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Abstract

Significance: Numerous clinical trials implicate a key role for hyperglycemia in the pathogenesis of diabetic
complications. Recent studies support the importance of oxidative stress in mediating these complications. Although
itis well known that hyperglycemia increases the rates of glucose metabolism via glycolysis and the sorbitol pathway,
the importance of their contributions to oxidative stress and diabetic complications remains controversial.

Recent advances and critical issues: The major objectives of this review are to draw attention to: 1) recent
advances supporting the importance of oxidative stress linked to increased sorbitol oxidation in fueling oxidative
stress evoked by hyperglycemia, 2) important caveats to interpretations of experimental observations using flawed
experimental protocols and methods and/or inappropriate surrogate animal models of diabetes (i.e. galactosemia)
thought to challenge or refute an important role for the sorbitol pathway in the pathogenesis of diabetic complications
and 3) speculations not supported by credible evidence.

The first enzyme in the sorbitol pathway is Aldose Reductase (AR), which converts glucose to sorbitol. Sorbitol is
then reduced to fructose by Sorbitol Dehydrogenase (SDH) coupled to transfer of electrons and protons to oxidized
cytoplasmic Nicotinamide Adenine Dinucleotide (NAD*c) to form NADHc, the reduced form of NAD. NADHc fuels
production of superoxide by NADHc-fueled NAD(P)H oxidases causing oxidative stress which impairs the activity
of numerous enzymes including Na*K*/ATPase resulting in Metabolic Suppression. Oxidative stress and Metabolic
Suppression play key roles in mediating diabetic complications.

Future directions: This scenario has important implications for the design and optimization of future therapies
for prevention and treatment of diabetic complications, e.g. endogenous antioxidants C-peptide and pyruvate and

more efficacious inhibitors of sorbitol production and sorbitol oxidation.
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2. Abbreviations: AGEs: Advanced Glycation End products;
Akt: Protein Kinase B (PKB); AR: Aldose Reductase; ARI: Aldose
Reductase Inhibitor; DAG: DiacylGlycerol; ER: Endoplasmic
Reticulum; GA3P: GlycerAldehyde 3-Phosphate; GA3P-DH:
GlycerAldehyde 3-Phosphate Dehydrogenase; G3P: Glycerol
3-Phosphate; G3P-DHc:  Cytosolic ~ Glycerol ~ 3-Phosphate
Dehydrogenase; HIP: Hypoxic-Ischemic Preconditioning; GSIS:
Glucose Stimulation of Insulin Secretion; IRS-1: Insulin Receptor
Substrate-1; LDH: Lactate-DH: Lactate Dehydrogenase; L/P:
Lactate/Pyruvate ratio, LVEDP: Left Ventricle End Diastolic
Pressure; MG: Methylglyoxal; MPTP: Mitochondrial Permeability
Transition Pore; NAD*c: Oxidized Cytosolic Nicotinamide
Adenine Dinucleotide; NADHc: Reduced Cytosolic Nicotinamide
Adenine Dinucleotide; NADP*c: Oxidized Cytosolic Nicotinamide
Adenine Dinucleotide Phosphate; NADPHc: Reduced Cytosolic
Nicotinamide Adenine Dinucleotide Phosphate; NEFA: Non-
Esterified Fatty Acids; NO: Nitric Oxide; NOX: NAD(P)H
Oxidase; 0, Superoxide; OSM: Online Supplemental Material;
PARP: Poly(ADP-Ribose) Polymerase; ROS: Reactive Oxygen
Species; RyR: Ryanodine Receptors; SERCA: Sarco(Endo)plasmic
Reticulum Ca?*-ATPase; SDH: Sorbitol Dehydrogenase; SDI:
Sorbitol Dehydrogenase Inhibitor; SOD: Superoxide Dismutase;
Sorbitol-DH: Sorbitol Dehydrogenase

3. Introduction

Global awareness of the burgeoning societal and economic
consequences of diabetes mellitus and its complications is expanding
[1,2]. This includes recognition of the urgent need for more effective

therapies for the prevention and treatment of diabetic complications
[3]. Although the etiologies of diabetic vascular disease and neuropathy
are currently under intensive investigation, the basic pathogenic
mechanisms are not fully understood.

While insulinopenia [4,5], C-peptide deficiency [6-12],
hyperlipidemia [13], and hypertension [14] all warrant intensive
further investigation to clarify their roles in the development of
diabetic complications, hyperglycemia per se has been implicated in
playing a key role in the initiation and rate of progression of diabetic
complications by numerous clinical studies, including the DCCT/EDIC
[15] and the UKPDS (United Kingdom Prospective Diabetes Study)
studies [16]. It is now widely agreed that hyperglycemia likely mediates/
exacerbates diabetic complications by causing oxidative stress [17],
i.e. production of pro-oxidant in excess of anti-oxidant metabolites.
Although hyperglycemia increases flux of glucose via glycolysis and via
the sorbitol pathway, the relative importance of these 2 pathways and
their contributions to oxidative stress remain controversial [18-32].

*Corresponding author: Joseph R Wiliamson, Department of Pathology,
Washington University School of Medicine, 1611 Kriste Court, St. Louis MO. 63131,
USA, Tel: (314) 821-7137; Fax: (314) 821-4585; E-mail: jrw@pathology.wustl.edu

Received September 26, 2012; Accepted October 18, 2012; Published October
24,2012

Citation: Williamson JR, Ido Y (2012) Linking Diabetic Complications to Sorbitol
Oxidation, Oxidative Stress and Metabolic Suppression. J Diabetes Metab 3: 219.
doi:10.4172/2155-6156.1000219

Copyright: © 2012 Williamson JR, et al. This is an open-access article distributed
under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

J Diabetes Metab
ISSN:2155-6156 JDM, an open access journal

Volume 3 ¢ Issue 8 + 1000219



Citation: Williamson JR, Ido Y (2012) Linking Diabetic Complications to Sorbitol Oxidation, Oxidative Stress and Metabolic Suppression. J Diabetes

Metab 3: 219. doi:10.4172/2155-6156.1000219

Page 2 of 15

Sorbitol oxidation has been linked to the pathogenesis of both
early and late complications in diabetic humans and animals. Aldose
reductase, the enzyme that produces sorbitol from glucose, also has
been shown to play a crucial role in inducing inflammatory biochemical
reactions even in non-diabetic animals.

Increased sorbitol oxidation generates excess free cytosolic
reduced ‘pro-oxidant’ NADH (NADHc) versus ‘anti-oxidant’
pyruvate. The resulting redox imbalance augments several metabolic
pathways that re-oxidize NADHc to NAD*c and generate superoxide
and associated metabolic imbalances linked to the pathogenesis of
diabetic complications. Elevated NADHc levels augment superoxide
production and related ‘Reactive Oxygen Species’ (ROS)] by NADHc-
fueled NAD(P)H oxidases via several pathways. The resulting oxidative
stress impairs the activity of numerous enzymes including Na*/K*-
ATPase resulting in Metabolic Suppression; i.e. an adaptive response
that prolongs cell viability by reducing ATP consumption balanced by
decreased ATP synthesis. This allows ATP levels to remain constant
even while ATP turnover rates greatly decline. This scenario has
important implications for the design of future therapies for the
prevention and treatment of diabetic complications.

The first enzyme of the sorbitol pathway is aldose reductase (EC.
1.1.1.21). It is present in kidney inner medulla, nerve, lens, testis and
heart [33], and has been isolated from several tissues [34] including
lens [35], placenta [36], renal medulla [37], and testis [38]. Genomic,
structural, and enzymatic characteristics of the enzyme have been
intensively studied, and aldose reductase has been shown to be a
member of the aldo-keto reductase superfamily of enzymes [39].
Aldose reductase is designated as AKR1B1 (Aldo-Keto Reductase
family 1, member B1) in humans, which is also known as AR, ADR,
ALR2,and ALDRI, and is coded on chromosome 7. In the Entrez Gene
database, another closely related protein, i.e. AKR1B10, is frequently
called aldose reductase like-peptide or small intestine reductase. These
two enzymes differ in substrate specificity, but since they are more than
70% identical, some if not all antibodies cross-react with both proteins.

Aldose reductase (designated AKR1B3 in mice and AKR1B4 in
rats) converts glucose to sorbitol with a Km of ~60-100 mM. The high
apparent Km for glucose is due to the fact that only the low abundance
straight chain aldehyde form of glucose is a substrate; the Km for
the straight chain form of glucose is 5 uM [40]. Known regulators
of glucose flux to produce sorbitol include: 1) intracellular glucose
levels and 2) enzyme levels and activity. Flux activation in diabetes
is largely attributable to increased glucose substrate levels evoked by
hyperglycemia. However, in diabetes and inflammatory conditions
transcriptional induction can also occur via inflammatory factor AP-
1, osmotic-responsive element (TonEBP/NFATS5), and Nrf2 [41]. In
addition, the enzyme has been shown to be capable of undergoing
post-translational cysteine-oxidation and glutathionylation [42]. Thus,
depending on current specific circumstances, increased metabolic
flux of glucose by aldose reductase may result from a combination of
increased substrate availability, enzyme levels, and enzyme activity.
Increased metabolic flux of glucose via aldose reductase and the second
enzyme in the pathway, i.e. sorbitol dehydrogenase, is responsible for
creating a pro-oxidant status which differs markedly from glycolytic
metabolism discussed in Sections 4 and 5 below.

