effect in retinal vessel changes was apparent (Fig. 6)
(Kador et al., 1994).

Cataract formation was also reduced by M79175 treatment.
Compared to an average cataract severity of 2.2 in the untreated
galactose-fed dogs, those treated with 10 and 16 mg/kg/day of
M79175 had cataract severities of 0.5 and 0.3, respectively. This
dose-dependent reduction of cataract formation correlated with
the similar dose-dependent reduction of microaneurysms (Fig. 7).

The retinal changes in all 38-month dogs were also quantified
using computer image analysis to reveal a similar dose-dependent
decrease in retinal changes (Neuenschwander et al., 1997).With the
exception of endothelial densities which remained unchanged in
the galactose-fed dogs, M79175 treatment reduced vascular
changes in all parameters examined. The endothelial cell to peri-
cyte (E/P) ratio, a marker for pericyte destruction that increases
with the duration of galactose feeding, was not significantly
different in dogs treated with 16 mg/kg/day M79175 compared to
age-matched non-galactose-fed dogs. These studies confirmed that
adequate administration of ARIs can provide dose-dependent
protection against pericyte degeneration and subsequent micro-
aneurysm formation. In addition, these studies indicated that
reduction of cataract formation was directly related to a reduction
in retinal changes.
5.5. FK366 treated groups

While the ARI zenarestat (FK366) showed potential for clinical
efficacy in reducing diabetic neuropathy (Brown et al., 2004;
Greene et al., 1999), similar administration of this carboxylic con-
taining ARI to galactose-fed dogs did not result in any reduction of
Fig. 6. Dose dependent effect of M79175 on pericyte ghost and microaneurysm formation an
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either retinal or lens changes. As shown in Fig. 8, the administration
of either 30 mg/kg (low dose) or 180 mg/kg (high dose) of FK366
had no effect on cataract formation. This lack of apparent drug
activity was also observed in retinal vascular changes. No delay in
the appearance of pericyte ghosts, microaneurysms, or hemorrhage
was observed suggesting that FK366 did not adequately reach the
retinal pericytes. Because of the apparent lack of a drug effect,
select tissue analyses were conducted at 30 months of galactose
feeding (Fig. 9). Despite the lack of retinal activity, evaluation of
galactitol levels indicated that FK366 dose-dependently inhibited
galactitol formation in the whole retina. Similarly, FK366 inhibited
galactitol levels in the sciatic nerve and kidney, but not in the lens.
The degree of inhibition correlated with the observed drug levels in
these tissues.

While high dose FK366 inhibited 94% of galactitol formation in
the whole retina, it failed to reduce either pericyte ghost or sub-
sequent microaneurysm formation. AR is not only present in peri-
cytes but also the Müller cells, ganglion cells and retinal pigmented
epithelium cells of the retina (Akagi et al., 1984, 1986c; Sato et al.,
1993; Vinores et al., 1988). Specific galactitol or drug levels in
retinal pericytes cannot be determined because of technical prob-
lems associated with small size and isolation of retinal pericytes.
Since capillary pericytes make up less than 0.01% of the retinal
mass, the observed galactitol inhibition in thewhole retina may not
reflect specific galactitol inhibition in the pericytes. Neutral
hydantoin ARIs, in general, penetrate tissues better than ionized
carboxylic acid-containing ARIs. The hydantoin M79175, in contrast
to the carboxylic acid FK366, demonstrated both a dose dependent
reduction in pericyte degeneration and cataract formation. How-
ever, the similar but less potent hydantoin sorbinil failed to prevent
retinal changes in galactose-fed dogs despite an apparent 90e96%
reduction of retinal galactitol levels (Kern and Engerman, 1991).
Sorbinil also failed to inhibit cataract formation in these dogs (Kern,
1990). This negative study also failed to take into account the short
half-life of this hydantoin. Therefore, a comparison the sorbinil
study with the FK366, which also reduced retinal galactitol levels
by 94%, suggests that both sorbinil and FK366 levels were sufficient
to lower galactitol by 94e96% but insufficient to inhibit AR enough
in both the retinal pericytes and lens to successfully prevent peri-
cyte degeneration and cataract formation.

These data raise once again the fundamental question of the link
between tissue polyol levels vs. AR activity per se, e.g., (Oates,
2008). That is, these data in ocular tissues clearly indicate that an
extremely high degree of reduction of tissue polyol is needed for
ARI efficacy, very similar to findings reported in the diabetic nerve
where 90% correction of nerve dysfunction requires 99% suppres-
sion of sorbitol (Cameron et al., 1994). Experimentally, the under-
lying basis for such a relationship remains unclear. As discussed
above, it could relate to a small number of critical cell type(s) that
are osmotically sensitive which happen(s) to be difficult for ARIs to
d clinical appearance of dot and blot hemorrhages in 36e38 month galactose-fed dogs.
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Fig. 8. Comparison of cataract formation in untreated (black) versus 30 mg (red) and
180 mg (green) FK366 treated dogs fed galactose for 36 months.
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reach in high enough concentration. On the other hand, these data
could indicate a fundamentally nonlinear linkage between tissue
polyol content vs. AR enzyme turnover/utilization of NADPH (Oates,
2002). Such a situation could be envisaged if targeted ocular cells
exhibited a relatively modest leak of polyol, perhaps connected
with a volume regulatory response to osmotic stress. For example,
P-glycoprotein is a modulator of volume-regulatory chloride
channels that has been shown to upregulate two-fold in galactose-
exposed rat lens and primary lens epithelial cells (Miyazawa et al.,
2007). Theoretically, under conditions where the rate of product
production by AR, e.g., galactitol, greatly exceeds the rate of
metabolism or leakage of the AR product (e.g., galactitol), the
steady-state relationship between the product concentration vs.
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the degree of inhibition of AR becomes strongly nonlinear e such
that measured tissue polyol content can underestimate the degree
of inhibition of AR flux and NADPH consumption (Oates, 2002).
Good experimental data are lacking on this important point.

While FK366 failed to sufficiently inhibit retinal vascular
changes and cataract formation in galactose-fed dogs, this com-
pound did demonstrate beneficial AR inhibitory activity in corneal
endothelial cells of the same dogs. Computer size measurements of
100 corneal endothelial cells were conducted on all images ob-
tained by specular microscopy at 36 months. Analyses of these
images indicated that the mean size of corneal endothelial cells
increased from a value of 662.5 ± 44.9 (mean ± S.D.) for the control,
fiber-diet treated dogs to an average value of 732.8 ± 31.7 for the
untreated galactose-fed dogs. In the low dose FK366 treated dogs,
the size of the endothelial cells was significantly (p < 0.05) reduced
to an average size of 694.3 ± 67.9. An even greater reduction was
obtained with high dose FK366 where the average cell size of
668.8 ± 50.4 was similar to the 662.5 ± 44.9 value obtained for
corneal endothelial cells from the fiber-fed controls.

5.6. Intervention studies

The NEI prevention studies in galactose-fed dogs confirmed the
premise that AR activity is linked to the onset of diabetes-like
retinal vascular changes and that administration of adequate doses
of some, but not all, ARIs can prevent the onset and progression of
retinal vascular changes. Meanwhile, the Sorbinil Retinopathy Trial,
which assumed that the 36 month treatment with the ARI sorbinil
would reduce the progression of retinal vascular changes after the
initial clinical appearance of microaneurysms, failed to demon-
strate a clinically significant reduction of the increase in micro-
aneurysms (Sorbinil Retinopathy Trial Research Group, 1990). In
comparison, a significant reduction in the progression of
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retinopathy was obtained by 48 months of intensive glycemic
control in type 1 diabetics (Diabetes Complications Control Group,
1995). However, histopathologic studies conducted on 4 dogs
which initially received galactose diet for 24 months followed by
normal diet for 36months, reported that the progression of some of
the retinopathy endpoints were not halted by the removal of the
galactose diet (Engerman and Kern, 1995). Since the removal of
galactose substrate for AR by withdrawal of galactose diet might be
equivalent to 100% inhibition of excess AR activity, this implied that
the NEI prevention studies in galactose-fed dogs might not be
relevant for providing insight into interventional trials such as the
Sorbinil Retinopathy Trial. Therefore, NEI diet removal studies were
next undertaken.

5.7. Galactose diet removal studies

These studies were again conducted with 9 month old male
beagles (Kador et al., 2002). Ten dogs received control diet con-
taining 30% fiber while 50 dogs received standard diet containing
30% galactose. After 24 months, the galactose diet was removed
from 15 randomly selected dogs and the galactose diet was
removed from an additional 15 randomly selected dogs at 31
months. These time points corresponded to the previously
established onset of pericyte ghosts and microaneurysms,
respectively. Eyes were periodically enucleated from dogs in each
group and the intact isolated retinal vasculature from each eye
was subjected to regional quantitative analysis as previously
established.

In this study, the duration of galactose diet resulted in a steady
decline in retinal pericytes per capillary length and this loss
became significant (p < 0.05) by 42 months of duration, compared
to similar measurements from 30% fiber-fed controls. On the other
hand, the levels of endothelial cells per capillary length remained
constant and did not significantly (p < 0.05) decline until the 60
month period which corresponded to the advanced, preprolifer-
ative retinopathy stage. In the control dogs, the levels of both
pericytes and endothelial cells per capillary length remained
constant. Similarly, after the 24 and 31 month galactose diet
removal, the levels of pericytes and endothelial cells per capillary
length remained constant from the time of galactose removal to
60 months. These results indicate that the removal of galactose
diet prevented the further destruction of pericytes. This increase
in pericyte loss can clearly be seen when expressed as E/P ratios
(Fig. 10). In the continuous galactose fed dogs, the E/P ratio
steadily increased, becoming significantly higher from 42 to 60
months compared to the controls. In contrast, the E/P ratios for
dogs removed from the galactose diet at either 24 or 31 months
remained essentially constant and did not significantly increase
from the time of diet removal up to the 60-month period exam-
ined. Similar results were also observed in the subsequent
development of microaneurysms and acellular capillaries. More-
over, the time-lines of the data confirmed that the destruction of
pericytes precedes the formation of microaneurysms and the
formation of areas containing acellular capillaries which corre-
spond to the areas of nonperfusion.

