ANTIOXIDANTS & REDOX SIGNALING
Volume 7, Numbers 11 & 12, 2005
© Mary Ann Liebert, Inc.

Forum Review

Increased Sorbitol Pathway Activity Generates Oxidative Stress
in Tissue Sites for Diabetic Complications

IRINA G. OBROSOVA

ABSTRACT

Chronic diabetic complications, in particular, nephropathy, peripheral and autonomic neuropathy, ‘“diabetic
foot,” retinopathy, and cardiovascular disease, remain the major cause of morbidity and mortality in patients
with diabetes mellitus. Growing evidence indicates that both increased activity of the sorbitol pathway of glu-
cose metabolism and enhanced oxidative stress are the leading factors in the pathogenesis of diabetic compli-
cations. The relation between the two mechanisms remains the area of controversy. One group has reported
that increased sorbitol pathway activity has a protective rather than detrimental role in complication-prone
tissues because the pathway detoxifies toxic lipid peroxidation products. Others put forward a so-called “uni-
fying hypothesis” suggesting that activation of several major pathways implicated in diabetic complications
(e.g., sorbitol pathway) occurs due to increased production of superoxide anion radicals in mitochondria and
resulting poly(ADP-ribose) polymerase activation. This review (a) presents findings supporting a key role for
the sorbitol pathway in oxidative stress and oxidative stress-initiated downstream mechanisms of diabetic
complications, and (b) summarizes experimental evidence against a detoxifying role of the sorbitol pathway,

as well as the “unifying concept.” Antioxid. Redox Signal. 7, 1543-1552.

INTRODUCTION

THE SORBITOL PATHWAY OF GLUCOSE METABOLISM consists
of two reactions. First, glucose is reduced to its sugar al-
cohol sorbitol by NADPH-dependent aldose reductase (AR),
and then sorbitol is oxidized to fructose by NAD-dependent
sorbitol dehydrogenase (SDH) (see Fig. 1). Direct negative
consequences of the sorbitol pathway hyperactivity under di-
abetic or hyperglycemic conditions include intracellular sor-
bitol accumulation and resulting osmotic stress (41, 49), and
generation of fructose, which is a 10 times more potent glyca-
tion agent than glucose (108). Other direct biochemical con-
sequences of increased sorbitol pathway activity have not
been clearly identified. One group reported that increased
flux through SDH leads to so-called “pseudohypoxia” (113),
i.e., an increased free cytosolic NADH/NAD" ratio in heart,
retina, and peripheral nerve of rats with experimental dia-
betes (113), whereas others (77, 78, 82) failed to find such a

relation in tissues other than lens (77). Diabetes-related de-
pletion of NADPH (a cofactor of the AR reaction) has never
been documented in diabetic kidney, peripheral nerve, heart,
and retina. The lens data are contradictory (52, 56), and the
decrease in NADPH concentration found by one group (52) is
very modest (~15%). Note, that the aforementioned studies
assessed total (i.e., both free and protein-bound) NADPH and
that only a small fraction of the total cellular pool of NADPH
(i.e., free NADPH) participates in the catalysis (i.e., glu-
tathione reductase reaction). No methodology for assessment
of free NADPH in animal tissues is currently available.
Indirect biochemical consequences of increased sorbitol
pathway activity include the following: (a) nonenzymatic gly-
cation initiated by fructose, the product of the SDH reaction,
its product fructose 3-phosphate, and other precursors of ad-
vanced glycation endproducts (AGEs); (b) activation of pro-
tein kinase C (PKC); (c¢) oxidative and nitrosative stress; and
(d) oxidative stress-mediated downstream events, i.e., activa-
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FIG. 1. Sorbitol pathway of glucose metabolism and direct
negative consequences of its activation in tissue sites for di-
abetic complications.