4. Glucose Metabolism via Glycolysis: NADHc,
Superoxide Production, and Oxidative Stress

Nicotinamide-containing cofactors play fundamental roles in
metabolism [43]. Free (unbound to enzymes/proteins) cytoplasmic

NADH (NADHc) occupies a central position in cytoplasmic and
mitochondrial energy catabolism (Figure 1).

The ratio of free reduced NADHc to free oxidized NAD*c is the
primary determinant of overall cellular redox status [44]. NADHc
and NAD*c exist in dynamic equilibrium with other key metabolites,
in particular with cytoplasmic lactate and pyruvate via the near-
equilibrium catalyzed by Lactate Dehydrogenase (LDH). Equation
1 depicts the reversible oxidation of NADHc to NAD*c by LDH
coupled to reduction of pyruvate to lactate that diffuses out of cells via
monocarboxylic acid transporters which maintain equilibrium between
intracellular and extracellular lactate/pyruvate ratios [45] (Figure 1).

LDH
NADHCc + Pyruvate <> NAD*c + Lactate
NAD(P)H oxidases
NADHc + O, > NAD*c + *O,

(Equation 1)

(Equation 2)

However, when the rate of glycolysis is markedly increased, e.g.
by hypoxia or strenuous exercise, lactate is produced faster than it is
removed at resting tissue blood flows. The resulting increased lactate
levels can drive the LDH reaction in the reverse direction resulting in
oxidation of lactate to form ‘antioxidant’ pyruvate and equimolar ‘pro-
oxidant’ NADHc.

In this circumstance, NAD*c needed for continued glycolysis also
can be regenerated from ‘pro-oxidant’ NADHc by NAD(P)Hc-fueled
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Figure 1: Key roles of increased cytosolic NADHc produced by sorbitol
oxidation in fueling superoxide formation and related metabolic pathways linked
to the pathogenesis of diabetic complications.

The percentage increase in sorbitol oxidation in normal rat retinas and
endoneuria incubated in 30 vs. 5 mM glucose (manifested by production of
fructose equimolar to NADHc) exceeds the percent increase in glycolysis
(manifested by lactate production) [27,80].

Since oxidation of sorbitol does not form pyruvate, NADHc levels rise ~1.5-2-fold
(manifested by increased ratios of NADH/NAD*c=lactate/pyruvate x K ) [44],
fructose levels increase (~10-30-fold), and much more NADHc is reoxidized to
NAD*c via alternative pathways, i.e. by NADHc-fueled NAD(P)H oxidases that
increase superoxide production and by G3P-DHc which increases synthesis
of diacylglycerol (DAG) [25-57] which activates protein kinase C (PKC) that
activates NADPH-driven oxidases to further augment superoxide production.
The ~1.5-2-fold increases in NADHc also contribute to product inhibition of
GA3P-DH, which increases levels of GA3P and DHAP, i.e. triose phosphates-
TPs, [25] that are in equilibrium. Non-enzymatic degradation of DHAP and
GA3P forms methylglyoxal (MG), a precursor of advanced glycation end-
products (AGEs) that impair the activity of numerous enzymes including GA3P-
DH [25,61,62].
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oxidases coupled to production of superoxide (Equation 2). Pyruvate
formed by oxidation of lactate (Equation 1) may be transported
into mitochondria to fuel ATP synthesis or diffuse out of the cell via
monocarboxylic acid transporters that maintain near-equilibrium
between intracellular and extracellular lactate/pyruvate ratios as noted
above [45] (Figure 1) and equation 4.

The near-equilibrium between intracellular molar ratios of
(unbound to proteins/enzymes) forms of NAD*c/NADHc=pyruvate/
lactate maintained by LDH (equilibrium constant K =1.11x10* at
pH 7.0) is depicted in equation 3 [44], and inversely as in equation 4.

NAD*c /NADHc=Pyruvate/Lactate x 1/K (Equation 3)

NADHc/NAD*c=Lactate/Pyruvate x K (Equation 4)

In a wide range of normal tissues and cells molar ratios of NADHc/
NAD*c and lactate/pyruvate in equation 4 are ~1/1000 and ~10/1,
respectively [25]. At equilibrium there is typically only ~1 mole of
NADHCc per 1,000 moles of NAD*c. Thus molar changes in NADHc
have a far greater impact on both ratios in equation 4 than equimolar
changes in NAD?, lactate, or pyruvate. An increase of only 1 additional
mole of unbound NADHc will double NADH/NAD*c=lactate/
pyruvate x K ratios that are typically increased ~1.5 to 2-fold by
diabetes, hypoxia, and increased physiological work in numerous
tissues in humans and animals, e.g. retina, nerves, brain, and muscles,
that are associated with increased blood flows [25,46].

These observations suggest that NADHc 1) is an exquisitely
sensitive redox metabolite sensor of product inhibition GA3P-DH and
2) elevated NADHc levels fuel a) superoxide production (by NADHc-
fueled NAD(P)Hc oxidases coupled to reoxidation of NADHc to
NAD*c (Equation 2)) and b) redox signaling pathways that augment
blood flow evoked by hyperglycemia, physiological work, and hypoxia
in numerous tissues [46].

The significance of very high ratios of oxidized NAD*c to reduced
NADHc has been widely thought to ensure that NAD*c levels are
not rate limiting for GA3P-DH activity requisite for ATP synthesis
from glucose via glycolysis (Figure 1). In addition, we suggest very
low levels of NADHc restrain product inhibition of GA3P-DH and
associated sequelae, e.g. impaired ATP synthesis, elevated levels of
triose phosphates (TP), etc. [25] (Figure 1).

Equations 3 and 4 have very important, albeit not widely
appreciated, implications for potential misinterpretation of
observations in cells and tissues incubated in relatively small volumes
of media in vitro. Accumulation of lactate in the incubation medium
is a major confounding factor in interpreting metabolic effects of
elevated glucose levels in cells and tissues in vitro. This can result in
accumulation of high levels of intracellular and extracellular lactate
produced by glycolysis, marked increases in NADH/NAD*c=lactate/
pyruvate x K . ratios, and increased intracellular levels of triose
phosphates like those evoked by hyperglycemia, sorbitol oxidation,
hypoxia, and physiological work as demonstrated by observations of
Tilton et al. [47] and summarized by Nyengaard et al. [27].

To avoid misinterpretation of observations in such experiments, it
is essential to assess lactate/pyruvate ratios in the incubation medium
and (when feasible) in the incubated cells and tissues as well. Tilton et
al. [47], reported that when normal human erythrocytes were incubated
in 3 ml of culture medium (at a 33% Hct) in a dialysis bag containing 2.5
mM glucose for 3h, NADH/NAD*c=lactate/pyruvate ratios increased
~6-fold (from L/P=9 at baseline to L/P=57) and triose phosphate levels
increased over 10-fold (from 36 to 538 umol/l/gHb). Both increases

were prevented when the dialysis bag was suspended in a 10-fold larger
volume of incubation medium. The importance of these observations
is attested to by observations of Nyengaard et al. in retina [27] and in
sciatic nerve endoneurium [25] from normal rats incubated in vitro
in hyperglycemic media + hypoxia. Aldose Reductase Inhibitors (ARI)
selectively prevented increases in NADH/NAD*c=lactate/pyruvate
x K ., ratios, lactate production, and triose phosphates evoked
by hyperglycemia, but did not prevent corresponding concurrent

increases evoked by hypoxia.

In view of these observations, it is noteworthy that Nishikawa et
al. [26] did not assess lactate or pyruvate levels in incubated Bovine
Aortic Endothelial Cells (BAEC) or in the incubation medium in
their experiments on the effects of inhibition of pyruvate transport
into mitochondria. And, although sorbitol levels were increased ~3-
fold, Nishikawa et al. [26] also did not assess effects of ARI or Sorbitol
Dehydrogenase (SDI) on increased superoxide production that might
have prevented or attenuated superoxide produced by oxidation of
NADHc (generated by sorbitol oxidation) by NAD(P)H oxidases in
the cytoplasm rather than by mitochondrial oxidation of pyruvate. The
conclusion of Nishikawa et al. [26] that blocking pyruvate transport into
mitochondria prevented increased ROS production also is discordant
with 1) observations published by earlier investigators that blocking
pyruvate transport into mitochondria markedly decreased NADH/
NAD*c=lactate/pyruvate x K, ratios in perfused hearts from normal
rats and guinea pigs and increased pyruvate release from epididymal fat
pads and guinea pig hearts [27] and 2) antioxidant effects of pyruvate
supplementation discussed below in Section 5.1. Important caveats
to interpretations of effects of other pharmacological agents in the
experiments of Nishikawa et al. [26] are also addressed by Nyengaard
etal. [27].