This study shows that retinal vascular changes are not readily
reversible, because removal of the galactose diet when either per-
icyte destruction or microaneurysm formation has occurred did not
result in any decrease of these vascular lesions. However, discon-
tinuation of the diet at the initial stages of background retinopathy
beneficially delayed the progression of retinal lesions. These results
are consistent with reports that intensive hyperglycemic control
delays the progression of retinopathy and confirm that the
galactose-fed dog is a relevant animal model for investigating the
progression of hexose-induced retinal lesions.
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5.8. Clinical evaluation of retinal changes in galactose-fed dogs

The galactose diet removal study demonstrated that retinal
vascular changes observed by histology are not readily reversible,
nor do they significantly increase with the absence of galactose diet
(Kador et al., 2002). However, during the 60-month duration of
galactose diet, retinal changes had progressed from an initial onset
of retinopathy to the advanced preproliferative stage and this
development could not be appropriately analyzed by histology
alone. Therefore, a 74 month study was initiated employing the
common clinical technique of fluorescein angiography to evaluate
the effects of ARI treatment and galactose withdrawal on clinically
observable retinal lesions, particularly retinal nonperfusion which
precedes the development of retinal neovascularization in
galactose-fed dogs (Cusick et al., 2003). These dogs were followed
through all stages of retinopathy, including the advanced neo-
vascular stage. Because cataracts induced by galactose feeding
interfere with fundus photography, all dogs were required to be
aphakic. Therefore, prior to the onset of the study, all male beagle
dogs underwent bilateral lens removal by phacoemulsification at 3
months of age. YAG laser photocoagulation was subsequently per-
formed on all aphakic dogs to improve the opening of the posterior
capsules to facilitate fundus photography. At 9 months of age all
dogs were randomly divided into four groups. The first group of 3
dogs (control) received 30% non-nutrient fiber control diet. The
second group of 11 dogs (continuous galactose) received 30%
galactose diet for the entire duration of the study. The third group
of 8 dogs (galactose withdrawal) received 30% galactose for 36
months followed by replacement of the galactose diet with the 30%
non-nutrient fiber control diet. The fourth group of 8 dogs
(M79175-treated galactose withdrawal) received a daily dose of
16 mg/kg/day M79175 as described above along with 30% galactose
diet. After 34 months, both the galactose diet and ARI were
replaced with 30% non-nutrient fiber control diet for the duration
of the study.

Stereoscopic fundus photographs and fluorescein angiograms
were obtained during ophthalmoscopic examinations starting at
baseline when diets were initiated, and twice yearly following the
third annual exam. The photographic data was graded by a masked
reader and assessed for the presence or absence of retinopathy,
hyperfluorescence, nonperfusion, and retinal neovascularization at
each individual visit. The severity of nonperfusion was graded ac-
cording to the following predetermined levels: 1: no retinopathy;
2: hyperfluorescence; 3: nonperfusion <2 optic disc areas; 4:
nonperfusion�2 and <4 disc areas; 5: nonperfusion�4 and <9 disc
areas; 6: nonperfusion �9 disc areas and <½ field; 7: nonperfusion
�½ field and <1 field; 8: nonperfusion �1 field. The presence or
absence of retinal neovascularization was noted and no side-by-
side comparisons were performed. The outcome of nonperfusion
of �½ field or worse was considered to be a clinically meaningful
outcome that may be similar to the severe nonproliferative diabetic
retinopathy stage in human studies. This stage often triggers
treatment.

For the first 27 months of the study, fluorescein angiograms
indicated the absence of retinal lesions in all groups and retinal
abnormalities remained absent in all control dogs throughout the
74 month course of the study. In the continuous galactose-fed dogs,
hyperfluorescence and fluorescein leakage developed by 36
months. By 42 months, these dogs showed areas of nonperfusion
that progressed by 53 months to sizes equal � ½ field. Neo-
vascularization became apparent by 60months and 7 out of 10 dogs
showed proliferative disease at the 74 month study completion
date. Fig.11 illustrates the progression of retinal lesions observed by
fluorescein angiography. The first sign was the appearance of small
areas of hyperfluorescence accompanied by fluorescein leakage.
lar diabetic complications and the development of topical Kinostat®,
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Fig. 10. Effect of galactose diet removal on changes in endothelial cell to pericyte ratio, microaneurysm formation, and acellular vessel formation observed in the eyes from control
(�), continuously galactose diet ( ), galactose diet removed at 24 months ( ) and galactose diet removed at 31 months ( ) dogs. Results are from quantification of histological
changes with each point representing n ¼ 4e5 eyes, mean ± SD. Symbols indicate significant differences between the continuous galactose-fed group and all other groups at the *
p < 0.01 and zp < 0.05 level. No significant differences between the control and either galactose-removed group were observed.
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These areas of fluorescein leakage eventually disappeared and
progressed into areas of nonperfusion, with these areas of non-
perfusion increasing in size to greater than ½ of the field size. Areas
of nonperfusion are linked to retinal ischemia, and increasing
ischemia is associated with the development of proliferative dis-
ease with neovascularization identified by the appearance of ves-
sels that demonstrate fluorescein leakage that are located around
the optic disc (Fig. 12).

A similar progression in the appearance of retinal lesions was
observed in the 36 month galactose withdrawal group. However,
the proportion of dogs demonstrating retinal lesions was consis-
tently lower in this group compared to the continuously fed
galactose diet dogs. Of the 6 dogs in the galactosewithdrawal group
examined at 74 months, 5 showed evidence of nonperfusion, 3
showed nonperfusion �½ field, and 2 showed signs of
neovascularization.

Compared to the continuous galactose-fed group, the M79175-
treated galactose withdrawal group showed a delayed time until
the first appearances of outcomes. Areas of hyperfluorescence
developed after 47 months and nonperfusion was not observed
until 53 months. In contrast to the continuous galactose-fed and
the galactose withdrawal groups, none of these dogs developed
areas of nonperfusion�½ field nor retinal neovascularization at the
74 month study completion date. At 74 months, only 4 of 7 dogs
showed signs of nonperfusion.

In addition to the appearance of the fluorescence angiographic
lesions, timing to the first appearances of hemorrhages and
Fig. 11. Fluorescein angiograms illustrating the development of retinal areas of nonperfus
fluorescence (arrows) developed (left) followed by areas of nonperfusion (arrows) that a
nonperfusion increases with the duration of galactose feeding (right).
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microaneurysms were also evaluated. In both the galactose with-
drawal and M79175-treated galactose withdrawal groups, the
appearance of hemorrhages and microaneurysms were similar to
that of the appearance of hyperfluorescence; however, hemor-
rhages and microaneurysms developed last in the M79175-treated
galactose withdrawal group.

The cumulative distribution functions for progression to any
retinal nonperfusion, nonperfusion �½ field, and retinal neo-
vascularization, along with the median times to these outcomes
derived from the estimated Weibull survival function, are shown in
Fig. 13. Statistically significant differences in median survival times
were seen between the galactose-withdrawal and M79175-treated
galactose-withdrawal groups for development of nonperfusion �½
field (p ¼ 0.003) and neovascularization (p ¼ 0.03), compared by
data permutation. Median times to outcomes were longer for dogs
in the galactose-withdrawal group compared to those in the
continuous galactose-fed group.

This study indicates that the combination of M79175 treatment
during galactose feeding followed by withdrawal of both at 34
months is statistically more beneficial that withdrawing galactose
diet alone in the primary outcomes of this study. Although
M79175-treated galactose withdrawal group cannot be directly
compared to the continuous galactose group due to the additional
benefits associated with the withdrawal of galactose in the
M79175-treated group, the results suggest that ARIs, when
administered during galactose feeding, provide protection against
the future development of retinal lesions. Nevertheless, the present
ion in continuous galactose-fed dogs. Beginning at 36 months, focal areas of hyper-
re characterized by a decreased amount of fluorescein leakage (center). This area of
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Fig. 12. Fluorescein angiograms illustrating the presence of proliferative changes in the retina of continuous galactose-fed dogs. The fundus photograph taken near the optic disc (A)
demonstrates in the early (B) and late (C) angiograms massive fluorescein leakage around the optic disc after the injection of fluorescein that is typically indicative of neo-
vascularization. New vessel formation was subsequently confirmed by histology.
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Fig. 13. Estimated probability of progression to any retinal nonperfusion (top left), progression to nonperfusion � ½ field (top right), and progression to neovascularization (bottom
right) among the control (black), continuous galactose fed (red), galactose withdrawal at 36 months (blue) and M79175-treated galactose withdrawal at 34 months (green) groups of
dogs. The table (bottom left) lists the estimated month to outcome values for each group of dogs.
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study supports the previously reported beneficial effects of ARIs on
delaying the onset and progression of retinal lesions in galactose-
fed dogs. These results suggest a possible role for ARIs in the
delaying the onset of key endpoints in human diabetic retinopathy.
The results also demonstrate the importance of good glycemic
control in slowing the progression of retinopathy and that reti-
nopathy continues to progress for a period of several years, even
after perfect control of glycemia. Consistent with recent data
(Giacco et al., 2015; Kowluru et al., 2010) this is probably due to the
fact that repeated hyperglycemic insults initiate a cascade of
biochemical changes in retinal and vascular cells that cannot be
readily reversed.

5.9. Transgenic mouse studies

The Chung group, evaluating primarily retinal cross sections by
light microscopy, has reported that an AR-deficient mouse does not
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develop signs of early diabetic retinopathy (Cheung et al., 2005).
However, the development of advanced diabetic retinopathy in
diabetic or galactosemic mice is controversial (Kern et al., 2010),
and Obrosova reported that retinal sorbitol accumulation and
oxidative stress in the mouse are much lower than in the rat,
possibly due to low levels of AR in the retina (Obrosova et al., 2006).
This premise is in agreement with observations that mice do not
form sugar cataracts because their lens levels of AR are low (Varma
and Kinoshita, 1974). In fact, only transgenic mice where lens levels
of AR are increased develop sugar cataracts (Ai et al., 2000; Lee
et al., 1995). Therefore, new colonies of transgenic mice were
established where AR levels were increased in tissues expressing
smooth muscle actin (SMAA) which include retinal capillary peri-
cytes (Kador et al., 2012). Colonies of transgenic C57BL/6 mice
expressing green fluorescent protein (GFP) (SMAA-GFP), human AR
(hAR) (SMAA-hAR) or both (SMAA-GFP-hAR) in their vascular tis-
sues also expressing SMAA, were established. Thesewere crossbred
lar diabetic complications and the development of topical Kinostat®,
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with C57BL/6-Ins2Akita/J (AK) mice to produce naturally diabetic
offspring AK-SMAA-GFP and AK-SMAA-GFP-hAR transgenic mice.
GFP was introduced to aid in differentiating vascular pericytes from
endothelial cells. The fluorescent appearance and fluorescent AR
staining are illustrated in Fig. 14 (left). The Akita transgenics
develop DM by 8 weeks and the hAR expressing transgenics (AK-
SMAA-GFP-hAR) have retinal sorbitol levels that are higher than
transgenics not expressing hAR (Fig. 14, right). The sorbitol levels in
AK-SMAA-GFP and AK-SMAA-GFP-hAR retinas in Fig. 14 are very
similar to the levels reported in fresh human and rat retinas
exposed for 24 h to elevated glucose levels, ~15 nmol/mg protein
(Lorenzi and Oates, 2008).