tion of mitogen-activated protein kinases (MAPKs) and
poly(ADP-ribose) polymerase (PARP; Fig. 2). The important
role for the sorbitol pathway in initiation of nonenzymatic
glycation is supported by findings of several groups indicat-
ing that AR inhibitor (ARI) treatment prevents formation of
AGEs, i.e., pentosidine (66) and carboxymethyllysine (30),
and their precursors, i.e., fructose 3-phosphate (50), methyl-
glyoxal (92), and 3-deoxyglucosone (29, 69). At least, four
reports (39, 44, 68, 115) support the important role of AR in
activation of PKC, e.g., in vascular cells (115). Activation of
PKC in hyperglycemic/diabetic conditions occurs due to in-
creased formation of the PKC activator diacylglycerol from
a-glycerophosphate under conditions of AR-dependent sup-
pression of the glycolytic enzyme glyceraldehyde-3-phos-
phate dehydrogenase. AR inhibition restores normal gly-
colytic flux (71, 74) and prevents increased formation of
a-glycerophosphate (71) and diacylglycerol (44). Both
nonenzymatic glycation and activation of PKC contribute to
oxidative stress via free radical generation during AGE inter-
action with AGE receptors (RAGE) and phosphorylation (ac-
tivation) of the superoxide-generating enzyme, NAD(P)H ox-
idase, respectively (1, 6, 38, 116). Thus, increased AR
activity can contribute to oxidative stress by promoting glyca-
tion and PKC activation. However, numerous findings sug-
gest that the major contribution of increased AR activity to
oxidative stress is a disruption of antioxidative defense mech-
anisms independent of either glycation or PKC activation.
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FIG. 2. Pathways and mechanisms involved in the relation
between increased AR activity and oxidative stress in dia-
betes mellitus.
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Furthermore, AR-mediated oxidative stress leads to such
detrimental consequences as MAPK activation (4, 94) and
PARP activation (86, 87, 90). Taking into consideration that
MAPKSs and PARP control numerous transcription factors (8,
28, 120), one would expect that AR is linked to downstream
up-regulation of inflammatory genes, cell adhesion mole-
cules, inducible nitric oxide synthase (iNOS), cyclooxyge-
nase-2 (COX-2), and endothelin-1 (ET-1) (63, 120). Some of
these downstream events, e.g., activation of iNOS (118) and
COX-2 (33), further exacerbate oxidative stress. Experimen-
tal findings supporting the role for increased AR activity in
such manifestations of oxidative stress as (a) superoxide gen-
eration, (b) lipid peroxidation, (c) depletion of the major bio-
logical antioxidant, reduced glutathione (GSH), (d) depletion
of other important antioxidants, ascorbate and taurine, (e)
down-regulation of antioxidative defense enzyme activities,
(f) peroxynitrite-induced injury (nitrosative stress), as well as
such downstream events as MAPK activation and PARP acti-
vation, are provided below.