5. Glucose Metabolism via the Sorbitol Pathway:
Sorbitol Oxidation, NADHc, and Oxidative Stress

Hyperglycemia significantly increases glucose metabolism via
the sorbitol pathway as well as via glycolysis. Aldose reductase (E.C.
1.1.1.21, encoded by the AKRIBI gene, abbreviated here as “AR”),
catalyzes transfer of a hydride ion (two electrons and a proton) from
free cytoplasmic NADPH (NADPHc) to glucose coupled to reduction
of glucose to sorbitol and oxidation of NADPHc to NADP*c [25] as in
equation 5.

Aldose Reductase

Glucose + NADPHc + H* - Sorbitol + NADP*c (Equation 5)

Sorbitol is then oxidized to fructose by Sorbitol Dehydrogenase
(SDH). This reaction is coupled to transfer of a hydride ion from
sorbitol to NAD*c, which is reduced to NADHc equimolar to fructose
(Equation 6). However, in contrast to production of NADHc via
glycolysis, NADHc formed by sorbitol oxidation is uncoupled from
downstream production of equimolar ‘antioxidant’ pyruvate requisite
for reoxidation of NADHc to NAD*c by LDH (Equation 1) coupled
to reduction of pyruvate to lactate that diffuses out of the cell. As a
consequence, NADHc levels increase and (like increased NADHc
levels evoked by hypoxia) fuel superoxide production by NAD(P)H
oxidases coupled to reoxidation of NADHc to NAD*c (Equation 2).
We refer to the hypoxia-like increase in NADHc levels produced by
sorbitol oxidation as “Hyperglycemic Pseudohypoxia” [46].

SDH

Sorbitol + NAD*c > Fructose + NADHc + H* (Equation 6)
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Thus increased flux of glucose via the sorbitol pathway promotes:
a) oxidation of NADPHc to NADP*c in the first step and b) reduction
of NAD*c to ‘pro-oxidant’ NADHc and equimolar fructose (sans
equimolar ‘anti-oxidant’ pyruvate) in the second step (See Antioxidant
effects of pyruvate in Section 5.1).

Some investigators have speculated that decreased levels of reduced
glutathione (GSH) in tissues of diabetic animals (e.g. peripheral nerves,
retina, and lens) may be due to decreased availability of NADPH because
of increased utilization of NADPH by aldose reductase. However, as
emphasized by Obrosova [29]: “Diabetes-related depletion of NADPH
has never been documented in diabetic kidney, peripheral nerve, heart,
and retina.” Furthermore, we demonstrated that NADPHc/NADP*c
ratios were increased in parallel with increased NADH/NAD*c=lactate/
pyruvate x K ratios [25]. This finding is consistent with observations
in other studies that NADPH levels are increased in peripheral nerve
and lens of diabetic rats’ lens [25].

In cells that do not require insulin for glucose uptake, hyperglycemia
augments sorbitol oxidation generation of excess NADHc (Equations
5 and 6); excess NADHc fuels superoxide production by NADHc-
driven oxidases (Equation 2) [48,49] and other enzymes linked to the
pathogenesis of diabetic complications (Figure 1). This scenario predicts:
1) exposure of normoglycemic cells and tissues to elevated sorbitol
levels might mimic effects of hyperglycemia on superoxide production
and associated metabolic imbalances and tissue dysfunction/damage
and 2) potent inhibitors of Sorbitol dehydrogenase (SDI) should be
comparably efficacious in preventing metabolic imbalances and tissue
dysfunction/damage evoked by elevated glucose levels or elevated
sorbitol during normoglycemia. 3) In contrast, metabolic imbalances
and tissue dysfunction/damage evoked in tissues exposed to elevated
sorbitol levels during normoglycemia should be prevented by inhibitors
of SDI but not by ARL

Predictions land 3 have been confirmed by numerous observations
in normoglycemic cells and tissues exposed to elevated sorbitol levels
in vivo and in vitro [25]. These effects of sorbitol also are prevented
or substantially attenuated by addition of exogenous ‘antioxidant’
pyruvate and by superoxide dismutase (SOD) [25].

Prediction 2 also has been confirmed by observations that ARI and
SDI normalize impaired motor nerve conduction velocity (MNCV) and
associated increased blood flows and vascular permeability in sciatic
nerve and retina in rats with diabetes of 18-weeks of diabetes [25]. Both
inhibitors also prevented an accompanying ~1.9-fold increase in sciatic
nerve NADHc/NAD*c ratios, but had no impact on the associated
~1.6-fold increase in mitochondrial NADHm/NAD*m (Figure 2). (The
increase in NADHmM/NAD*m may be explained by increased oxidation
of fatty acids and ketones, plasma levels of which were significantly
elevated and unaffected by ARI or SDI [25] (Figure 2).

Observations that inhibition/attenuation of sorbitol oxidation
by pyruvate and by SOD (as well as by ARI and SDI) normalized
impaired vascular and neural dysfunction and increased NADHc/
NAD*c ratios evoked by hyperglycemia, but had no impact on
increased NADHm/NAD*m ratios [25] are inconsistent with the
hypothesis of Brownlee and Nishikawa et al. [18,26] for the primacy
of increased intra-mitochondrial oxidation of pyruvate (generated by
increased glycolysis) in fueling hyperglycemia-induced oxidative stress
and metabolic imbalances implicated in the pathogenesis of diabetic
complications [25]. These observations also are discordant with the
speculation by Giacco and Brownlee [22] that “glucose does not appear
to be the substrate for the enzyme aldose reductase because the K_ of
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Figure 2: Effects of the SDI-CP-166,572 (200 mg/kg bwt/day) and the ARI
Sorbinil (50 mg/kg bwt/day) on distal tibial MNCV and on sciatic nerve NADH/
NAD*c and NADH/NAD* m in rats with diabetes of 18 weeks duration.

Means + SD (N=9-12 rats for all parameters)

Different from Controls: *P<0.001; tP=0.005; *P< 0.02;

Different from Diabetics: $£<0.02; "P=0.05 [25]

aldose reductase for glucose is 100 mmol/l, whereas the intracellular
concentration of glucose in diabetic endothelial cells is 30-nmol/mg
protein.” This speculation was not supported by credible evidence and
is refuted by observations of Ido et al. [25] Additional caveats to other
speculative interpretations of observations of Brownlee et al. [18] are
addressed below and in Section 10.

Important caveats to the hypothesis of Nishikawa et al. [26] for
the primacy of increased intra-mitochondrial oxidation of pyruvate
(generated by increased glycolysis) in fueling hyperglycemia-induced
oxidative stress and sequelae implicated in the pathogenesis of diabetic
complications are addressed by Ido et al. [25]. Of particular interest
and importance are the observations that exposure of normal human
erythrocytes (that lack nuclei and mitochondria) to elevated glucose
levels or to increased sorbitol levels at normal glucose levels evoke
increased NADHc/NAD*c ratios etc. that are prevented/attenuated
by addition of pyruvate and/or inhibitors of aldose reductase [25].
Conclusions of Obrosova et al. [50-52] that sorbitol oxidation is not
a significant contributor to oxidative stress and metabolic imbalances
evoked by diabetes are attributable to speculations not supported by
credible evidence and by major caveats to experimental protocols
addressed by Nyengaard et al. [27] and Ido et al. [25].

Conclusions of Cameron et al. [19,53] that SDI lack efficacy and
that decreased MNCV is caused by decreased blood flow-ischemia
are explained by major caveats to experimental protocols addressed
by Chang et al. [54], Ido et al. [55,25], Nyengaard et al. [27]. Briefly,
decreased nerve blood flows in diabetic rats reported by Cameron et al.
[19,53] appear to be largely attributable to 1) surgical exposure of nerves
before measurement of blood flow and 2) use of indirect methods to
assess blood flow [25]. Surgical exposure markedly increases blood
flows in nerves of normal rats, but not in diabetic rats. The decreased
blood flows in surgically exposed nerves of diabetic rats are consistent
with: 1) impaired redox signaling pathways that augment blood flow
evoked by mild trauma and inflammation as demonstrated by Ido et
al. [25] and 2) Metabolic Suppression mediated by impaired Na*/K*-
ATPase activity discussed below in Section 6.

Blood flows and vascular albumin permeation in retina and in
unexposed nerves of diabetic rats are significantly increased by diabetes
of relatively short duration, e.g. 5 weeks, and are normalized by ARI
and SDI [25] and by C-peptide [12]. With increasing duration and
severity of diabetes neural blood flows are comparable to, or decreased,
compared to nondiabetic rats. These observations are consistent with
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evidence that inhibitors of aldose reductase protect hearts of Type 1
diabetic rats and hearts of nondiabetic controls from ischemic injury
[32]; both ARI and SDI reduce ischemia-reperfusion injury (and
associated increases in NADHc/NAD*c ratios manifested by increased
lactate/pyruvate ratios) to hearts from Type 2 diabetic BBZ rats [56].

The beneficial effects of antioxidant pyruvate in preventing
increased superoxide production evoked by elevated levels of sorbitol
and hyperglycemia are discordant with the hypothesis of Brownlee
and Nishikawa et al. [18,26] that increased production of pyruvate
via glycolysis (evoked by hyperglycemia) fuels increased superoxide
production in mitochondria and is the major cause of oxidative stress
evoked by hyperglycemia. However, beneficial antioxidant effects of
pyruvate are consistent with observations of numerous investigators as
discussed below and by Ido et al. [25].