When hAR is introduced into these diabetic transgenic mice,
they develop retinal changes that are similar to those in strepto-
zotocin induced diabetic rats (Guo et al., 2014). The isolated retinal
vessels from 18 week old diabetic hAR transgenics showed
decreased capillary cell density and increased capillary acellularity
that were prevented by ARIs similar to those in diabetic rats
(Fig. 15).

The hAR transgenics also show induction of retinal growth
factors IGF-1, bFGF and TGFb, as well as signaling changes in P-Akt,
P-SAPK/JNK, and P-44/42 MAPK that are normalized by ARIs. These
changes are similar to the AR-related lens changes (Zhang et al.,
2012b). Diabetic hAR expressing transgenics also have higher
VEGF levels just like rats (Obrosova et al., 2003). Since all of these
retinal changes are prevented by ARI administration in the trans-
genic mice, these studies confirm that the increased expression of
AR in mice contributes to the development of vascular changes
associated with early diabetic retinopathy. Since the retinal
changes in the hAR expressing transgenic are also similar to those
observed in diabetic rats, this indicates that retinal AR levels are
critical for the early development of retinal changes. These changes
are not limited to vascular tissue since AK-SMAA-GFP-hAR mice
show reduced ERG scotopic b-wave function, which is normalized
by ARIs.

In summary, the various NEI galactose-fed dog retinopathy
studies demonstrate that AR is linked to pericyte degeneration and
that, like diabetic retinopathy, pericyte loss begins a progression of
retinal changes that ends in blinding proliferative retinopathy.
These changes are reduced by the administration of doses of ARIs
that are sufficient to inhibit AR activity in the retinal capillary
Fig. 14. Appearance of retinal capillaries isolated from transgenic mice and comparison o
appearance of the isolated retinal vasculature from a SMAA-GFP mouse under white light
nohistochemical staining of isolated capillaries from C57BL/6 control (C) and SMAA-GFP-hA
AR (Akagi et al., 1983; Hohman et al., 1989) showed staining in pericytes. The capillaries from
from either human or rat, indicating low levels of AR present. The graph on the right shows t
sorbitol (p < 0.05) accumulate in the neural retina.
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pericytes. The importance of the link between AR activity and
pericytes is strengthened by transgenic mouse studies which also
demonstrate that adequate cellular levels of pericyte AR are critical
for initiation of the vascular changes. AR allele correlations in
humans further strengthen the clinical link of AR with acceleration
of diabetic retinopathy. Despite early failures to demonstrate clin-
ically significant effects of ARIs on endpoints of diabetic retinopathy
(Feman et al., 1996; Sorbinil Retinopathy Trial Research Group,
1990; van Gerven et al., 1994), ARIs, to date, have demonstrated
the most promising preclinical experimental evidence in prevent-
ing the onset and slowing the progression of the lesions of early
diabetic and galactosemic retinopathy. However, the costs of a large
long-term retinopathy trial along with the history of negative
outcomes and the lack of a generally accepted biomarker make it
difficult for researchers to conduct future diabetic retinopathy trials
with any newer, more potent ARIs (Ferris III, 2005). Nevertheless, it
is hoped that the lessons learned to date will help form a solid
foundation for devising future novel and safe strategies to fully
normalize metabolic flux through retinal AR and thereby markedly
slow the progression of human diabetic retinopathy.
6. Development of Kinostat®

The dog retinopathy studies at the NEI established not only that
sugar cataracts can be dose-dependently inhibited or delayed by
ARIs, but that this inhibition of cataract formation can serve as a
surrogate marker for AR efficacy in preventing retinal capillary
changes associated with diabetic-like retinopathy
(Neuenschwander et al., 1997; Sato et al., 1998). Could this obser-
vation be transitioned to veterinary ophthalmology?

Diabetes Mellitus is an Increasing Problem in Veterinary Medicine
Just as in humans, DM is an increasing problem with companion
pets. At present, there are over 78 million dogs and 85 million cats
in the United States and according to the American Veterinary
Medical Association (AVMA), these companion pets are living
longer due to better nutrition and preventive veterinary care
(Hasuike et al., 2002). The risk of developing DM increases with age
and currently 40% of all dogs and cats are at least seven years old
(Organization, 2007). The prevalence of DM in dogs ranges from 1
in 400 to 1 in 500 (PetMD, 2011). A similar 1 in 500 prevalence has
been reported for dogs between 5 and 12 years of age in the United
f retinal and lens polyol levels obtained from these mice. Left A shows the confocal
and B fluorescence indicating intense GFP localization in pericytes. Similarly, immu-

R (D) mice with red staining Texas red conjugate of AR antibody from human placental
control mice (C) showed minimal immunohistochemical staining with AR antibodies

hat when crossed with the naturally diabetic Akita mouse, significantly higher levels of
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Fig. 15. Appearance and changes of isolated retinal capillaries from 18 week non-diabetic SMAA-GFP-hAR mice and diabetic AK-SMAA-GFP-hAR mice treated with or without the
hydantoin ARI AL1576 or carboxylic acid ARI statil and 10 week diabetic rats treated with or without the same ARIs. The representative appearances of retinal vessels from SMAA-
GFP-hAR mice (A), AK-SMAA-GFP-hAR mice (B) and AK-SMAA-GFP-hAR mice treated with AL1576 (C), control rat (D), diabetic rat (E) and diabetic rat treated with Al1575 (F) are
shown. The red arrow indicates acellular vessels. The capillary cell density expressed as capillary nuclei per 100 mm of capillary length for the mice and rats is summarized in (G)
showing a small decrease in the number of nuclei per capillary length in the diabetic AK-SMAA-GFP-hAR mice compared to either the SMAA-GFP-hAR mice or AK-SMAA-GFP-hAR
mice treated with AL1576. In the 10 week diabetic rats, the untreated diabetic rats showed a significant reduction in retinal capillary nuclei compared to either non-diabetic controls
or diabetic rats treated with ARIs AL1576 or statil. The percent of acellular capillaries present in the examined neural retinal capillaries is summarized in (H). A small, but significant
increase in the percent acellular vessels present in the diabetic AK-SMAA-GFP-hAR mice compared to either AK-SMAA-GFP-hAR mice treated with AL1576 (p < 0.007) or non-
diabetic SMAA-GFP-hAR (p ¼ 0.03) mice. Mean ± S.E.M. *p < 0.05 compared to SMAA-GFP-hAR. **p < 0.05 compared to non-diabetic control. Bar ¼ 50 mm. Figure from (Guo
et al., 2014).
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Kingdom (Catchpole, 2007). The prevalence of DM in dogs has
increased 3-fold between 1970 and 2000 (Guptill et al., 2003).
These figures represent the incidence of DM in the general dog
population; however, not all breeds equally develop DM, with
smaller sized dogs which in general live longer, being more sus-
ceptible to DM. Females are also twice as likely to develop DM as
males, but the risk of DM in males increases with castration
(Marmor et al., 1982). In cats the incidence of DM ranges from 1 in
50 to 1 in 400 and again several breeds are associated with higher
levels of DM (Rand et al., 2004).

6.1. Cataracts are problematic in dogs

DM in dogs, but not cats, is characterized by the rapid onset of
blinding bilateral cataracts. These develop in diabetic dogs within
5e6 months of DM diagnosis (Gelatt, 1975). Cataracts seldom
develop in diabetic cats because lens AR levels are much lower in
age-matched cats than dogs (Richter et al., 2002). Often, DM is
diagnosed in dogs only after their owners notice apparent changes
in the appearance of their dog's eyes. As a result, early cataracts are
Please cite this article in press as: Kador, P.F., et al., Aldose reductase, ocu
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already present in 21% of dogs at the time of DM diagnosis (Beam
et al., 1999). As with humans, cataract formation leads to vision
loss and blindness. Without surgical intervention, untreated cata-
racts can initiate lens-induced uveitis that results in intractable
uveitis, and painful glaucoma. At present, the only treatment
available is cataract surgery, and the general consensus of veteri-
nary ophthalmologists is that the majority of cataract surgeries are
being conducted on diabetic dogs. Phacoemulsification with
intraocular lens implantation has a success rate of 85e90% (Lim
et al., 2011) and complications include postoperative ocular hy-
pertension (22.9%), corneal lipid opacity (19.0%), uveitis (16.2%),
intraocular hemorrhage (12.3%), retinal detachment (8.4%), and
glaucoma (6.7%) (Klein et al., 2011). Complications are higher in
diabetic compared to nondiabetic dogs (Oliver et al., 2010).