According to the “unifying hypothesis,” mitochondrial su-
peroxide production is a primary mechanism responsible for
activation of four major pathways involved in diabetic com-
plications, i.e., nonenzymatic glycation, PKC, hexosamine
pathway, and sorbitol pathway (9). Whereas the role for ox-
idative stress in diversion of the glycotic flux toward the for-
mation of methylglyoxal and diacylglycerol is beyond doubt,
free radicals are not necessarily generated in mitochondria;
such nonmitochondrial mechanisms as xanthine oxidase and
NAD(P) oxidase are also of great importance (18, 20, 61).
Furthermore, several groups failed to find any suppression of
the sorbitol pathway activity by superoxide scavengers such
as lipoic acid (47, 76, 81, 107), taurine (75, 81, 93), and the
metal chelator hydroxyethyl starch deferoxamine (17). At the
same time, it was demonstrated that increased AR activity
contributes to superoxide production in high glucose-exposed
vascular cells and tissues of diabetic rats. ARIs zopolrestat
(27) and fidarestat (88) were found to prevent aortic superox-
ide formation assessed by the lucigenin chemiluminescence
test. AR inhibition reduced superoxide formation and dichlo-
rofluorescein fluorescence (a measure of intracellular hydro-
gen peroxide, a product of superoxide dismutase) in high
glucose-exposed bovine aortic and retinal endothelial cells,
as well as retinal pigment epithelial cells (21, 72, 85). Retinal
epithelial cells stably transfected with the AR gene and cul-
tured in hyperglycemic conditions had increased dichloroflu-
orescein fluorescence compared with parental cells with nor-
mal AR content (72). Of interest, intracellular superoxide
formation has been induced by the nonmetabolizable glucose
analogue 3-methyl-O-glucose (21), which supports the role
for intracellular osmotic stress in superoxide formation. In
the same study, superoxide formation was greater in cells cul-
tured in high-glucose medium than in cells cultured with
equimolar concentrations of 3-methyl-O-glucose, which indi-
cates that either osmotic stress is not the only factor in hyper-
glycemia-induced intracellular superoxide formation, or ac-
cumulation of sorbitol, the product of glucose metabolism,
results in a more severe osmotic stress than accumulation of
equimolar quantities of 3-methyl-O-glucose. The role of os-
motic stress in high glucose-induced oxidative stress in ocu-
lar lens has been previously demonstrated in our experiments
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with an SDH inhibitor administered in vivo to diabetic rats
(77, 78). Further studies are needed to sort out how osmotic
stress contributes to oxidative stress; for example, the role
of intracellular osmotic stress in control of free radical-
generating [i.e., xanthine oxidase, NAD(P)H oxidase] and an-
tioxidative defense enzymes has never been explored.

A number of studies support the role of AR in enhanced
lipid peroxidation in tissue sites for diabetic complications.
AR inhibition achieved with several structurally diverse
ARIs, i.e., sorbinil, [5-(3-thienyl)tetrazol-1-yl]acetic acid
(TAT), and, recently, fidarestat, was found to counteract accu-
mulation of lipid peroxidation products, malondialdehyde
and 4-hydroxyalkenals, in tissue sites for diabetic complica-
tions, including lens (74, 99, 117), peripheral nerve (57, 83),
and retina (85). These inhibitor studies are consistent with the
findings in mice expressing human AR gene in the lens: dia-
betic transgenic mice had greater lens malondialdehyde con-
tent than diabetic mice with normal AR content (51).

In contrast to the aforementioned findings, one group has
reported that AR inhibition leads to further exacerbation of
diabetes-associated accumulation of the lipid peroxidation
products, 4-hydroxyalkenals (96). It has been suggested that
AR participates in the detoxification process by metabolizing
those highly reactive and toxic substances. However, this con-
cept has several major weaknesses. First, the products of «,[3-
unsaturated aldehyde, 4-hydroxyalkenal, metabolism by AR,
i.e., glutathione-4-hydroxynonenal conjugate, 1,4-dihydroxy-
2-nonene, and 4-hydroxy-2-nonenoic acid, have never been
identified in vivo in tissue sites for diabetic complications.
The presence of these products has only been demonstrated in
studies in in situ perfused organs (101, 105) or incubated tis-
sues (104) that used relatively high concentrations of
4-hydroxynonenal (100-200 pM). Second, whereas antioxi-
dant deficiency or administration of prooxidants to nondia-
betic animals has been shown to result in diabetes-like com-
plications, e.g., neuropathy (12, 37) and some manifestations
of retinopathy (98), administration of ARIs did not cause such
effects (67, 109). ARI-treated non-diabetic animals preserved
normal peripheral nerve function (67, 109), as well as retinal
vascular endothelial growth factor expression (85) known to
be increased under conditions of enhanced oxidative stress,
e.g., in diabetes (10, 81, 102). Third, if ARI administration ex-
acerbated oxidative stress, one would expect to see the “syner-
gistic” effect of diabetes and ARI treatment on diabetic com-
plications, i.e., accelerated development of pathologic
changes in ARI-treated compared with untreated diabetic ani-
mals. However, it is well known that AR inhibition delays, pre-
vents, and, at early stages, reverses diabetic complications.