5.1. Antioxidant effects of pyruvate

An important key to understanding how pyruvate supplementation
attenuates superoxide production and associated metabolic imbalances
evoked by increased sorbitol oxidation is the difference in end products
of glucose metabolized via glycolysis versus sorbitol oxidation.

Before glucose can be utilized for ATP synthesis (by substrate
phosphorylation in the cytoplasm or by oxidative phosphorylation
in mitochondria) electrons and protons must first be transferred
from Glyceraldehyde 3-Phosphate (GA3P) by GA3P-DH coupled to
reduction of NAD*c to ‘pro-oxidant’ NADHec. This reaction is followed
by downstream formation of ‘anti-oxidant’ pyruvate equimolar to
pro-oxidant NADHc (Figure 1). Normoxic normoglycemic resting
cells generate NADHc and pyruvate faster than they are utilized for
ATP synthesis and other reactions. Excess NADHc and pyruvate
are recombined by lactate-DH to form lactate, which exits cells via
monocarboxylate transporters and is removed from the tissue by blood
vessels [45] (Figure 1).

As shown in Equation 2, oxidation of sorbitol to equimolar
fructose by sorbitol-DH is coupled to transfer of electrons and protons
from oxidized NAD*c to NADHc that is uncoupled from subsequent
production of pyruvate required for reoxidation of NADHc to NAD*c
by lactate-DH (Figure 1). Thus NADHc levels increase (manifested
by ~1.5 to 2-fold increased ratios of reduced to oxidized NADHc/
NAD*c). Increased levels of NADHc augment superoxide production
by NADHc-fueled NAD(P)H oxidases [25] in numerous tissues
(Equation 3 and Figure 1).

It has been suggested that increased oxidative stress evoked
by hyperglycemia is largely attributable to decreased availability
of NADPH (due to increased consumption of NADPH by aldose
reductase (Equation 5) needed to maintain antioxidant GSH (reduced
glutathione) levels. However, this speculation is discordant with 1)
observations of Ido et al. that both NADPH/NADP*c and NADH/
NAD*c ratios were increased by diabetes and were normalized by SDI
[25] and 2) observations of other investigators [25].

Brownlee maintains: “Although hyperglycemia does increase the
NADH:NAD" ratio in endothelial cells, this reflects a marked decrease
in the absolute concentration of NAD* as a result of consumption by
activated poly(ADP-ribose) polymerase (PARP) rather than enzymatic
reduction by SDH of NAD* to NADH [18].” This assertion is
inconsistent with observations of numerous investigators summarized
by Ido etal. [25].

Attenuation of adverse effects of hyperglycemia and elevated
sorbitol levels by pyruvate supplementation is consistent with its

well-known antioxidant effects that prevent or markedly attenuate
metabolic imbalances, vascular dysfunction, and tissue damage
evoked by hypoxia/ischemia in humans and animals [25]. Pyruvate
is one of the most potent agents assessed for preventing opening of
Mitochondrial Permeability Transition pores (MTPT) and associated
ischemia-reperfusion injury [57-60]. Pyruvate supplementation
increases the threshold for the severity of ischemia required to evoke
preconditioning in globally ischemic rat hearts [60].

Pyruvate 1) stoichiometrically degrades superoxide (*O,) to H,O
and peroxynitrite coupled to non-enzymatic oxidative decarboxylation
of pyruvate to acetate [25] and, perhaps more importantly, 2) prevents
*0, production by NADHc-fueled NAD(P)H oxidases by driving
reoxidation of NADHc to NAD*c by lactate-DH coupled to reduction
of pyruvate to lactate that diffuses out of the cell [45] (Figure 1).

The second mechanism may be especially important since pyruvate
supplementation, like ARI, could prevent product inhibition of GA3P-
DH activity (by elevated NADHCc levels) and associated increased Triose
Phosphate (TP) levels that include (GA3P) and DiHydroxyAcetone
Phosphate (DHAP) that are maintained in equilibrium by Triose
Phosphate Isomerase (TPI) as depicted in Figure 1. In normal rat
retinas and endoneuria incubated in vitro, ARI prevented increased
TP and NADHc levels evoked by hyperglycemia, but did not attenuate
associated increases in glycolysis; manifested by increased lactate
production [25,27].

Increased levels of DHAP and NADHc drive reduction of DHAP
to G3P by G3P-DHc coupled to reoxidation of NADHc to NAD*c
(Figure 1), the first step in one pathway for de novo synthesis of DAG.
Increased levels of DAG activate PKC which, in turn, activates some
isoforms of NAD(P)H-driven oxidases that further augment superoxide
production. Although Giacco and Brownlee [22] commented that
increased GA3P levels activate the classic PKC pathway by increasing
DAG levels, they did not address the important role of NADHc in
fueling the reactions that generate DAG and activation of PKC (Figure

1).

ARI also prevent increased TP levels and lactate/pyruvate=NADH/
NAD*c x K, ratios in normal rat sciatic nerve endoneuria [25]
and retinas [27] incubated in 30 vs. 5 mM glucose. In addition,
pyruvate supplementation, like ARI, prevents increased TP levels
evoked by elevated glucose levels in erythrocytes (that lack nuclei and
mitochondria) from normal humans [25] and in incubated retinas
from normal rats [25]; lastly), in vivo pyruvate supplementation
prevents increased DAG levels in granulation tissue exposed to topical
hyperglycemia in non-diabetic rats [25].

GA3P and DHAP also undergo concentration-dependent non-
enzymatic degradation to form methylglyoxal (Figure 1), a potent
non-enzymatic glycating agent that forms Advanced Glycation End-
products (AGEs). AGEs impair the activity of many enzymes including
GA3P-DH [61,62]. Although potentially important consequences
of product inhibition of GA3P-DH activity have not been widely
investigated, it is noteworthy that impairment of GA3P-DH activity
via product inhibition by increased NADHc levels may develop more
rapidly during transient postprandial hyperglycemia and may also be
reversed more readily than impaired GA3P-DH activity caused by
chemical modification by superoxide and related ROS, etc. evoked by
chronic hyperglycemia, hypoxia, or strenuous physical activity [63-65].

Investigators reporting beneficial effects of a-lipoic acid in diabetic
humans and animals rarely draw attention to the fact that antioxidant
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a-lipoic acid, like antioxidant pyruvate 1) scavenges ROS and 2)
reoxidizes NADHc to NAD*c (coupled to reduction of a-lipoate to
dihydrolipoate) thereby depriving NADHc-fueled NAD(P)H oxidases
of fuel for generating superoxide [30,64-67]. a-lipoic acid substantially
1) decreases cytosolic NADH/NAD*c (manifested by significantly
decreased lactate/pyruvate ratios as in equation 4) and 2) attenuates
vascular dysfunction and neuropathy in diabetic humans and animals,
cataract formation in diabetic animals, etc.

5.2. Disappointing outcomes of clinical trials with aldose
reductase inhibitors

Metabolism of excess intracellular glucose via the sorbitol pathway
has long been suspected of contributing to diabetic complications
[68]. Worldwide efforts over the last four decades to develop Aldose
Reductase Inhibitors (ARIs) have focused on pharmacologically
inhibiting production of sorbitol by aldose reductase. Although
the impact of ARIs on diabetic complications in numerous clinical
trials has been generally disappointing [28,69], two key insights have
emerged from preclinical and clinical studies. First, beneficial effects of
ARIs in most tissues likely result primarily from normalization of pro-
oxidant NADHc levels and oxidative stress fueled by increased sorbitol
oxidation (Equation 5) [20,25].

Second, ARI doses needed to normalize nerve sorbitol levels
produced by aldose reductase are substantially higher (3-18-fold) than
are required to normalize downstream metabolites such as fructose
(produced by sorbitol oxidation equimolar to NADHc) and the
oxidative stress biomarker GSSG/GSH ), [20,25,28]. These new insights
strongly suggest the disappointing efficacy of ARIs in clinical trials
to date are largely due to underdosage of ARIs that were inadequate
to normalize sorbitol, fructose, and NADHc levels and associated
oxidative stress. Stronger inhibition of aldose reductase (Equation 5) is
required to reduce downstream production of NADHc and superoxide
generation than to reduce sorbitol levels.

6. Increased Sorbitol Oxidation Impairs Na*/K'-
ATPase Activity in Many Tissues, Resulting in
Metabolic Suppression, Insulin Resistance, f-Cell
Dysfunction, and Increased Resistance to Hypoxic/
Ischemic Injury. Increased Plasma Non-Esterified
Fatty Acid (NEFA) Levels in Exercising Rats also
Impair Na'/K*-ATPase Activity and Increase
Resistance to Hypoxic/Ischemic Injury

Hochachka et al. [70-72] characterize ‘Metabolic Suppression’
as an adaptive response to hypoxia/ischemia -and we suggest to
‘Hyperglycemic pseudohypoxia’ [46] that prolongs cell viability by
reducing ATP consumption balanced by decreased ATP synthesis.
Impaired Na*/K*-ATPase activity consumes less ATP that is balanced
by a corresponding decrease in the rate of ATP synthesis, which allows
ATP levels to remain constant even while ATP turnover rates greatly
decline (Figure 3) as discussed in Section 6a (Figure 3).