The surgical expense for restoring vision for humans is easily
justified A similar expenditure on dogs is less clear, especially to
those without pets, because the cost of treatment outweighs the
relative cost of replacing the pet. However, 80% of all households
with companion pets describe them as family members and 70%
include their pet's name on greeting cards. The majority also
lar diabetic complications and the development of topical Kinostat®,
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include their pets in family and holiday portraits (American
Veterinary Medical Association, 2012). These strong emotional
ties between owners and their pets is the reason why expensive
cataract surgery is performed on diabetic and older, 12e14 year old
pets to restore their vision. Similarly, many owners provide
expensive glaucoma medication for their dogs for years rather than
“replacing” these family members.
6.2. Identifying an aldose reductase inhibitor (ARI) candidate

Sugar cataract formation in galactose-fed animals is more rapid
and severe than in diabetic animals because AR reduces galactose
to galactitol more rapidly than glucose to sorbitol. Furthermore
unlike sorbitol, galactitol is poorly metabolized by sorbitol dehy-
drogenase. As a result, galactose-induced cataracts are more diffi-
cult to inhibit. Therefore, using galactose-fed animals to identify
suitable drug candidates for inhibiting cataracts serves as the “acid
test” for evaluating the in vivo efficacy of ARIs (Kador and Kinoshita,
1984). Based on studies conducted with a number of structurally
diverse ARIs, M79175, also known as 2-methyl sorbinil or 2-MS,
was found to be a promising candidate. Hydantoin rash is not
associated with 2-MS in dogs and the compound also appeared to
be safe when orally administered to dogs at 16mg/kg/day for over 3
years. 2-MS successfully suppressed cataract formation in the
galactose-fed dogs; however, because of its relatively short half-life
in dogs, suitable efficacy could only be achieved through multiple
oral doses per day (Fig. 16) (Sato et al., 1991, 1998). Since this
required dosing would not be commercially feasible, topical
administration of 2-MS was pursued because localizing the
administration of 2-MS on the eye bypasses first-pass liver meta-
bolism that results in the rapid excretion of 2-MS (Chiou, 1994).
However, tear flow in dogs is more than 5-fold higher than in
humans (Schirmer test 18e24 mm/min versus ~3 mm/min,
respectively) (Broadwater et al., 2010; Karampatakis et al., 2010). As
a result, standard topical formulations with 2-MS proved to be
unsatisfactory because of the rapid washout of 2-MS (Kador et al.,
2007a). Nevertheless, a suitable viscous formulation resulting in
the delivery of adequate levels of 2-MS to the lens was eventually
developed and this topical formulation has been trade-named
Kinostat®.
Fig. 16. Dose-dependent reduction of cataract formation in galactose-fed dogs by oral admin
lens from a galactose-fed dog administered 2-MS and receiving 30% galactose diet for 38 m
cortical changes had not developed and that cataract formation had been arrested.
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6.3. Intervention study of Kinostat® in galactose-fed dogs

Prevention studies indicate that sugar cataracts can be pre-
vented when administered at the onset of galactosemia or diabetes.
However, limited intervention studies in rats suggest that reversing
cataract formation can only be achieved at the early vacuolar stage
of cataract formation and not when cortical cataracts have devel-
oped (Beyer-Mears and Cruz, 1985; Beyer-Mears et al., 1985, 1997;
Hu et al., 1983). Because early lens changes are often present in dogs
at the time of DM diagnosis, a successful therapeutic treatment,
administered at the time of diagnosis, is required to not only arrest
the development of cataracts in diabetic dogs with no lens changes, but
also beneficially halt or reverse the progression of sugar cataracts in
their early stages of development. Therefore, a pilot study was
initiated to evaluate the ability of Kinostat® to ameliorate the early
stages of cortical cataract formation (Kador et al., 2006). For this
study young, 6-month galactose-fed beagles were utilized because
they develop lens changes more rapidly than similar 9-month old
beagles (Lackner et al., 1997). After ophthalmic examinations at the
onset of the study to establish that all dogs were free of lens
opacities or retinal lesions, all dogs were fed standard diet con-
taining 30% galactose. Subsequently, all eyes were examined
monthly in a masked fashion by indirect ophthalmoscope and
hand-held slit lamp by veterinary ophthalmologists. As the study
progressed, suture accentuation appeared after 4 months of
galactose feeding as the earliest observed lens change. This was
followed at 8 weeks by the appearance of vacuoles and at 12 weeks
by the appearance of superficial cortical opacities in all dogs. At 16
weeks, bilateral cortical opacities were present in all dogs and by
using the flash from the portable fundus camera, little tapetal reflex
could be observed due to the density of the lens opacities (Fig. 17).
At that time, 6 randomly selected dogs received 2 drops per eye
twice daily of 2-MS with 1 drop per eye administered at 10 min
intervals at 8 a.m. and 4 p.m. (4 drops total/eye/day). The remaining
4 dogs similarly received placebo vehicle. After 10 weeks of Kino-
stat® administration, the tapetal reflex appeared to partially be
restored, suggesting that the density of lens opacities was reduced
or lens clearing had occurred. During the same time period, the
apparent tapetal reflex in the 4 vehicle treated dogs was further
reduced, with all vehicle treated dogs presenting with mature
dense cataracts (Fig. 17).
istration of 2-MS (M79175). The retro-illumination (A) and slit lamp (B) photograph of a
onths shows the absence of opacities. There is no demarcation line, confirming that
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Fig. 17. Representative appearance of lenses from dilated eyes from two beagles fed 30% galactose diet treated with or without Kinostat®. The appearance 1 week prior to start of
treatment (15 weeks), 9 weeks after treatment with vehicle (25 weeks) and the isolated lens at the termination of the study (26 weeks) is shown for the vehicle treated dogs in A
and Kinostat® treated dogs in B. Graph in C compares the means of the weighted average integrated optical density per mm2 area analyzed for the lenses from each group. *P < 0.05.
Mean ± SD, vehicle treated n ¼ 4; Kinostat-treated n ¼ 6.
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Following euthanasia at the 26 week study completion date,
lenses were removed from each eye, placed over a lit surface con-
taining a grid, and photodocumented (Fig.17). Subjectively, the grid
was more visible in lenses from Kinostat® treated dogs. Each lens
was also photographed with the grid removed and the image was
inverted to give greater detail. Lens density measurements on these
inverted images were conducted with computer image analysis. As
summarized in Fig. 17C, the optical density of lenses from the
Kinostat® treated dogs were significantly (p � 0.05) lower than
those from the vehicle treated dogs. Biochemical measurements of
lens galactitol, myo-inositol and 2-MS levels indicated that the
lenses from the Kinostat® treated dogs which had lower optical
densities also had lower galactitol levels and higher myo-inositol
levels than those from vehicle treated dogs (Kador et al., 2006).
Fig. 18. Cataract grading scale employed ranged from: 0 no lens opacity; 1 equatorial
vacuoles only/punctate cortical opacities; 2 equatorial and cortical vacuoles/diffuse
cortical opacities; 3 late immature to mature cataract. Suture accentuation was given a
score of 0.5.
6.4. Proof of concept clinical study (phase 1e2 study)

The intervention study suggested that Kinostat® could benefi-
cially maintain or improve functional vision in diabetic dogs with
early lens opacities. Based on these results, a proof of concept
clinical study was initiated to investigate whether Kinostat® when
administered three times daily (TID) by their owners could bene-
ficially prevent or inhibit naturally occurring cataract progression
in their diabetic companion dogs (Kador et al., 2010b). The
endpoint of this study was cataract formation which was antici-
pated to occur within 1 year in the majority of placebo-treated
diabetic dogs. This masked, multicenter clinical evaluation of
topical Kinostat® versus placebo (vehicle) study consisted of 40
newly diagnosed diabetic dogs with no or minimal lens changes
which were randomly assigned coded droptainer bottles contain-
ing either Kinostat® or vehicle for 1 year. The contents of the
droptainer bottle (drug or placebo) were formulated and coded by
SBH Medical, a commercial compounding laboratory, using 2-MS
synthesized by the Kador Laboratory. The contents of the drug
and placebo groups were similar in appearance. The study, in co-
ordination with the Ohio State University College of Veterinary
Medicine, was conducted at the MedVet Medical Center and Cancer
Center for Pets, Worthington, Ohio, and at the All Animal Eye Clinic,
Cincinnati, OH. Examinations were done by board certified veteri-
nary ophthalmologists at the onset and 1, 2, 3, 6, and 12 months of
the study. Documented lens changes were graded on a scale of 0e3
as illustrated in Fig. 18.

Eligible dogs of any sex, breed or age with an initial or recent
diagnosis of DM without clinical or laboratory data indicating
concomitant liver, heart, adrenal or other organic diseases that
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could complicate cataract development were given compete eye
examinations. All dogs with normal Schirmer tear test, normal
intraocular pressures and no lens opacities or only equatorial vac-
uoles were then enrolled in the study. Owner consent was obtained
at enrollment and each owner was instructed on how to administer
the topical drops and document treatment compliance. Moreover,
each owner was informed that there was at least a 33% chance that
the agent used would be a placebo that would have no effect on
delaying cataract formation. As compensation for the study, owners
wishing to continue Kinostat® treatment after the study termina-
tion at 12 months received complimentary Kinostat® for the
remaining life of their dog.

6.5. Study results

In the study 28 dogs received Kinostat® and 12 received placebo.
All lens changes observed were bilateral. In the placebo group, lens
changes developed within 12 months in 10 of 12 dogs (83%). Seven
dogs developed mature cataracts (scale 3), 2 dogs developed
lar diabetic complications and the development of topical Kinostat®,
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Fig. 20. Comparison of mean cataract scores at the onset and at 12 months of placebo
(vehicle, red) and Kinostat®(blue) treated diabetic dogs. The placebo treated group was
composed of 24 eyes from 12 dogs and the Kinostat® treated dog was composed of 56
eyes from 28 dogs. (Mean ± SEM) *P � 0.0016.

Fig. 21. Wax and waning of osmotic lens changes in a Kinostat® treated diabetic dog.
While equatorial vacuoles formed and receded over the 12 month study period, the
age-related anterior and posterior cortical opacities which were present from the onset
of study did not progress and remained unchanged after 12 months.
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cortical opacities (scale 2), and 1 developed equatorial vacuoles/
mild punctate cortical opacities (scale 1). Two dogs had no evidence
of cataract formation. The progression of these lens osmotic
changes is illustrated in Fig. 19.

In contrast to the 83% of placebo-treated dogs developing lens
changes, 46% of the Kinostat® treated dogs (13 of 28) developed
lens changes after 1 year. Anterior equatorial vacuoles (scale 1)
were present in 7 dogs, cortical opacities (scale 2) were present in 2
dogs, and mature cataracts (scale 3) were present in 4 dogs. In the
dogs with mature cataracts, these developed by 6 months in 3 dogs
and by 12 months in 1 dog. More importantly, 15 of 28 dogs (54%)
showed no evidence of cataract development. At the time of
enrollment 3 dogs also had age-related (but not osmotic DM
related) incipient anterior and poster punctate opacities present
and punctuate opacities were initially present in several other dogs.
None of these progressed. Compared to the placebo treated group,
the mean cataract severity score of the Kinostat® treated groupwas
significantly (p � 0.0016) lower at the 1 year completion date
(Fig. 20).