The pathogenetic role of increased AR activity in chronic
diabetic complications has been summarized in several recent
reviews (70, 73), and supported by at least five lines of evi-
dence: (a) similarity of functional, metabolic, and morpho-
logical abnormalities characteristic for diabetic complica-
tions in animal models of diabetes and galactose feeding (41,
43, 97); (b) studies with structurally diverse ARIs (41, 43, 67,
70, 73, 83, 85, 97, 109); (c) studies in AR-overexpressing an-
imals (51, 103, 114); (d) identification of high AR protein
level as an independent risk factor for diabetic complications
in patients with both type 1 (insulin-dependent) and type 2
(non—insulin-dependent) diabetes mellitus (40); and (e) ge-
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netic polymorphism data (31, 70) revealing increased fre-
quency of the Z-2 allele of the AR gene, known to be associ-
ated with two- to threefold AR expression (70) in patients
with diabetic complications compared with the uncompli-
cated group. The role of increased AR activity in the patho-
genesis of peripheral diabetic neuropathy is also supported by
recent clinical trials with two ARIs, zenarestat (26) and the
most potent and low-toxic inhibitor, fidarestat (36). In the
zenarestat study (26); robust inhibition of AR in diabetic
human nerve resulted in improvement of both nerve physiol-
ogy and fiber density. The results of two double-blind
placebo-controlled clinical trials of fidarestat in patients with
type 1 and type 2 diabetes are also encouraging (26; and
Arezzo et al., unpublished observations). In the Japanese
study (36), fidarestat improved electrophysiological mea-
sures of median and tibial motor nerve conduction velocity,
F-wave minimum latency, F-wave conduction velocity, and
median sensory nerve conduction velocity (forearm and dis-
tal), as well as subjective symptoms of peripheral diabetic
neuropathy such as numbness, spontaneous pain, sensation of
rigidity, paresthesia in the sole upon walking, heaviness in the
foot, and hypesthesia. The improvement of nerve function
with AR inhibition has also been observed in the U.S. study,
which is still in progress.

Evidence from at least seven groups suggests that the sor-
bitol pathway hyperactivity has a key role in hyperglycemia-
induced GSH depletion in the peripheral nerve (14, 65, 72,
78, 107), lens (51, 56, 74-77) and smooth muscle cells (68).
AR inhibition was found to prevent (56) or reverse (65, 74,
83) GSH depletion. The diabetic mice expressing human AR
gene in the lens had lower lens GSH concentration than dia-
betic mice with normal AR content (51). The diabetic mice
selectively overexpressing AR in Schwann cells of the periph-
eral nerve clearly manifested nerve GSH depletion, whereas
their diabetic wild-type littermates preserved normal GSH
levels (103). AR knockout mice have been protected from
GSH depletion, in the peripheral nerve. The mechanism un-
derlying the inverse relation between AR activity and intra-
cellular GSH concentrations remains unidentified. At least
two groups have suggested that hyperglycemia-induced GSH
deficiency e.g., in the peripheral nerve, results from depletion
of NADPH, a cofactor shared by AR and glutathione reduc-
tase, and the resulting slowing of the glutathione redox cycle
(14, 51). However, this concept is not supported by the absent
or minor reciprocal increase of oxidized glutathione (GSSG)
concentration in concert with the decrease in GSH in diabetic
nerve (14, 65, 107), lens (75-77), and kidney (84). In addi-
tion, as has already been stated, NADPH deficiency in the di-
abetic peripheral nerve has never been documented. Further-
more, whereas diabetes-associated GSH depletion in such
targets as ocular lens reaches 80% (51, 56, 74-77), NADPH
depletion is minor (52) or absent (56). Apparently, GSH de-
pletion in target tissues for diabetic complications, i.e., lens,
peripheral nerve, and renal cortex, is due to a decrease in total
glutathione rather than impairment of the NADPH-dependent
reduction of GSSG to GSH. Note that AR activity manifested
by sorbitol accumulation is greater in the diabetic rat retina
than in renal cortex; however, no retinal GSH depletion has
been detected in short-term diabetic rats (2, 81, 85). The key
role of “NADPH deficiency” is also not supported by studies
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with SDH inhibitors (SDIs). Administration of SDI doses of
50-250 mg/kg/day to diabetic rats resulted in sorbitol accu-
mulation above the “diabetic threshold” in the peripheral
nerve (13, 78), as well as the lens (24, 77), and exacerbated
GSH depletion in both tissues (77, 78). Therefore, sorbitol
accumulation-linked osmotic stress rather than NADPH defi-
ciency with resulting slowing of the glutathione redox cycle
is responsible for diabetes-induced GSH depletion in the lens
and peripheral nerve. This conclusion does not contradict the
concept of “decreased glutathione biosynthesis” because os-
motic stress can disrupt GSH biosynthesis by affecting up-
take of the amino acid cysteine, the rate-limiting step in GSH
biosynthesis. However, the “osmotic concept” is not sup-
ported by studies in diabetic AR-overexpressing SDH-knock-
out (AR*/SDH-) mice that developed higher lens sorbitol
accumulation, but less manifested GSH depletion than dia-
betic AR-overexpressing mice with normal SDH content
(AR*/SDH") (S.K. Chung, unpublished observations).