These beneficial effects of relatively mild Metabolic Suppression
are consistent with the beneficial effects of briefly exposing normal
cells and tissues to relatively mild hypoxia-ischemia which increases
their resistance to more serious dysfunction evoked by subsequent
exposure to more severe hypoxia-ischemia, ie. ‘Hypoxic-ischemic
preconditioning (HIP)” in nondiabetics.

6a. The ouabain-inhibitable fraction of Na*/K*-ATPase, manifested

by decreased *Rb* uptake as an indicator of K*-pump activity, is
impaired by diabetes in numerous cells and tissues in humans and
animals including: peripheral nerve [11,73-78], retina [79-83], lens
[84,85], heart [76,86,87], skeletal muscle [76,88], arteries [89-94],
erythrocytes [6,7,77,95,96], platelets [95], pancreatic beta cells in obese
(ob/ob) mice [97], and kidney [96,98].

Numerous observations suggest that insulin resistance, i.e.
impaired insulin-dependent stimulation of glucose utilization, may be
a consequence (at least in part) of Metabolic Suppression caused by
oxidative stress evoked by increased oxidation of sorbitol and/or Non-
Esterified Fatty Acids (NEFA). The importance of elevated NEFA levels

Linking Metabolic Suppression to Hyperglycemia,
tSorbitol oxidation, t NADH/NAD*c, and
¥Na*/K*- ATPase activity,

Hyperglycemia
¥ -Aldose Reductase
t Sorbitol
¥ -Sorbitol-DH
t+ NADHc/NAD*c
¥ -NADHc-fueled NAD(P)H oxidases
1002';& ROS

+ Na*lK*-A'I;Pase activity

Metabolic Suppression
¥ ATP Utilization
¥ ATP Synthesis
¥ Glycolysis

Figure 3: Sorbitol oxidation, Oxidative stress, impaired Na*/K*-ATPase activity,
elevated plasma NEFA levels: links to Insulin Resistance and Metabolic
suppression manifested by decreased glucose utilization, impaired ATP
synthesis, and decreased glycolysis.

Increased levels of reduced NADHc 1) fuel production of superoxide (*O,’) and
related Reactive Oxygen Species (ROS) by NADHc-fueled NAD(P)H oxidases
coupled to reoxidation of NADHc to NAD*c and 2) increase triose phosphates,
including DHAP which is reduced to G3P by G3P-DH coupled to reoxidation
of NADHc to NAD*c, the first step in one pathway for de novo synthesis of
diacylglycerol (DAG) that activates PKC which, in turn, activates some isoforms
of NAD(P)H-driven oxidases that further augment superoxide production
(Figure 1).

Increased superoxide and ROS impair Na*/K*-ATPase activity which
preferentially limits utilization of ATP by numerous enzymes and metabolic
pathways not crucial for sustaining viability while selectively maintaining
utilization of ATP by enzymes and metabolic pathways vital for sustaining
viability, e.g. Na*/K*-ATPase activity which maintains high intracellular ratios
of K*/Na* versus high extracellular ratios of Na*/K*. These changes result in
decreased overall rates of ATP utilization, ATP synthesis, and glycolysis, i.e.
Metabolic Suppression, consistent with the hypothesis of Hochachka [70-72]
and beneficial effects of Hypoxic/lschemic Preconditioning (HIP).

Utilization of glucose by insulin-sensitive tissues in type 2 diabetics, e.g. skeletal
muscle, liver, fat cells, etc. requires binding of insulin to cell surface receptors
followed by tyrosine phosphorylation of IRS-1 which mediates insulin effects on
glucose metabolism [100]. Phosphorylation of IRS-1 is significantly impaired
in obese nondiabetic subjects and in type 2 diabetics resulting in insulin
resistance [100]. Intravascular infusion of NEFA in nondiabetics to reproduce
plasma NEFA levels in type 2 diabetes also causes muscle and liver insulin
resistance and inhibits insulin secretion: “the 3 basic core metabolic defects in
type 2 diabetes” [100].

DeFronzo [100] attributes insulin resistance in muscle and liver in type 2 diabetics
primarily to sequelae of impaired phosphorylation of tyrosine residues on the
beta chain of IRS-1 causing downstream impairment of glucose metabolism
in numerous tissues. We suggest this impairment of glucose metabolism is
consistent with Metabolic Suppression, i.e. YATP utilization, +ATP synthesis,
and Vglycolysis. This scenario is consistent with downregulation of enzymatic
reactions that utilize ATP for phosphorylation of IRS-1 and other reactions not
crucial for maintaining cell viability ‘in the short term’. This scenario also is
consistent with Metabolic Suppression evoked by hypoxia (and, we suggest,
‘Hyperglycemic pseudohypoxia’ [46]), and beneficial effects of hypoxic/ischemic
preconditioning (HIP).
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is supported by observations cited by DeFronzo [99,100] that infusion
of sufficient NEFA in non-diabetics to achieve NEFA levels similar to
those in type 2 diabetes causes muscle and liver insulin resistance and
inhibits Glucose Stimulation of Insulin Secretion (GSIS). Elsner et al.
[101] reported that 1) long-chain saturated NEFA, e.g. palmitic acid, are
toxic to insulin-producing cells and 2) the toxicity is largely attributable
to hydrogen peroxide generated by beta-oxidation of palmitic acid in
extra-mitochondrial peroxisomes rather than in mitochondria.

In view of the association of insulin resistance, obesity, type 2
diabetes, and elevated plasma NEFA, it is noteworthy that Galuska
et al. [88] reported that skeletal muscle plasma membrane Na*/K*-
ATPase activity was significantly decreased (~50%) in normal female
Wistar rats fed a high fat diet for 4 weeks while undergoing swimming
Exercise Training (SET). In contrast, insulin resistance (manifested by
impaired glucose uptake) was not significantly increased (by 32%) until
12 weeks on the diet + SET without any further reduction in plasma
membrane Na*/K*-ATPase activity.

DeFronzo suggests insulin resistance in muscle, liver, and other
insulin-sensitive tissues in type 2 diabetes is largely attributable to
impaired phosphorylation of tyrosine residues on the beta chain of
Insulin Receptor Substrate-1 (IRS-1). This impairs glucose transport
into the cell, glucose phosphorylation, and downstream activation
of multiple metabolic reactions including glucose oxidation and,
primarily, glycogen synthesis [100].

Mima et al. [4] recently reported that insulin-induced
phosphorylation of IRS-1, Akt, eNOS, and glycogen synthase kinase
3a were selectively inhibited in glomeruli (versus renal tubules) of
streptozotocin-diabetic rats and in Zucker-fatty insulin resistant
rats versus nondiabetic controls and Zucker-lean rats. IRS-1 protein
levels (but not mRNA levels) were decreased only in glomeruli of
streptozotocin diabetic rats. Overexpression of IRS-1 or an inhibitor of
PKC-p, a) reversed the inhibitory effects of high glucose, b) increased
IRS-1 expression, and c) enhanced insulin action. These observations
are consistent with the importance of impaired phosphorylation of IRS-
1, as suggested by DeFronzo, and impaired Akt, eNOS, and glycogen
synthase kinase 3a activities, i.e. Metabolic Suppression, mediated by
increased superoxide production by NAD(P)H oxidase augmented by
PKC-p3 as discussed earlier [99,100].

Other investigators have drawn attention to Endoplasmic
Reticulum (ER) stress as a key link to the relationships between
insulin resistance, obesity, and type 2 diabetes [102-105]. Evidence
supporting important roles of ER stress and oxidation of palmitic acid
in peroxisomes is consistent with Metabolic Suppression as discussed
above and with the observations of DeFronzo [99,100] and Elsner et
al. [101].

While the importance of increased superoxide and related ROS
in the pathogenesis of diabetic complications is widely accepted, the
metabolic imbalance(s) that fuel superoxide and ROS production
remain controversial. Despite the primacy of increased oxidation of
pyruvate (produced by increased glycolysis) in mitochondria suggested
by Brownlee [18], Giacco and Brownlee [22], and Nishikawa et al. [26],
recent observations support important roles for increased oxidation of
a)sorbitol [25,28,46] and b) lipids [88,99-101,106] in the pathogenesis
of diabetic complications.

The paucity of current research on the role of increased NADHc
generated by sorbitol oxidation in fueling superoxide production
appears to be largely attributable to 1) speculations of earlier
investigators that were not supported by credible evidence and 2)
flawed experimental protocols addressed in the main text and OSM of
Ido et al. [25], Nyengaard et al. [27], and in Section 9.

6b. The sorbitol pathway has long been known to be present in
pancreatic f-cells; several lines of evidence suggest that sequelae of
increased sorbitol oxidation in f3-cells may also impair insulin secretion
(and eventual f-cell failure) in type 2 diabetes. Na*/K*-ATPase activity
also has been shown by Owada et al. [97] to be significantly decreased in
B-cells and islets from ob/ob mice incubated in hyperglycemic media.