The differences in cataract formation observed between the
placebo- and Kinostat® e treated groups were not due to differ-
ences in glycemic control since HbA1c values were not significantly
different (p ¼ 0.369) between the placebo (6.7 ± 0.95) and Kino-
stat® (7.7 ± 1.8) groups. 2-MS levels could not be detected in blood
samples obtained from dogs after 12 months of treatment and
complete blood chemistries showed no apparent adverse changes.

This pilot clinical study confirmed that topical Kinostat™ when
administered by owners could arrest the onset and/or progression
of cataracts in their diabetic dogs. Because Kinostat® is a preventive
that requires continuous treatment, owner compliance was a crit-
ical factor in predicting whether Kinostat® could be commercially
viable. Client compliance, however, was also a major factor in
confounding the present results. For example, one owner placed his
clear eyed, Kinostat® e treated pet in a kennel without treatment
for two weeks while he went on vacation. After returning, the
owner discovered that without treatment bilateral mature cata-
racts had rapidly developed. A waxing and waning of osmotic lens
changes was also observed in some dogs during the study (Fig. 21).
This probably reflects changes in glycemic control rather than
Kinostat® treatment which were monitored through the owner's
daily dosing sheets.

6.6. Long-term treatment

Owners of 20 dogs elected to continue Kinostat® treatment after
completing the initial 12-month study. Of these, 13 dogs (65%) had
no lens changes, 6 (30%) had cortical vacuoles and 1 (5%) had a
cortical opacity. With some, prolonged Kinostat® treatment actu-
ally appeared to reverse osmotic changes. For example, equatorial
Fig. 19. Osmotic lens changes observed in a placebo treated diabetic dog. While initially clear at the onset of the study, vacuoles rapidly developed resulting the appearance of a
mature cataract within 6 months.
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Fig. 23. Number of dogs enrolled in long-term Kinostat® treatment follow-ing
completion of the Proof of Concept trial.
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vacuoles present at the initial examination in a cocker spaniel were
absent after 29 months of Kinostat® treatment (Fig. 22). The
number of dogs participating in the long-term Kinostat® treatment
because their visionwas beingmaintained is summarized in Fig. 23.
The decrease in numbers over time reflects the average 3-year
lifespan generally observed for diabetic dogs. Of these, four dogs
were still alive at the beginning of their 5th year of Kinostat®

treatment – a 7 year old dachshund, a 13 year old chow mix, an 11
year old pomeranian, and a 16 year old medium mix. The dachs-
hund who was diagnosed at age 2 with DM is still alive and on his
8th year of treatment with no cataracts. As previously stated,
Kinostat® is a preventive that requires continuous treatment for
cataract prevention. In one case even after 4.5 years of continuous
treatment, halting treatment resulted in bilateral cataract forma-
tion within one month.

Kinostat® is the first drug to significantly prevent the clinical
development of cataracts so that the need for cataract surgery can
be reduced in dogs with DM. Based on this data, an Animal Inves-
tigational New Drug (AIND) application was issued for the clinical
development of Kinostat®. Subsequently, Kinostat® was given a
Minimum Use in a Major Animal Species (MUMS) designation to
fast track its development for the Veterinary Market based on the
uniqueness of this drug.

7. FDA approval studies

7.1. Standardized preparation of topical Kinostat®

For the studies required for FDA approval and commercializa-
tion, the active ARI 2-MS and its formulation into topical Kinostat®

had to be manufactured under GMP and validated under GLP
guidelines in approved facilities. Because Kinostat® is a suspension,
the preparation of Kinostat® required standardization with defined
ranges of particle size and viscosity as well as validations of sample
sterility and stability. To establish the baseline for the particle size
of 2-MS, different batches of Kinostat® prepared by the SBH Med-
ical compounding laboratory by grinding 2-MS in a mortar and
pestle were analyzed by Field-Emission Scanning Electron Micro-
scope (FE-SEM) to have an average particle size of 14.3 ± 2.5 mm. To
determine whether particle size differences in the range of
4e20 mm could significantly affect biological activity, 3 distinct
preparations of 2-MS were jet milled to an average particle size of
7.7 mm, 4.2 mm, and 19 mm as measured by laser diffraction. These
were then formulated with vehicle and the bioequivalence of these
three formulations along with the SBH preparations were
compared. All were evaluated in young rats fed 25% galactose diet
that were divided into 6 groups with one group serving as the
untreated control. Each rat received one drop of the assigned agent
TID to each eye and signs of irritation were monitored daily by an
ophthalmologist. Lens changes were monitored by slit lamp at 3-
Fig. 22. Appearance of the lens from a diabetic Cocker Spaniel where equatorial vac-
uoles were noted at 360� . These disappeared after 29 months and the lens remained
clear with continued topical treatment of Kinostat® until the dog's death at 4 years.
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day intervals following dilation with 1% tropicamide. At the 3-
week study completion, only rats in the untreated group devel-
oped cataracts while the lenses from all other treated groups
remained clear. Galactitol, measured by HPLC (Kador et al., 2006),
was only present in the lenses of untreated galactose-fed rats,
confirming that all formulations adequately delivered 2-MS at
levels required to inhibit AR. Surprisingly, lens levels of 2-MS,
determined by HPLC (Kador et al., 2007a), were significantly higher
in rats receiving 2-MS at particle sizes of less than 10 mm (Fig. 24).
Therefore, Kinostat® prepared for all required FDA studies and
commercialization contain 2-MS with particle sizes of <10 mm
mean diameter.
7.2. Drug safety study

A 6-month evaluation of Kinostat® was conducted with FDA
concurrence to assess the topical and systemic toxicity of
Kinostat®. This required that Kinostat® be topically applied to the
eyes of non-diabetic dogs for 6 months at doses of up to five times
the recommended dosage of 1 drop per eye TID. Therefore, dogs (4
males and 4 females beagles per group) received either 1� (1 drop
per eye, TID), 3� (3 drops per eye, TID) or 5� (5 drops per eye, TID)
of Kinostat® or saline control (1 drop per eye, TID). Drops were
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Fig. 24. Effect of 2-MS particle size on lens uptake. Levels of 2-MS measured in the
lenses of rats after 21 days of topical TID treatment. Mean ± SD * p < 0.05 compared to
14 mm diameter.
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directly applied to the cornea by technicians and washout from the
eye was reduced by delivering each drop at approximately 30 s
intervals.

Each dog was given a physical examination by a veterinarian
during the initial acclimation period and then once weekly
throughout the 26-week exposure period with the intent to
establish baseline health status and subsequently to detect any
abnormalities that may be product-related. The examinations
assessed the ocular, musculoskeletal, cardiovascular, reproductive,
lymphatic, nervous, integumentary, respiratory, urinary, and
gastrointestinal systems. The examinations also determined body
weight, behavior, body temperature, respiration rate, and heart
rate. Each dog also received ophthalmic examinations of both eyes
by a board-certified veterinary ophthalmologist during acclimation
and then once monthly throughout the 26-week exposure period
to establish baseline status and detect any product related abnor-
malities. Examinations included measurement of IOP, indirect
ophthalmoscopy and slit-lamp biomicroscopy of the anterior
segment, including evaluation of pupillary light reflex and exami-
nation of the conjunctiva, cornea (including fluorescein staining),
anterior chamber, iris, lens, and anterior vitreous. After the initial
biomicroscopic examination and evaluation of the pupillary light
reflex, eyes were dilated with 1% tropicamide and the lens, anterior
vitreous and retina were examined. Dogs were euthanized on Day
183 and postmortem evaluations included gross pathology, organ
weights and histopathology.

The conclusion of the toxicology study was that the daily
application of Kinostat® at doses of up to 5� the recommended
doses did not result in drug-related changes in ophthalmology
findings or electrocardiography parameters. Kinostat® exposure did
not induce any direct local or systemic toxic effects in any of the
tissues examined by histopathology. Minor ocular observations
(discharge, crusting, etc.) and increases in serum glucosewithin the
normal physiologic range for beagles were noted, but although
statistically significant, they were not considered to be an adverse
treatment effect. FDA approval for the safety of Kinostat® was
received in the spring 2015.

7.3. Clinical evaluation of Kinostat®

To determine the efficacy of topical Kinostat® in preventing
cataract formation in dogs with well-controlled DM, a 9-month
randomized, multicenter, prospective, double-masked placebo
control study was conducted. While appearing similar to the initial
12 month Proof of Concept Clinical Study, this Clinical Trial was a
more stringent 9-month study according to a protocol prepared
with FDA concurrence. The study required that a total of 100
experimental (Kinostat®) treated and 33 control (placebo) treated
dogs complete the primary endpoint as either a success or failure.
The primary endpoint was the development of osmotic cataracts
over a 9-month period whose progressionwas qualitatively graded
on a scale of 0e3 as summarized in Fig.18. A failurewas defined as a
dog with grade 2 or higher osmotic cataract development in one or
both eyes at any time point. A success was defined as a dog with no
grade 2 or higher cataract development in either eye at 9 months.
Secondary endpoints included: the incidence of corneal keratop-
athy and/or corneal defects; elevated intraocular pressure; abnor-
malities of blood chemistry; abnormalities of hematology; and
presence of retinal changes. Time to development of Grade 1 and
Grade 2 and Grade 3 cataracts were also evaluated.

All well controlled diabetic dogs of any age, breed or sex were
enrolled based on their order of recruitment. Following an initial
ophthalmic examination and blood chemistry profile, eligibility
was based on the absence in both eyes of osmotic cataract and other
ocular diseases, including retinal degenerations, detachments,
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overt corneal disease, anterior uveitis, glaucoma, or other diseases
of the eye that may be associatedwith the development of cataracts
and the absence of abnormalities in the blood profiles. Initial
eligibility, with FDA concurrence, stipulated that both eyes must be
free of any osmotic cataractous changes at the time of entry.With this
restriction 50e60% of referred dogs at the initial examination were
ineligible because lens vacuoles were present. Subsequently, the
entry criterion was modified to include eyes with equatorial vac-
uoles encompassing less than 360� (stage 1 cataract). Eligible dogs
were enrolled only after owner consent, and continued study
participation was contingent on owner treatment compliance and
keeping examination appointments at 1, 2, 3, 6 and 9 months as
outlined in the protocol.