Some investigators suggest that hyperglycemia-induced
GSH depletion occurs due to glycation or decreased expres-
sion of the key enzyme of glutathione biosynthesis,
v-glutamylcysteine synthetase (111), and glycation of glu-
tathione reductase (7). However, the role of glycation/glycox-
idation in diabetes-associated inhibition of GSH biosynthesis
is not supported by studies demonstrating (a) the lack of any
antioxidant activity of the inhibitor of nonenzymatic glyca-
tion, aminoguanidine, in the peripheral nerve of diabetic rats
(45), (b) the lack of any correction of GSH depletion or de-
crease of GSH/cysteine ratio, the index of the rate of glu-
tathione biosynthesis, in the retina of aminoguanidine-treated
diabetic rats versus untreated diabetic group (3), and (c) ex-
acerbation rather than correction of diabetes-induced GSH
depletion in lens and peripheral nerve by SDI treatment (24,
77, 78) that did not affect intracellular glucose and markedly
reduced intracellular fructose concentrations (24, 77, 78). Of
interest, one group (89) found that aminoguanidine inhibits
catalase and generates hydrogen peroxide in vitro. The latter
is in contrast with the study by Giardino et al. (25) who de-
scribed antioxidant effects of aminoguanidine in retinal
Muller cells exposed to 10 uM hydrogen peroxide. Antioxi-
dant properties of aminoguanidine in the diabetic retina have
been described by Kowluru et al. (48); however, the retinal
GSH concentrations in the aforementioned study are at least
threefold higher than those reported by four other groups
(23). No antioxidant properties of aminoguanidine have been
revealed in another study that, in addition to thiobarbituric
acid reactive substances, used the most specific and sensitive
marker of lipid peroxidation, i.e., F,-isoprostane (95).

It has also been reported that glyoxals, reactive a-oxoalde-
hydes formed in excessive amounts from glucose in hyper-
glycemic conditions, increase the susceptibility of GSH to
oxidation by hydrogen peroxide (100). However, this is un-
likely to be the mechanism for GSH depletion in tissues of di-
abetic animals because of the lack of accumulation or very
minor increase of the oxidized form of glutathione, GSSG.