Morrison et al. [107] reported that 1) sorbitol and fructose levels in
freshly isolated unincubated islets from normal rats were substantially
higher than in pancreatic acinar tissue and in plasma, and 2) incubation
of islets in 17 vs. 1.7 mM glucose significantly increased sorbitol levels.
Gabbay and Tze [108] subsequently reported that glutaric acid (a
relatively weak and nonspecific ARI) blocked both phases of Glucose-
Stimulated Insulin Secretion (GSIS) in the perfused rat pancreas and
also suppressed increased insulin release evoked by tolbutamide.
Addition of sorbitol to hyperglycemic perfusate containing glutaric
acid and tolbutamide restored insulin secretion. They concluded their
findings suggest that conversion of free intracellular glucose to sorbitol
in B-cells is an essential step for GSIS. Their observations and conclusion:
1) are consistent with observations of numerous investigators cited by
Ido et al. [25] that addition of sorbitol to normoglycemic incubation
media evokes vascular dysfunction and metabolic imbalances like
those caused by hyperglycemia in vivo and in vitro and 2) suggest that
increased sorbitol oxidation and associated Metabolic Suppression in
B-cells may contribute to impaired GSIS.

Flores et al. [109] reported that 2 different ARIs (ARI 509 and
Tolrestat) prevented increased production of sorbitol by islets from
normal rats and hereditarily diabetic Goto-Kakizaki rats incubated in
16.7 vs. 2.8 mM glucose for 120 minutes, but did not impact associated
increased insulin secretion. A possible explanation could be that
sorbitol levels were not elevated long enough to generate sufficient
superoxide to impair Na*/K*-ATPase activity, insulin synthesis, and
insulin secretion. Unfortunately, they did not measure fructose levels
(or lactate and pyruvate). As discussed earlier, 1) oxidation of sorbitol
produces equimolar fructose and NADHc (Equation 6) and 2) effects of
ARI are more closely linked to normalization of fructose than sorbitol
levels.

Owada et al. [97] reported that incubation of single islets and single
intact B-cells from adult obese (ob/ob) mice in 15 mM glucose for 10
minutes (at 37°C) decreased Na*/K*-ATPase activity ~50% that 1) was
mediated by activation of PKC which increased phosphorylation of the
a-subunit of Na*/K*-ATPase and 2) rapidly returned to control levels
during a 10 minute washout with medium containing 3 mM glucose.
Arachidonic acid also decreased Na*/K*-ATPase activity, which was
dose-dependent.

In view of the importance of increased Ca** levels in GSIS [110], it
is noteworthy that Patterson et al. [111] and Wolf et al. [112] reported
that NADHc regulates release of Ca** from endoplasmic reticulum by
modulation of inositol 1,4,5-trisphosphate receptors (IP,R) selectively
bound to GA3P-DH to form an IP,R/GA3P-DH complex that accounts
for augmented Ca? release by NADHc formed by GA3P-DH (Figure
1). They suggest the IP,R/GA3P-DH complex provides a means
whereby cellular energetics can regulate Ca®* signaling. Thus increased
glycolysis evoked by hyperglycemia, hypoxia/ischemia, or strenuous
exercise has the potential to increase intracellular Ca** levels that play
a key role in mediating myocardial injury during ischemia-reperfusion
[111,112] as well as GSIS [110].

Increased Ca** release from intracellular stores of Ca® in
endoplasmic reticulum by IP,R/GA3P-DH complexes may occur more
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rapidly than uptake of extracellular Ca?*. This would be consistent with
the need for rapid increases in GSIS and, concurrently, for activation
by Ca?* of cNOS in the vasculature of islets to augment blood flow for
export of insulin to peripheral tissues. Observations and conclusions
of Patterson et al. and Wolf et al. [111,112] also suggest a plausible
mechanism for a) regulating Ca®* release from the endoplasmic
reticulum and b) different intracellular Ca** concentrations under
basal conditions and during GSIS [110]. Observations of Tang et al.
[113,114] in nondiabetic and diabetic rats also are consistent with
the observations and conclusions of Patterson et al. and Wolf et al.
[111,112]. Tang et al. [113,114] reported that myocardial ischemia-
reperfusion injury in nondiabetic rats was mediated by impaired
activity of SERCA (Sarco(Endo)plasmic Reticulum Ca?*-ATPase)
and RyR (Ryanodine Receptors) due to oxidative damage by sorbitol
pathway-mediated oxidative stress that was prevented by ARI and
by SDI. Tang et al. also observed that cardiac contractile dysfunction
during acute hyperglycemia was mediated by impairment of SERCA
and was prevented by ARI and SDI [113,114]. These observations of
Tang et al. [113,114] are consistent with those of Ramasamy et al. [32]
that aldose reductase inhibition protects diabetic and nondiabetic rat
hearts from ischemic injury.

Decreased Na*/K*-ATPase activity in f-cells reported by Owada
et al. [97] and desensitization of f-cells to glucose as a stimulus for
GSIS suggested by Robertson [115] to protect S-cells from excessive
stimulation and exhaustion are consistent with Metabolic Suppression
proposed by Hochachka et al. [70-72] as a protective mechanism
during hypoxia and, we suggest, by ‘Hyperglycemic ‘Pseudohypoxia’
[46] that limits utilization of ATP to fuel insulin (protein) synthesis.

Robertson [115] suggests: “Inadequate insulin secretion from
decompensated S-cells causes increasingly higher blood glucose
levels that continually bathe the islet. This leads to a spectrum of
consequences for f-cells including glucose desensitization, f-cell
exhaustion and eventually glucose toxicity, i.e. a spectrum of
physiology and pathophysiology. Desensitization is a pharmacological
concept involving a cellular response to protect the cell from excessive
stimulation”.

Lastly, we call attention to recent publications of Pi et al. [116,117]
emphasizing the importance of relatively small increases in ROS in
fueling multiple redox-signaling pathways including GSIS versus toxic
effects of excess increases in ROS that could impair GSIS and other
redox signaling pathways resulting in eventual 3-cell destruction. Toxic
effects of excess ROS decrease the activity of protective antioxidant
enzymes resulting in destruction of 3-cells. This hypothesis is consistent
with observations of Obrosova et al. [118] in the retina of diabetic rats
that: 1) SOD activity was decreased ~40% and was supranormalized
by the ARI fidarestat, and 2) products of lipid peroxidation (MDA-
Malondialdehyde and 4-hydroxyalkenals) were increased 1.6-fold and
also were prevented by fidarestat. In addition, Obrosova et al. [118]
demonstrated that ROS were increased ~2-fold in bovine retinal
endothelial cells (BREC) incubated in 30 vs. 5 mM glucose that were
prevented by fidarestat.

These observations, concepts, and hypotheses are consistent with
the importance of numerous redox-signaling pathways critical for
maintaining normal cell function and viability, and for modulating
blood flows during hypoxia and increased physiological work as well
as in diabetes. In numerous tissues (e.g. peripheral nerve, retina, and
kidney) blood flows are increased early after the onset of diabetes;
however, with longer duration and/or increased severity of diabetes
excess ROS impair blood flow and damage cells and tissues manifested
by complications of diabetes.

We suggest the information, concepts, and hypotheses summarized
in this section warrant additional studies of the role of increased sorbitol
oxidation in: 1) impairment of GSIS by human beta-cells and islets,
2) ‘desensitization’, i.e. Metabolic Suppression, of f-cells to protect
them from excessive stimulation by hyperglycemia, and 3) mediating
irreversible damage/destruction caused by chronic oxidative stress.

6¢c. Linking decreased Na*/K*-ATPase activity and Metabolic
Suppression to increased resistance to hypoxic/ischemic injury
Hypoxic/Ischemic Preconditioning (HIP) in non-diabetics

“Na* transport/pumping is by far the largest single ATP-
consuming function in incubated normal rabbit retinas; i.e. ~50% of
ATP generated in the cytoplasm by substrate phosphorylation and in
mitochondria by oxidative phosphorylation” [119]. In normoxic liver
cells the only ATP-consuming function more costly than ion pumping
is protein turnover [70-72].

“One of the first and most dramatic effects of hypoxia on cell
metabolic functions is a rapid, large-magnitude inhibition of protein
synthesis. The disproportionate high percent of ATP consumed by
Na*/K*-ATPase versus other functions in hypoxic versus normoxic cells
and tissues is consistent with the critical importance of Na*/K*-ATPase
activity in maintaining ionic gradients and membrane potentials
essential for cell viability and function. Although hypoxia decreases
ATP consumption by Na*/K*-ATPase, it is decreased less than in other
enzymes” [72]. Observations of White et al. [120] support important
roles for cAAMP- and PKC-dependent inhibition of the cardiac Na*/K*-
ATPase pump via a shared downstream oxidative signaling pathway
involving NAD(P)H oxidase activation and glutathionylation of the
Na*/K*-ATPase pump f, subunit. This scenario is consistent with
sequelae of increased NADHc (produced by sorbitol oxidation and
by hypoxia) which 1) fuels activation of PKC, 2) increases NAD(P)H
oxidase activity, and 3) augments superoxide production (Figure 1).