To obtain the required number of animals, a total of 120 animals
were randomized to the Kinostat® group and 60 to the placebo
group (2:1 Kinostat®: placebo ratio). A stratified blocked random
allocation scheme was generated with block sizes of 3 or 6 so that
the number of patients assigned to each treatment allocation (2:1
Kinostat®: placebo) was approximately balanced over time. The
randomization was stratified to 5 original clinic sites with 36
treatment sets per site. To increase recruitment the study was
subsequently expanded to 11 sites. Treatment sets with original
codes were dispersed from the original to the newer sites in sets of
3 to maintain the blocked distribution. The study sites were located
in Annapolis, Maryland; Fairfax, Virginia; Tampa and Largo Florida;
Houston and Dallas Texas; Worthington, Ohio; Omaha, Nebraska;
Tucson, Arizona; and San Diego and Tustin, California. At owner's
request, all dogs successfully completing the 9 month-study with a
cataract score of 1 or less were enrolled in a long-term study where
they receive open label Kinostat® until the drug has been approved
for commercial sale. To remain in the long-term study, each dog
must receive at 6-month intervals a complete eye examination and
blood chemistry evaluation at their original study sites.

The 9-month Efficacy Study has been completed and the study
was closed in January 2016. Following FDA notification, the study
code will be opened for statistical evaluation. Prior to closing the
study, permission was obtained for an independent third party
comparison of the initial proof of concept study with the current
study results. In the current study, of the eyes not developing cat-
aracts (stage 2 cataract) over the 9 month period, 70/98 dogs were
on drug (71.4%). Moreover, in dogs successfully completing the
study with either no change or improvement in lens score from the
onset to completion of the study, 65 of 82 dogs were treated with
drug (79.3%). This compares to 62.5% (15 of 24 dogs) in the original
12 month study. These preliminary results suggest that efficacy
similar to the initial proof of concept study is anticipated. In the
current long-term Kinostat® treatment study, cataract develop-
ment after treatment noncompliance has also been observed. For
example, a neutered male Labrador retriever diagnosed at 5 years
of age with DM successfully completed the study with no cataracts
and normal (16e17 mm Hg) intraocular pressure. After entering
long-term treatment he became noncompliant after 6 months and
subsequently presented with progressive vision loss with pupils
resistant to dilation, lens induced uveitis, hypotony (IOP 7e8 mm
Hg), and bilateral mature cataracts. The prevention of cataracts
with Kinostat® should reduce the risks of lens induced uveitis,
secondary glaucoma, and other complications in diabetic dogs.

8. Aldose reductase and human sugar cataracts

8.1. Could Kinostat® be applied to humans?

Finding a treatment for the ocular effects of DM is important for
humans because 6.4% of the world's population is diabetic and this
disease is expected to increase by 46.5% from 2000 to 2030
lar diabetic complications and the development of topical Kinostat®,
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(Mathew, 2010). In both type 1 and 2 DM, poor hyperglycemic
control results in vision loss due to the development of diabetic
retinopathy and cataract. Cataracts can be surgically removed to
restore vision; however, cataract surgery is associated with
increased risk for complete posterior vitreal detachment and post-
surgical worsening of diabetic retinopathy and macular edema
(Gella et al., 2015; Haddad et al., 2014). In contrast to dogs, targeting
AR in humans for these ocular diabetic complications is contro-
versial. While osmotic sugar cataracts rapidly develop in both
diabetic and galactosemic children and osmotic cataracts have been
documented in cases of acute hyperglycemia in adolescent and
adult diabetics, the lower levels of AR reported for the adult dia-
betic lens suggests that an osmotic mechanism affecting the entire
lens is not likely. Moreover, as discussed earlier, in human diabetic
retinopathy trials of up to 3 years with ARIs, only small effects have
been observed. These effects have been judged to be, for example
“unlikely … [of] … clinical importance” (Sorbinil Retinopathy Trial
Research Group, 1990). Lens studies which will require even longer
study times have not been conducted. The costs of such trials would
be prohibitive.

8.2. Aldose reductase and juvenile cataracts

Since AR activity decreases with age (Lackner et al., 1997), tissue
levels in young children are at greater risk for polyol accumulation
as evidenced by the fact that sugar cataracts rapidly develop in
galactosemic infants and in young diabetic children and adoles-
cents with poor glycemic control (Awan et al., 2005; Florkowski
et al., 2005; Gelvin and Thonn, 1993; Lang-Muritano et al., 1995;
Orts Vila et al., 2003; Sharma and Vasavada, 2001; Suzuki et al.,
2004; Vanderveen, 2008; Vinding and Nielsen, 1984). Galactosemic
infants rapidly develop bilateral cataracts when fed a lactose diet.
When caught at their early stage, these cataracts can generally be
reversed by removal of galactose from the diet. Nevertheless, cat-
aracts in some children can and do eventually develop because
lactose-free diets, such as Isomil, are not totally galactose free and
the diets of these children become less restrictivewith age (Nischal,
2009; Segal, 2004). While galactosemia is rare, DM is one of the
most common chronic diseases in pediatrics. In children with type
1 DM there are two types e an early-onset form that appears at an
average age of 2e3 years and a later-onset form at 9e10 years
(Dabelea, 2009). Between 2005 and 2020, new cases of type 1
diabetes are predicted to double in European children <5 years of
age and by 70% in those <15 years of age. Similar trends are sug-
gested by the US Search for Diabetes in Youth Study Group (Dabelea
et al., 2007). Little is known about the genetic background and the
clinical and autoimmune status of children that develop type 1
diabetes before 5 years of age; however, these children are at high
risk for developing long-term diabetic complications because tight
control of hyperglycemia is not only hard to achieve but now also
not advised so that brain development is not hindered (Hathout
et al., 2003). The prevalence of type 2 DM is also increasing in
children as young as 2.5 years of age and adolescents worldwide.
Linked with obesity, this is particularly prevalent in the US among
African American, American Indian, Hispanic and Asian/Pacific
Islander youth (Dabelea et al., 2007). Genetic defects associated
with MODY (maturity onset diabetes of the young) which is an
autosomal dominant form of DM has been documented in children
as young as 8 months of age (Odem et al., 2009).

Cataracts are more likely in diabetic children that have pro-
longed poor control or prolonged hyperglycemia prior to diagnosis
(Datta et al., 1997). In poorly controlled older children, the cataract
incidence is 20% (Esteves et al., 2008). Children conventionally
treated with insulin therapy for 3.5 years have a 5-fold higher risk
of cataracts (Florys et al., 2004). Depending on the age of the child
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and metabolic severity of the DM/galactosemia, the appearance of
cataracts varies just like the appearance of sugar cataracts in dogs of
various ages and levels of DM/galactosemia. Cataract development
in children under the age of 5 is especially serious because this can
result in permanent vision loss due to irreversible or untreated
amblyopia (Vanderveen, 2008).

Vision can only be restored by cataract removal; however,
cataract surgery in young children is problematic because their eyes
are expected to undergo significant ocular growth after surgery.
They also have a high rate of secondary cataracts due to posterior
capsule opacification (PCO). PCOs generally appear within 6
months of postoperative surgery in approximately 71% of children
younger than 1 year of age (Astle et al., 2009). Because of this high
incidence of PCOs, cataract surgery in children younger than 2 years
is often considered to be a 2-stage procedure. It has also been
suggested that in children under the age of 5 years with intraocular
lenses (IOLs) both an elective primary capsulotomy and elective
vitrectomy are mandatory to keep a clear visual axis (Hussin and
Markham, 2009).

In summary, osmotic cataracts similar to those observed
described in diabetic and galactosemic dogs develop in both dia-
betic and galactosemic children. In these children it is beneficial to
postpone cataract surgery until their eyes have properly grown and
the administration of a topical AR inhibitor to delay the onset of
cataracts should be beneficial. However, the small market size and
the potential complexity and costs of the clinical trials required for
efficacy suggest that it would not be feasible to develop topical ARIs
specifically for children.

8.3. Aldose reductase and adult diabetic cataracts

It is generally agreed that the two enzymes of the polyol
pathway and their respective metabolites, sorbitol and fructose, are
all present in adult human lens, e.g., (Jedziniak et al., 1981). The
presence of the polyol pathway in human lenses accords with the
findings that lenses extracted from adult human diabetics contain
sorbitol and increased levels of fructose, and together the levels of
these polyol pathway products were proportional to the blood
glucose levels of the patients at the time of extraction (Varma et al.,
1979).

Also reported is a trend for elevation of AR activity (Chylack
et al., 1979) as well as elevated immunoreactive AR protein (Akagi
et al., 1987) in the adult human diabetic lens vs. normal adult
lens. For example, AR activity (DOD340/5 min/mg protein) was
found to be 5.0 ± 1.7 (6) in human adult diabetic lenses vs. 2.7 ± 3.3
(37) in normal adult human lens (mean± SD, P< 0.2) (Chylack et al.,
1979). Consistent with this, sorbitol was slightly, but not signifi-
cantly, elevated in adult diabetic cataractous lenses: 2.2 mM in
diabetic adult vs. 1.5 mM in normal adult lenses (P < 0.2) which was
reduced by the ARI alrestatin (Chylack et al., 1979). Jedziniak et al.
later reported ranges of human diabetic lens polyol levels of
1.7e9.5 mM for sorbitol and 1.2e12.0 mM for fructose; mean values
were not reported (Jedziniak et al., 1981). When incubated for 4 h in
5 or 15 mM glucose, lens from adult normal or diabetic cataract
patients did not generate sufficient sorbitol to be detected by NMR
(Lerman and Moran, 1988). However, when incubated for 24 h in
35.5 mM glucose, intact lenses from adult diabetics showed
significantly higher levels of sorbitol, 5.9 mM compared to 2.7 mM
in nondiabetic lenses (Chylack et al., 1979; Lerman and Moran,
1988). Thus, there is clear evidence for the presence of the polyol
pathway and its low molecular weight metabolites in normal and
diabetic human adult lens.

However, controversy has surrounded the potential osmotic
effects of the sorbitol levels in the lenses of humans vs. experi-
mental animals. This is because the specific activity of AR in the
lar diabetic complications and the development of topical Kinostat®,
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Fig. 25. Immunohistochemical localization and specific activity of AR in rat, dog and
human lenses. AR specific antibodies against rat lens, dog lens and human placental AR
were used to demonstrate that the enzyme is primarily present in lens epithelium and
superficial cortical fibers at the equator. From (Kador, 2010).