Along with GSH, other nonenzymatic antioxidants provide
antioxidative defense in tissue sites for diabetic complica-
tions, and vitamin C (ascorbate), taurine and a-tocopherol are
the most important. Note that diabetes-induced a-tocopherol
depletion has not been documented in tissues developing dia-
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betic complications. The studies of our group revealed that
total and free ascorbic acid (AA) concentrations are de-
creased and dehydroascorbate (DHAA)/AA ratio increased in
the peripheral nerve (80, 83) and kidneys (84), but not retina
(23, 81, 85), of diabetic rats. AA has an important role in an-
tioxidative defense and, in particular, phenoxyl radical neu-
tralization and a-tocopherol recycling. Diabetic subjects, par-
ticularly patients with poor glycemic control, have decreased
plasma AA concentrations and increased AA oxidation to
DHAA (55). The mechanisms of AA depletion in tissue sites
for diabetic complications have not been studied in detail.
However, reports (55, 83, 99) suggest that AA concentrations
are inversely related to the sorbitol pathway activity. The
study of our group (77) suggests that AA depletion in the dia-
betic precataractous lens is mediated by sorbitol accumula-
tion and intralenticular osmotic stress but not by nonenzy-
matic glycation. Lens AA concentrations are reduced by
L-buthionine (S,R)-sulfoximine, an inhibitor of glutathione
biosynthesis, because GSH and other cellular thiols play an
important role in vitamin C homeostasis by regenerating AA
from DHAA and semiascorbyl radicals. Therefore, it is not
surprising that the changes in the glutathione and ascorbate
systems of antioxidative defense have been reported to occur
in parallel. So far, it is unclear whether AA depletion in tis-
sues of diabetic animals is a primary response or a secondary
phenomenon occurring due to depletion of GSH, because
GSH concentrations are also decreased in major sites for dia-
betic complications, including lens, peripheral nerve, and
kidneys. Both diabetes-induced GSH and ascorbate depletion
in peripheral nerve and lens is reversed by an ARI treatment
(56, 71, 72, 74, 83, 99, 107). However, the glutathione and
ascorbate systems of antioxidative defense could respond dif-
ferently to some experimental conditions, e.g., to the treat-
ment with another antioxidant, taurine. In our study (80), nor-
mal total and free AA concentrations and the ascorbate redox
state, but not GSH concentrations, were preserved in the pe-
ripheral nerve of diabetic rats fed a taurine-supplemented
diet. Apparently, this effect of exogenous taurine is not medi-
ated via ascorbate regeneration by GSH, or an osmotic mech-
anism, because nerve sorbitol concentrations were similar in
diabetic rats fed taurine-supplemented and regular diets (93).

Growing evidence indicates that increased AR activity has
a major role in diabetes-induced depletion of another endoge-
nous nonenzymatic antioxidant, taurine. Taurine is the most
abundant amino acid in mammalian tissues that acts as (a) os-
molyte, (b) neurotransmitter, (c) membrane stabilizer,
(d) modulator of Ca?* homeostasis, (e) regulator of PKC-
dependent phosphorylation, and (f) endogenous antioxidant.
Taurine depletion has been documented in such tissues of dia-
betic animals as lens (75), peripheral nerve (80, 93), kidney
(110), but not retina (81). The mechanism(s) of antioxidant
activity of taurine remains poorly understood although the
ability of taurine to decrease diabetes-induced lipid peroxida-
tion has been demonstrated in the peripheral nerve (80), kid-
neys (110), lens (75), retina (81), liver, and pancreas (54).
Both taurine and hypotaurine scavenge hypochlorite (5, 19),
which is known to form from hydrogen peroxide in the pres-
ence of Cu?', i.e., under conditions of diabetes-associated
transition metal imbalance, and is involved in inflammation.
Recently, it has been demonstrated (32) that hypochlorite also
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reacts with superoxide anions to yield highly reactive hy-
droxyl radicals. Thus, taurine, the hypochlorite scavenger,
counteracts hydroxyl radical formation. Spin-trapping experi-
ments (46) have revealed that taurine scavenges superoxide.
In addition, taurine accelerates catabolism of norepinephrine,
which can autoxidize and thus contribute to reactive oxygen
species (ROS) generation (15). Thus, taurine appears to be in-
volved in both protection against formation of the most reac-
tive ROS and their neutralization. Several studies, including
those from our group, suggest that taurine interferes with sev-
eral components of antioxidative defense. Erdem et al. (22)
have demonstrated the ability of taurine to activate superox-
ide dismutase. We have demonstrated that the antioxidant ef-
fects of taurine in the diabetic peripheral nerve (80), but not
retina (81), are, at least in part, mediated through the ascor-
bate system of antioxidative defense, i.e., increase in free AA
concentrations and AA/DHAA ratio. Taurine deficiency-
mediated oxidative stress is responsible for decreased nerve
growth factor expression in the diabetic nerve (80). In turn,
nerve growth factor deficiency is known to be associated
with increased ROS formation (62), potentially due to down-
regulation of superoxide dismutase and catalase. Thus, tau-
rine deficiency in tissue sites for diabetic complications cre-
ates “vicious cycles” resulting in further progression of
oxidative damage. The studies of two groups implicate in-
creased AR activity and resulting intracellular osmotic stress
in taurine depletion in high glucose-exposed retinal pigment
epithelial cells (106) and lens of galactose-fed rats (60). In
both cases, taurine deficiency was effectively prevented by an
ARI treatment.