While diabetes impairs Na*/K*-ATPase activity and related cellular
functions in peripheral nerve, retina, blood vessels, myocardium
(Section 6a), these same tissues are more resistant to hypoxic/ischemic
injury [21,121-128] that (when tested) also is attenuated/reversed by
ARI in diabetic humans and animals [21,123]. Ramasamy et al. [31,32]
have demonstrated that 1) hearts in diabetic and non-diabetic rats
also are protected from ischemic injury by ARIs and 2) the aldose
reductase/sorbitol pathway plays a key role in mediating ischemic
injury in nondiabetics and diabetics [23,24,32,56].

Impaired electrical signaling function, e.g. nerve conduction
velocity, amplitude, etc. in retina and nerve, decreased Na*/K*-ATPase
activity, and increased resistance to hypoxic/ischemic injury evoked by
diabetes are consistent with 1) protective effects of ‘hypoxic-ischemic
preconditioning’ in non-diabetic subjects [129], i.e. brief periods of sub-
lethal hypoxia/ischemia that protect cells and tissues from subsequent
exposure to more severe or prolonged hypoxia/ischemia, and 2) the
concept of ‘Metabolic Suppression’ characterized by Hochachka et al.
[70-72] as an adaptive response to hypoxia/ischemia (and we propose
to ‘Hyperglycemic pseudohypoxia’ [46]) that prolongs cell viability
by reducing ATP consumption balanced by decreased rates of ATP
synthesis.

Observations of Greene and Winegrad [130] are consistent with an
important role for Metabolic Suppression characterized by Hochachka
et al. [70-72] as an adaptive response to hypoxia/ischemia and, we
suggest, ‘Hyperglycemic pseudohypoxia’ [46] that prolongs cell
viability by reducing ATP consumption balanced by decreased rates of
ATP synthesis in mediating diabetic neuropathy. Greene and Winegrad
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[130] and Greene et al. [131] reported: “In rabbits with alloxan diabetes
of 14 days duration energy production in peripheral nerve is reduced
by 25-30%... which reflects a primary reduction in energy needs, i.e.
a 31% decrease in the steady state rate of energy (ATP) utilization
despite normal levels of ATP and P-creatine/creatine ratios...not a
reduced capacity to produce energy from metabolic substrate.” They
also suggested “Decreased myoinositol and creatine+P-creatine
concentrations in diabetic nerve fascicles indicated that maintenance
of intracellular/extracellular gradients of myoinositol and creatine is
impaired.”

Greene and Lattimer et al. [74,75,132,133] demonstrated that
decreased energy utilization in sciatic nerve was largely attributable
to decreased utilization of ATP by Na*/K*-ATPase, especially the
ouabain-inhibitable fraction of Na*/K*-ATPase. A sodium and energy-
dependent saturable transport system in the tibial branch of the sciatic
nerve of normal rabbits was responsible for at least 94% of myoinositol
uptake at plasma myoinositol concentrations. Likewise, Simmons and
Winegrad et al. [91-93] suggest that impaired aortic Na*/K*-ATPase
activity caused by hyperglycemia is mediated by increased sorbitol
pathway activity and linked to phosphatidylinositol synthesis and
impaired myoinositol transport. These observations of Greene et al. are
consistent with the concept of Metabolic Suppression as depicted in
Figure 3.

These observations, together with increased resistance to hypoxic/
ischemic injury evoked by diabetes and by HIP in nondiabetics
discussed above, are consistent with the hypothesis of Hochachka et
al. [70-72] that decreased ATP turnover caused by hypoxia/ischemia
and, we suggest, by ‘Hyperglycemic Pseudohypoxia’ [46] is mediated
largely by ‘ion channel arrest’ and decreased Na*/K*-ATPase activity.
Thus “The first lines of defense against hypoxia/anoxia include a
drastic, albeit balanced, suppression of ATP demand and supply
pathways; this regulation allows ATP levels to remain constant, even
while ATP turnover rates greatly decline. The ATP requirements
of ion pumping are down regulated by generalized ‘channel’ arrest
in hepatocytes and by the arrest of specific ion channels in neurons.
The disproportionate high percent of ATP consumed by Na*/K*-
ATPase versus other functions in hypoxic versus normoxic tissues
is consistent with the critical importance of Na*/K*-ATPase activity
in maintaining ionic gradients and membrane electrical potentials
crucial for cell function and viability” [70-72]. This hypothesis also is
consistent with evidence that consumption of ATP by Na*/K*-ATPase
in the retina exceeds consumption of ATP by all other enzymes [119].
Although hypoxia decreases ATP consumption by Na*/K*-ATPase, as
emphasized by Hochachka et al. [70-72], it is not reduced as much as
ATP consumption by other enzymes.

The hypothesis of Hochachka et al. [70-72] also is supported by
observations in diabetic humans and animals and the effects of HIP
in nondiabetics consistent with 1) downregulation of cell functions
and metabolic activities that utilize ATP for reactions not immediately
crucial for maintaining cell viability, e.g. decreased synthesis of proteins
including neuropeptides and acetylcholine [134,135] and (we would
add) insulin synthesis by S-cells, impaired axonal transport [136-138],
and decreased catalysis of proteins, e.g. decreased mesangial matrix
degradation in glomeruli [139-141], and 2) maintenance or activation
of cell metabolism and functions critical for sustaining cell viability,
e.g. activation of prosurvival kinases, e.g. Akt and Erk1/2 [142].

Observations of Jennings et al. in dogs [143] and of Lanza et al. in
humans [144] also are consistent with the hypothesis of Hochachka
et al. [70-72] and with observations of Greene et al. [74,130,132,133].

Jennings et al. [143] concluded that reduction in energy demand is
an essential component of the mechanism of cardioprotection in
preconditioned myocardium. Lanza et al. [144] concluded that ATP
supply and demand in skeletal muscle during ischaemic work in vivo
are balanced “not through higher glycolytic flux, but rather through
increased metabolic economy and decreased rates of ATP consumption
as fatigue ensues.”

7. ARI And C-Peptide Prevent Decreased Na*/K*-
ATPase Activity

Impaired Na*/K*-ATPase activity is associated with numerous
metabolic imbalances, vascular and neural dysfunction, etc., the most
important of which, we suggest, are consistent with direct and/or
indirect sequelae of increased production of superoxide and related
ROS fueled by NADHc which, when tested, are attenuated by ARI
(addressed earlier in Section 6a) and by C-peptide (i.e. Connecting
peptide) [6-12,96,98,145-155]. C-peptide is the 31 amino acid peptide
connecting the A and B chains of pro-insulin and is secreted by f-cells
equimolar to insulin.

C-peptide is a bioactive peptide [154] with numerous beneficial
effects (in vivo and in vitro) in normalizing diabetes-induced metabolic
imbalances and dysfunction in nerve, retina, kidney, and heart etc.
as discussed above. C-peptide attenuates reactive oxygen species
(ROS) generation by NAD(P)H-oxidase and associated apoptosis
of human aortic endothelial cells incubated in hyperglycemic media
[147]. Cifarelli et al. concluded that C-peptide acts as an endogenous
antioxidant in glucose-exposed endothelial cells [147]. C-peptide also
reduces pro-inflammatory cytokine secretion from lipopolysaccharide
(LPS) stimulated U-937 (human) monocytes, and adhesion of U-937
monocytes to human aortic endothelial cells (HAEC) under conditions
of hyperglycemia [150]. The authors concluded the anti-inflammatory
activity of C-peptide is likely due to suppression of NF-kB activation
[150]. This conclusion is consistent with earlier observations reported
by this group of investigators [148,151] .

Ido et al. [12] reported that sciatic nerve Na*/K*-ATPase activity
was decreased ~42% (P<0.005 vs. controls) and sorbitol levels were
increased ~12.5-fold (P <0.005 vs controls) in rats with diabetes of
5-weeks duration. While C-peptide normalized Na*/K*-ATPase
activity, it did not decrease sorbitol levels. Caudal nerve MNCV was
decreased ~12.6% (P<0.005 vs. controls) that also was normalized by
C-peptide. Plasma glucose levels were increased ~3.5-fold (P<0.005 vs.
controls) but were not decreased by C-peptide. In the same animals
blood flows in the retina, sciatic nerve, and anterior uvea were
significantly increased by diabetes (P<0.001) and were normalized
by C-peptide. Likewise, vascular albumin leakage was markedly
increased (~2-fold) in retina, sciatic nerve, and aorta (P<0.001 versus
nondiabetics) and was markedly attenuated by C-peptide (P <0.001 vs.
untreated diabetics).