P.F. Kador et al. / Progress in Retinal and Eye Research xxx (2016) 1e2922
normal and diabetic adult human lens is ~14e20X lower than that
of adult rat lens, while the SDH specific activity in human lens is
~5X higher, a situation that would not be conducive to substantial
polyol accumulation (Jedziniak et al., 1981; Kador, 2010). Consistent
with that notion, the absolute amount of sorbitol present in fresh
adult human diabetic cataractous lenses, e.g., 2.2 mM, above
(Chylack et al., 1979) is considerably less than found in experi-
mental animal lenses, and the increase in adult human diabetic lens
sorbitol was only about 50% (1.5 mMe2.2 mM) and was not sta-
tistically significant, i.e., not P < 0.05 (Chylack et al., 1979). By
contrast, diabetic rat lens sorbitol increases ~37-fold from a normal
value of 0.33 mMe12.2 mM in the first week of alloxan-induced
diabetes (Gonzalez et al., 1983), while after 6 weeks of
strepozotocin-induced diabetes, lens sorbitol increased ~20-fold
from a normal value of 0.68 mMe13.4 mM (Obrosova et al.,
1998). Similarly, in 14-day 50% galactose-fed rats, lens galactitol
was 75 mM (Obrosova et al., 1997). Likewise, rabbit lenses incu-
bated 24 h in 30 mM glucose had 5.6 mmole sorbitol/0.175 g lens, or
32.0 mM sorbitol (Kinoshita et al., 1963). Therefore it has been
argued that themuch lower levels of AR activity and sorbitol as well
as higher levels of SDH in adult human versus rodent lenses makes
it unlikely that sorbitol levels can rise high enough in the adult
diabetic human lens to elicit a pathogenically significant osmotic
effect (Bron et al., 1998). However, the combinatorial relationship
between the observed lenticular increase of fructose in addition to
sorbitol on osmotic stress in the human lens remains to be eluci-
dated (Cheng et al., 1985; Chylack et al., 1986).

Alternative proposals for factors driving diabetic cataract for-
mation in the adult human lens include protein glycation and
oxidative stress (Bron et al., 1993; Harding, 1992; Kandarakis et al.,
2014). However, at least in animals, glycation is not supported by
observations that ARIs prevent cataracts in animals independent of
increased lens protein glycation levels (Chiou et al., 1980; Kador
et al., 2000; Obrosova and Kador, 2011). On the other hand,
oxidative stress has been reported to be caused by high NADPH
turnover in lenses cultured in high glucose media (Cheng and
Gonzalez, 1986) and by endoplasmic reticulum (ER) stress result-
ing from generation of increased intracellular sorbitol levels in
human lens epithelial cells cultured in very high glucose media
(Mulhern et al., 2006). Unfortunately, biochemical studies of hu-
man lenses abruptly ended in the early 1980s because the avail-
ability of intact human diabetic lenses was dramatically reduced
consequent to the widespread use of extracapsular cataract
extraction with ultrasonic phacoemulsification.

Finally, human AR gene polymorphism studies have found, in
addition to confirming age and hyperglycemia as risk factors for
human diabetic cataracts, that compared to non-Z-4 carriers with
HBA1c <8%, carriers of Z-4 allele of the AR gene had increased
susceptibility to cataract (Lee et al., 2001b). In type 2 diabetic pa-
tients with suboptimal glycemic control, the Z-4 allele of AR has
also been independently associated with increased susceptibility to
cataracts (Wang et al., 2014). However, the phenotypic expression
associated with Z-4 allele of AR remains to be demonstrated.

8.4. Localized osmotic changes

While sorbitol accumulation in the older human diabetic lenses
may not be adequate for initiating osmotic stress over the entire
lens, localized osmotic stress cannot be ruled out. Bettelheim has
reported that hydrational changes in diabetic human lenses pre-
cede cataract formation (Bettelheim et al., 1998). Despite differ-
ences in activity, AR is similarly localized in the epithelial cell layer
and superficial fiber cells in the human, dog and rat (Fig. 25) (Kador,
2010; Kador et al., 2010a). The specific activity of AR in the adult dog
and human lens is similar and both are 14-fold lower than in the rat
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lens (Fig. 25). The localization of AR also corresponds to where
sorbitol production occurs. Studies with cultured dog lenses
confirm that sorbitol primarily accumulates in the epithelial cells
and superficial cortical fibers (Lizak et al., 1998), and this corre-
sponds to localized osmotic changes observed by magnetic transfer
contrast magnetic resonance imaging (MTC-MRI) in the dog lens
(Kador, 2007, 2010; Lizak et al., 1996; Mori et al., 1995). These os-
motic changes in the dog lens have also been confirmed by his-
tology (Sato et al., 1991). In the diabetic adult rat lens hydration has
also been localized to be primarily present in the lens epithelium,
bow and superficial cortical regions, but not the nucleus by Raman
spectroscopy (Mizuno et al., 1990). This is similar to the localized
osmotic changes observed by histology in the rat lens where AR is
localized near the presence of vacuoles in the cortical layer and
epithelium (Akagi et al., 1986a; Robison et al., 1990a). In human
diabetic lenses, AR has also been similarly observed to be associated
with the presence of vacuoles in both the anterior or posterior
superficial cortical layers (Akagi et al., 1987). Human and dog lens
epithelial cells both contain AR and they accumulate sorbitol
(Ibaraki et al., 1998; Kubo et al., 2004; Lizak et al., 1998; Mulhern
et al., 2006). Culture in high glucose or galactose medium induces
apoptosis in lens epithelial cells and this apoptosis is inhibited by
ARIs (Kubo et al., 2004; Mulhern et al., 2006; Murata et al., 2001).
Similar apoptosis has been observed with TUNEL staining of lens
capsules from humans and rats which show decreases in lens
epithelial cell density with diabetes (Takamura et al., 2000). In
diabetic rats, this decrease was prevented by treatment with ARIs
(Takamura et al., 2003). Significant correlations of red blood cell AR
levels with decreased lens epithelial cell densities have been
observed in patients with DM when their HbA1c levels were above
6.5% or when diabetic retinopathy is present (Kumamoto et al.,
2007).

9. Aldose reductase and corneal changes

DM affects corneal morphology, metabolism and physiology
that result in clinical abnormalities that are referred to as diabetic
keratopathy (Kaji, 2005). Documented diabetic corneal changes
include epithelial defects, recurrent epithelial erosions, delayed
reepithelialization, slower wound repair, increased epithelial
lar diabetic complications and the development of topical Kinostat®,
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fragility, reduced sensitivity, increased auto-fluorescence, altered
epithelial and endothelial barrier functions, ulcers, edema, and
increased susceptibility to injury due to the popularity of corneal
refractive surgery and increase in cataract surgery, including LASIK
among diabetics (Simpson et al., 2012; Skarbez et al., 2010). More
than 70% of diabetics develop diabetic keratopathy and demon-
strate some morphological change of their cornea (Quadrado et al.,
2006). While many physicians and scientists do not consider
diabetes-linked corneal changes to be a serious clinical or patho-
logical entity, numerous patients have visual loss secondary to
diabetic keratopathy (Kaji, 2005).

Prior to the 1970's the effect of DMwas believed to be limited to
decreased corneal sensation; however, with the advent of vitreous
surgery in diabetics, other corneal complications, as described
above, became apparent (Foulks et al., 1979; Perry et al., 1978).
During early intraocular surgery on diabetics, corneal edema suf-
ficient enough to obscure the visualization of the surgery often
occurred, necessitating the removal of the epithelium. This proce-
dure often resulted in corneal epithelial defects that included
corneal resurfacing and wound healing complications and stromal
edema. Because the corneal epithelium from these diabetics
showed increased sorbitol and fructose that suggested sorbitol
pathway activation (Foulks et al., 1979), the focus of Kinoshita's
laboratory at the National Eye Institute turned to the cornea where
diabetic rats were observed to develop similar corneal problems. By
totally denuding the corneal epithelium from diabetic rats and then
following the resurfacing process with fluorescein stain, they
documented both the delay in the rate of re-epithelialization and
the hazy, edematous appearance of the healed corneas (Fukushi
et al., 1980; Kinoshita et al., 1979). Moreover, they observed that
topical or systemic treatment of similar diabetic rats with a number
of structurally diverse ARIs, that included sorbinil, alrestatin, and 7-
hydroxy-2-oxochromone-2-carboxylic acid, enhanced epithelial
regeneration and the reduced appearance of edema. This obser-
vation that AR activity appeared to be linked to corneal changes
was strengthened by the inability of the anti-inflammatory agents
dexamethasone and indomethacin to demonstrate similar positive
corneal effects (Fukushi et al., 1980).

Further support for a role for AR in the cornea came from the
observation that similar corneal defects also occur in galactose-fed
rats and that they are also prevented by the administration of ARIs
(Datiles et al., 1983). Subsequently, galactitol accumulation has
been observed in both the corneal epithelial layer and endothelium
with stroma and this accumulation was reduced by the topical ARI
CT-112 (Awata et al., 1986) and the oral ARI SNK-860 (Kubo et al.,
1999). These findings correlate with the immunohistochemically
detected presence of AR in the epithelium and endothelium of the
rat cornea (Akagi et al., 1986a). Topical CT-112 also improved
corneal wound healing in galactosemic rats (Awata et al., 1988) as
well as improving corneal epithelial barrier dysfunction caused by
epithelial cell membrane disruption as detected by fluorescein
uptake and horseradish peroxidase (HRP) penetration (Yokoi et al.,
1997).

The corneal epithelium fromdiabetic and galactosemic rats both
show that the epithelial cells have a distended appearance and an
absence of filopodia that suggest that the corneal epithelial cells are
osmotically altered (Fukushi et al., 1980; Piatigorsky et al., 1978).
The regenerated epithelium also shows the presence of vacuoles
and wide intercellular spaces. The corneal epithelium also appears
thicker than normal with the basal cells of the epithelium con-
taining considerable PAS e staining particles which have been
confirmed to contain glycogen by electron microscopy. A break-
down of the basal cell membrane abutting the stroma has also been
observed with the aggregation of glycogen particles in the anterior
stroma. In addition to glycogen particle aggregation, glycogen-like
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substances that are surrounded by a thick membrane just under-
neath the wavy basal cell membrane have been observed. In these
areas the cytoplasm of the basal cells also appears lucent and
edematous. All of these histological changes have been reduced by
the administration of oral ARIs that include sorbinil and AL1576 for
periods of up to 17 months (Datiles et al., 1983; Fukushi et al., 1980;
Mori et al., 2002).