Our group has generated evidence that increased AR activ-
ity impairs antioxidative defense provided by several antiox-
idative defense enzymes, including superoxide dismutase,
glutathione peroxidase, glutathione reductase, and glu-
tathione transferase in diabetic retina (85) and peripheral
nerve (79). The mechanism(s) of this phenomenon remains
unclear. Another study (34) has shown that AR activity may
affect gene expression of such antioxidative enzymes as cata-
lase, Cu,Zn-superoxide dismutase, and glutathione peroxi-
dase in subjects with diabetic nephropathy.

Numerous findings indicate that nitrosative stress, i.e., in-
creased formation of the potent oxidant peroxynitrite
(ONOO—) and subsequent nitration or nitrosylation of cell
components, plays an important role in a number of patholog-
ical conditions associated with oxidative stress (58, 112). Ev-
idence for the presence of nitrosative stress in both experi-
mental and clinical diabetic neuropathy (16, 35) and other
diabetic complications (88, 91) is emerging. Peroxynitrite is
formed in the reaction of superoxide anion radicals with ni-
tric oxide; therefore, any mechanisms contributing to super-
oxide and nitric oxide generation are also responsible for in-
creased production of reactive nitrogen species. It is not
surprising, therefore, that AR inhibition with zopolrestat was
found to counteract accumulation of nitrotyrosine, a marker
of peroxynitrite-induced injury, in high glucose-exposed en-
dothelial cells (21). We observed a similar phenomenon with
another ARI, fidarestat, that counteracted diabetes-associated
increase in nitrotyrosine immunoreactivity in peripheral
nerve, retina, as well as glomerular and tubular compartments
of renal cortex (88; Obrosova et al., unpublished observa-
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tions). Suppression of nitrotyrosine immunoreactivity by fi-
darestat has also been found in epineurial arterioles isolated
from sciatic nerve of the ARI-treated streptozotocin (STZ)-
diabetic rats (88).