Like the antioxidant pyruvate, C-peptide also markedly attenuates
increased blood flows evoked by lactate infusion in retina, sciatic nerve,
and skeletal muscle in normal rats [11]. Oxidation of lactate yields
equimolar NADHc and pyruvate (Figure 1). However, as discussed
earlier, changes in NADHc have a far greater impact than equimolar
changes in NAD*, lactate, or pyruvate on NADHc/NAD*c ratios. The
observations in these reports provide strong evidence that C-peptide
(like pyruvate) is a potent natural endogenous antioxidant under
normoglycemic conditions [11] as well as during hyperglycemia in
diabetics [147-151].
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8. Oxidation of Ethanol, like Oxidation of Sorbitol,
Increases the Cellular NADH/NAD+ Ratio and ROS
Production

The importance of NADHc generated by oxidation of sorbitol
in fueling superoxide production and associated complications of
diabetes is consistent with observations in a variety of tissues that
corresponding metabolic imbalances are associated with oxidation of
ethanol by ethanol-DH.

Oxidation of ethanol by ethanol-DH, like oxidation of sorbitol
by sorbitol-DH: 1) augments production of superoxide and ROS,
2) decreases Na*/K*-ATPase activity [156,157], and 3) attenuates
hypoxic/ischemic injury by evoking hypoxic/ischemic preconditioning
(HIP) [158-163]. Likewise, pyruvate supplementation or inhibition of
ethanol-DH prevents ethanol-induced increases in cellular NADHc/
NAD*c and ROS in normal rat hepatocytes [164]. The correspondence
of decreased Na*/K*-ATPase activity, increased resistance to hypoxic/
ischemic injury, and hypoxic/ischemic preconditioning (HIP), all of
which are linked to Metabolic Suppression, suggests that beneficial
effects of modest alcohol consumption may be attributable, at least in
part, to Metabolic Suppression.

An important difference in sorbitol versus ethanol toxicity is that
sorbitol (a 6-carbon alcohol) is generated inside cells and accumulates
to high levels because of its very slow rate of diffusion across cell
membranes. In contrast, ethanol (a 2-carbon alcohol) readily diffuses
across cell membranes. Therefore sorbitol toxicity is restricted largely to
the cells in which it is formed whereas essentially all cells are potentially
more susceptible to toxic effects of excess exogenous ethanol. Thus
Metabolic Suppression and increased Resistance to Hypoxic Ischemic
Injury (RHII), whether evoked by sorbitol oxidation, ethanol oxidation,
or hypoxia/ischemia, may be largely sequelae of increased superoxide
generated by NAD(P)H oxidases fueled by NADHc (Figure 1).

It also should be noted that increased NADHc and NADH/NAD*c
ratios produced by oxidation of sorbitol and by ethanol are essentially
independent of glycolysis. In contrast, increases in NADHc evoked by
hypoxia, ischemia, and strenuous exercise are generated largely via
increased glycolysis by transfer of electrons and protons from GA3P
to NAD*c by GA3P-DH coupled to reduction of NAD*c to NADHc
followed by downstream production of equimolar pyruvate see (Figure
1). Since excess NADHc and pyruvate generated by increased glycolysis
during hypoxia and strenuous exercise are produced much faster than
during normoxic resting conditions, they are recombined by lactate-
DH to form lactate faster than it is removed by the vasculature under
normal resting conditions. Rapidly increasing lactate levels cause
product inhibition of lactate-DH, which further restrains reoxidation
of NADHc to lactate by lactate-DH. The resulting increased levels
of NADHc fuel superoxide production by NADHc-fueled NAD(P)
H oxidases (Figure 1). This scenario is consistent with observations
discussed earlier that I) increases in NADH/NAD*c=lactate/pyruvate x
K, (and associated metabolic imbalances) evoked by hypoxia and by
hyperglycemia in incubated sciatic nerve endoneuria and retinas from
normal rats are additive and 2) the increases evoked by hyperglycemia
are prevented by ARI which has no impact on the associated increases
evoked by hypoxia [25,27].

9. Important Caveats to Experimental Observations
and Speculations thought to be Inconsistent with
an Important Role for Sorbitol Oxidation in
the Pathogenesis of Diabetic Complications are
Addressed by Ido et al. [25] and by Nyengaard et al.
[27].

Example 1: We first suggested that increased NADHc produced
by oxidation of sorbitol by sorbitol-dehydrogenase might contribute to
oxidative stress and diabetic complications evoked by hyperglycemia in
a perspective article in 1993 [46]. This hypothesis was not well received
by other researchers based on observations in a surrogate animal
model of diabetes, i.e. animals fed high galactose diets, develop many
diabetes-like complications, e.g. cataracts, retinopathy, neuropathy, etc.
However, it was well known that galactitol produced by oxidation of
galactose is a poor substrate for sorbitol-dehydrogenase. Nevertheless,
aldose reductase inhibitors prevented development of cataracts,
retinopathy, neuropathy evoked by high galactose diets as well as
corresponding complications evoked by diabetes. Observations of Ido
et al. [25] demonstrated that markedly increased vascular albumin
leakage in retina, sciatic nerve, and aorta in galactose-fed rats was
prevented by ARI but not by SDL

Nyengaard et al. [27] observed that 1) NADH/NAD*c=lactate/
pyruvate ratios in normal rat retinas incubated in 30 vs. 5 mM glucose
for 2 hours were increased 65% versus 67% in 25 mM sorbitol or 25
mM galactose, but were unaffected by 25 mM galactitol. 2) Lactate
production was increased 32% (P<0.0001) by 25 mM glucose, but was
unaffected in retinas incubated in equimolar concentrations of sorbitol,
galactose, or galactitol. 3) Triose phosphate levels were increased 33%
by 25 mM glucose or sorbitol, and 47% by 25 mM galactose, but were
unaffected by 25 mM galactitol.

Observations of Berry et al. [165] demonstrated that NADH/
NAD*c=lactate/pyruvate ratios increased 4-fold and galactonate levels
increased 3-fold in normal human erythrocytes incubated in 25 mM
galactose. These observations were considered to support the likelihood
that diabetes-like complications and increased NADHc/NAD*c ratios
evoked by high galactose diets are mediated by oxidation of galactose to
galactonate by galactose-dehydrogenase that was prevented by the ARI
Tolrestat. As discussed earlier, Tolrestat also prevents the associated
increase in NADH/NAD*c=lactate/pyruvate ratios consistent with ARI
effects on increased NADH/NAD*c=lactate/pyruvate ratios in tissues
of diabetics.

Example 2: Obrosova et al. [52] have 1)questioned the importance
of free NADHc generated by sorbitol oxidation because “the rates of
oxidation of NADH formation by glycolysis and its oxidation by the
respiratory chain are incomparably higher than the rate of NADHc
production by the sorbitol dehydrogenase reaction.” and 2) claim
“Hypoxia-like metabolic changes in the diabetic retina originate from
aldose reductase, but not sorbitol dehydrogenase activity.”

The first point overlooks the fact that NADHc generated by sorbitol
oxidation (in contrast to NADHc generated by glycolysis) is uncoupled
from downstream generation of equimolar ‘antioxidant pyruvate’
required for reoxidation of NADHc by lactate dehydrogenase. As a
consequence NADHc levels rise 1.5-2-fold and are reoxidized to NAD*c
largely by NAD(P)Hc-fueled oxidases [48,49] coupled to production of
superoxide and related reactive oxygen species (ROS), etc. [25]. The
second point is based on experimental observations subject to several
important caveats including (at least in part) the use of a biologically
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inactive inhibitor of sorbitol-DH (SDI-157) that is hydroxylated in vivo
to form the active compound [25,27].

10.Summary

We suggest oxidative stress and associated metabolic imbalances
evoked by hyperglycemia in Type 1 and Type 2 diabetics appear to be
largely sequelae of increased pro-oxidant NADHc (uncoupled from
downstream equimolar ‘antioxidant’ pyruvate) produced by sorbitol
oxidation. Since reoxidation of NADHc to NAD*c by lactate-DH is
coupled to reduction of pyruvate to lactate, NADHc levels rise and
1) augment superoxide production by NADHc-fueled NAD(P)H
oxidases coupled to reoxidation of NADHc to NAD*c which impairs
Na*/K*-ATPase activity resulting in Metabolic Suppression and 2)
contribute to product inhibition of GA3P-DH which increases triose
phosphate (TP) levels. The combination of elevated NADHc levels and
triose phosphates fuels (a) de novo synthesis of DAG which activates
PKC that activates some isoforms of NAD(P)H oxidases to further
augment superoxide production and related ROS (Figure 1) and (b)
formation of methylglyoxal, a potent glycating agent that forms AGEs
which impair the activity of numerous proteins and enzymes, the most
important of which appears to be decreased Na*/K*-ATPase activity.

Metabolic Suppression evoked by hyperglycemia causes vascular
and neural dysfunction, 3-cell dysfunction, insulin resistance, etc. that
are largely prevented/attenuated by (a) preventing sorbitol production
by ARI or preventing sorbitol oxidation by SDI, (b) ‘antioxidant’
pyruvate supplementation, and (c) ‘antioxidant’ C-peptide. Increased
oxidation of long chain non-esterified fatty acids (NEFA) also generates
superoxide and related ROS and associated metabolic imbalances that
impair Na*/K*-ATPase activity and evoke Metabolic Suppression.
Prevention of obesity and normalization of plasma NEFA levels also
attenuates oxidative stress, impaired Na*/K*-ATPase activity, and
Metabolic Suppression caused by oxidation of NEFA.
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