DM changes in corneal nerve morphology and the presence of
neuropathy have been documented in rats and humans (Davidson
et al., 2014; Petropoulos et al., 2014). While numerous preclinical
studies have linked AR with nerve morphological changes associ-
ated with peripheral neuropathy (Sima, 1994), no studies, to date,
have been conducted on the relationship between AR and corneal
nerve morphology associated with loss of sensitivity. Nevertheless,
the loss in corneal sensation observed in human diabetics has also
been duplicated in both diabetic and galactosemic rats (Hosotani
et al., 1996; Jacot et al., 1998), a loss also prevented by concomi-
tant administration of either topical or systemic ARIs.

Corneal endothelial cells maintain corneal deturgescence
required for optical transparency. Because these cells are post-
mitotic and rarely divide, if at all, in the post-natal cornea,
wounding of the corneal endothelium from trauma or metabolic
insults prompts healing of the endothelial monolayer by sliding and
enlargement of adjacent endothelial cells (polymegathism), rather
than mitosis. Changes in the size and shape of corneal endothelial
cells due to endothelial cell loss have been documented by specular
microscopy in diabetic and galactosemic rats (Meyer et al., 1988)
and dogs (Datiles et al., 1990; Yee et al., 1985) as well as diabetic
humans (Cisarik-Fredenburg, 2001). Using transcorneal freezing to
injure the corneal endothelium of normal and galactosemic rats,
Akagi and coworkers (Akagi et al., 1986b) have demonstrated that
endothelial repair was delayed in the untreated galactosemic rats
and that this delay was prevented by ARI treatment. Combined
with the observation that endothelial cells contain AR and accu-
mulated polyols, this is consistent with AR involvement in experi-
mental diabetic corneal endotheliopathy. The administration of
topical or systemic ARIs from the onset of diabetes or galactosemia
has also prevented increases in polymegathism of endothelial cells
(Datiles et al., 1990; Matsuda et al., 1987; Schultz et al., 1984; Yee
et al., 1985). These endothelial cell changes were also reversed by
intervention with topical ARI treatment begun 8 weeks after in-
duction of DM (Meyer et al., 1988). However, similar corneal
endothelial changes were not significantly reversed in dogs when
galactose-diet was replaced after 24 month of galactose feeding
with 14 months of normal diet, indicating that amelioration of
endothelial cell changes requires early therapy prior to the advent
of significant endothelial morphologic changes (Neuenschwander
et al., 1995).

9.1. Aldose reductase inhibitors and human diabetic keratopathy

Because AR has also been localized in the epithelial and endo-
thelial layers of the human cornea (Akagi et al., 1984) a number of
studies have evaluated the potential clinical effects of ARIs on
diabetic keratopathy (Fig. 26). These beganwith initial findings that
the topical application of sorbinil promoted corneal healing in di-
abetics with corneal epithelial disorders unresponsive to conven-
tional treatment (Cogan et al., 1984). This beneficial effect was
confirmed with the topical ARI CT-112 in two diabetics – one with
recurrent corneal erosion after vitrectomy and the other with
spontaneous superficial punctate keratopathy. Clearing was
observed within two months of treatment, but discontinuing CT-
112 resulted in the reappearance of the corneal lesions. These
changes again disappeared when drug was resumed (Ohashi et al.,
1986, 1988). Subsequently, a randomized clinical study in diabetic
lar diabetic complications and the development of topical Kinostat®,
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Fig. 26. Diabetic corneal changes linked to AR activity include morphological changes in the epithelium and endothelium as well as nerve changes. ARIs have been clinically
observed to reduce these changes. Illustrated here are the clinical effects of the ARI CT-112 which has been shown to (A) reduce Superficial Punctate Keratitis (SPK) and surface
defects (Hosotani et al., 1986) as well as (B) significantly reduce diabetes induced epithelial cell morphology measured by specular microscopy (mean ± SE; dashed line represents
range; n ¼ 39 patients) (Hosotani et al., 1995). (C) illustrates that CT-112 treatment resulted in significant improvement of corneal sensitivity in patients compared to placebo
(n ¼ 39 patients #p < 0.0001) (Hosotani et al., 1995). CT-112 treatment also reduced the corneal endothelial cell coefficient of variation (D) and increased the percent hexagonality
(E)measured in diabetic patients by specular microscopy. (F) Persistent corneal edema observed to significantly increase in diabetics (#p < 0,01) following cataract surgery was also
reduced in similar patients treated with CT-112 (n ¼ 21) (Awata et al., 1990).
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patients was conducted to determine whether topically applied
0.5% CT-112 was capable of reversing both abnormal morphologic
characteristics of corneal epithelial cells and reduced corneal
sensitivity. Thirty-nine diabetic patients were randomly divided
into two groups: one group treated for 6 months with topical CT-
112 while the second control group was treated with vehicle
alone. Using specular microscopy to analyze the morphologic
characteristics of corneal epithelial cells before and after the
treatment, the anterior surface area of superficial cells in the CT-112
treated group significantly decreased from a mean value of 881 to
728 mm2 (p < 0.0001), while the control group showed no signifi-
cant changes. Corneal sensitivity measurements, conducted using a
Cochet-Bonnet esthesiometer, were also significantly improved,
Please cite this article in press as: Kador, P.F., et al., Aldose reductase, ocu
Progress in Retinal and Eye Research (2016), http://dx.doi.org/10.1016/j.p
decreasing from 5.36 to 1.37 g/mm2 (p < 0.0001) in the CT-112
group while the control treated group remained unchanged.
These results indicate that treatment with topical CT-112 is not only
capable of reversing abnormal morphologic characteristics of
corneal epithelial cells but also reducing corneal sensitivity, a form
of neuropathy in diabetic patients (Hosotani et al., 1995). The ability
of 0.5% CT-112 to preserve endothelial cell morphology was
confirmed in a second, smaller study of 8 diabetic patients
receiving CT-112 compared to 5 similar diabetic patients receiving
placebo (Ohguro et al., 1995). Morphological variations of endo-
thelial cell polymegathism and pleomorphism in 8 eyes from 8
patients resolved within 3 months of CT-112 treatment, while no
change in endothelial morphology was noted in the 5 eyes of 5
lar diabetic complications and the development of topical Kinostat®,
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placebo treated patients. CT-112 was also evaluated for its ability to
alter corneal epithelial barrier function in a shorter, 8 week pro-
spective, randomized, double masked placebo controlled study
where 34 eyes of 34 diabetic patients were randomly assigned
treatment with 0.25% topical CT-112 (n ¼ 22) or a placebo (n ¼ 12)
(Nakahara et al., 2005). Corneal epithelial barrier measurements to
fluorescein, which did not significantly differ for the CT-112 and
placebo groups conducted before treatment, were significantly
reduced after 4 (p ¼ 0.0327) and 8 (p ¼ 0.0143) weeks of 0.25% CT-
112 treatment. In contrast, average scores for superficial punctate
keratopathy and corneal sensitivity did not significantly differ with
the lower concentration of drug and the shorter time frame.

In addition to CT-112, a number of ARIs have been clinically
evaluated in Japan. ARI epalrestat (Kinedak®, ONO-2235), was
approved in Japan and has been evaluated in a number of small
trials. In fourteen aphakic or pseudophakic patients with diabetes
orally administered epalrestat (150 mg/day) for 3 months, corneal
sensation significantly recovered (from 4.1 to 3.0 g/mm2;
p ¼ 0.015), with parallel improvements in rose bengal and fluo-
rescein staining scores (p < 0.05) (Fujishima et al., 1996). Tear
break-up time also improved (p ¼ 0.003). Results of Schirmer's test
(p ¼ 0.03) and the cotton-thread test (p ¼ 0.0001) also showed
significant improvement in tear production suggesting that
improvement in the dynamics of tear production may be linked to
an improvement in corneal sensitivity. Subsequently a small ran-
domized, double blinded, placebo controlled study was conducted
to evaluate the effect of oral administration of epalrestat on the
ocular surface of diabetic patients after cataract surgery (Fujishima
and Tsubota, 2002). Pseudophakic diabetics were randomly
assigned to treatment with either oral epalrestat (n ¼ 12) or pla-
cebo (n ¼ 9) and after 12 weeks significant recovery of fluorescein
staining scores (from 2.04 to 1.46; p ¼ 0.016), conjunctival sensa-
tion (from 1.15 to 1.36; p¼ 0.0006), and symptom scores (from 5.38
to 4.00; p ¼ 0.0002) were observed. Fluorescein staining also
decreased compared with placebo (p ¼ 0.017). Minor improvement
in rose bengal staining, tear clearance, and corneal sensation were
observed but no significant changes in tear production, BUT, and
specular microscopic evaluation of the corneal epithelium and
endothelium were observed.

Because current standard treatment regimens are often inef-
fective, a number of therapeutic approaches for the treatment of
diabetic keratopathy are being investigated. Over the last decades
these have focused on the use of various growth factors, cytokines,
and opioid growth factor antagonists to aid in wound healing;
however, few have translated to efficacy in humans (Abdelkader
et al., 2011). In contrast, ARIs can ameliorate diabetic changes
observed in the corneal epithelium, endothelium, and nerves of
both animals and man. While some clinical studies have focused on
uncontrolled case studies, it should be noted that several other
controlled studies have demonstrated clinical efficacy of ARIs for
diabetic keratopathy (Kaji, 2005).
10. Future directions

The authors look forward to the pending FDA approval for
Kinostat® and its use for cataract prevention in the diabetic dog
population. Although the data available indicate Kinostat® is clearly
clinically effective for inhibiting cataracts in diabetic dogs, at pre-
sent there is not a compelling case to be made for the use of topical
Kinostat® for treating diabetic retinopathy or for delaying human
sugar cataract formation in adult diabetics. Nevertheless, with
further efficacy and safety studies in humans, Kinostat® or a closely
related product could have a future role in treating diabetic
keratopathy.
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