Recent findings reveal that increased sorbitol pathway ac-
tivity activates mechanisms localized further downstream
from oxidative stress in the pathogenesis of diabetic compli-
cations, i.e, MAPKs (4) and PARP (88). Evidence for the
pathogenetic role of both mechanisms is emerging (4, 63, 86,
87, 90, 94). PARP activation has been demonstrated to play a
major role in diabetes-associated endothelial and myocardial
dysfunction (90). Both MAPKs and PARP are the fundamen-
tal mechanisms in the pathogenesis of peripheral diabetic
neuropathy (4, 86, 94), and MAPK activation in dorsal root
ganglia neurons of STZ-diabetic rats was reversed by an ARI
treatment (4). According to the “unifying hypothesis,” mito-
chondrial superoxide-induced PARP activation in hyper-
glycemic and diabetic conditions accounts for down-regula-
tion of the glyceraldehyde-3-phosphate dehydrogenase
reaction of glycolysis, and thus feedback inhibition of the up-
stream reactions of the glycolytic pathway by increased con-
centrations of glyceraldehyde 3-phosphate (9). Increased
availability of glucose due to inhibition of its phosphoryla-
tion by hexokinase is in turn responsible for sorbitol pathway
activation (9). Based on this premise, one would expect that
PARP inhibitors decrease glucose and sorbitol pathway inter-
mediate accumulation in tissue sites for diabetic complica-
tions. However, our group failed to produce such observation
with three structurally diverse PARP inhibitors, i.e., 3-
aminobenzamide, 1,5-isoquinolinediol, and PJ34 [N-(6-oxo0-
5,6-dihydrophenanthridin-2-yl)-N, N-dimethylacetamide],
which did not counteract glucose, sorbitol, and fructose accu-
mulation in either retina (87) or peripheral nerve (53) of STZ-
diabetic rats. Furthermore, AR inhibition with fidarestat was
found to counteract diabetes-associated accumulation of
poly(ADP-ribose), the product of PARP activation, in periph-
eral nerve, retina, and glomerular and tubular compartments
of renal cortex (88). This is consistent with our observations
with a peroxynitrite decomposition catalyst in the model of
experimental diabetic neuropathy (88) indicating that perox-
ynitrite is a major contributor to PARP activation in the dia-
betic nerve. Therefore, any compound counteracting forma-
tion of reactive nitrogen species should also suppress
poly(ADP-ribose) accumulation. Fidarestat does not have
PARP-inhibiting properties tested in the cell-free system con-
taining PARP and NAD™.

It is noteworthy that whereas MAPK activation and PARP
activation occur downstream from oxidative injury, both
mechanisms have also been reported to exacerbate oxidative
stress. In some circumstances, MAPK activation contributes
to ROS generation (64), and PARP activation increases lipid
peroxidation (119). On the one hand, this is not surprising be-
cause some downstream effectors of PARP activation, i.e.,
COX-2 (42, 43),iNOS (118), and ET-1 (11), contribute to ox-
idative damage. Moreover, the heme-containing protein
myeloperoxidase, released from stimulated polymorphonu-
clear leukocytes at sites of inflammation, a generally ac-
cepted consequence of PARP activation, is involved in gener-
ation of ROS and reactive nitrogen species. On the other
hand, contribution of these downstream mechanisms to
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oxidative stress in some tissue sites for diabetic complica-
tions, such as vascular endothelium, peripheral nerve,
retina, and kidneys, is probably minimal because the PARP
inhibitors, PJ34 and 1,5-isoquinolinediol, completely sup-
press PARP activation, but do not counteract nitrotyrosine
formation in aorta, peripheral nerve, retina, and kidneys, as
well as superoxide and nitrotyrosine formation in epineurial
vessels of STZ-diabetic rats (88; Obrosova et al., unpub-
lished observations).

In conclusion, increased sorbitol pathway activity leads to
oxidative stress in tissue sites for diabetic complications. This
occurs primarily due to disruption of antioxidative defense
and, in particular, depletion of three nonenzymatic antioxi-
dants: GSH, ascorbate, and taurine. Biochemical mechanisms
underlying antioxidant depletion require further studies. In
addition, the pathway contributes to activation of other im-
portant mechanisms, such as nonenzymatic glycation and ac-
tivation of PKC, that are involved in free radical generation.
Such consequences of oxidative injury as activation of
MAPKs, PARP, and downstream effectors of both mecha-
nisms could theoretically exacerbate oxidative stress, al-
though further studies are needed to confirm that this occurs
indeed in diabetes.
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