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Abstract

Oxidant stress plays a central role in mediating the rmacrd microvascular

complications of diabetes and metabsljmdrome. Radicals antagonize protective nitric
oxide (NO) bioactivity, through direct quenching of NO and uncoupling of NO synthase,
while promoting inflammation and fibrosis via activation of-kiippaB and TGlbeta,
respectively. Oxidants are key maidirs of insulin resistance in hypertrophied

adipocytes which gives rise to systemic insulin resistan@d may also promote beta

cell dysfunction. In diabetics, a major effect of peroxynitrite is to trigger RAR&iated
inhibition of glyceraldehyd@&-phosphate dehydrogenase; glycolytic intermediates pile up
behind this bottleneck, boosting the activity of 3 key pathways known to mediate
complications: diacylglycerol synthesis (leading to protein kinase C activation), and the
hexosamine and polyol gatays. The chief sources of excess oxidant stress in metabolic
syndrome and diabetes are NADPH oxidase (activated by PKC, angiotensin Il, and
advanced glycation/lipoxidation endproducts), uncoupled NO synthasg,mdthbetics

T mitochondria. Fortunalg it may be feasible to suppress the production and
downstream effects of the radicals overproduced in these disorders, using safe
nutraceuticals. Phycocyanobilin (PCB), a biliverderived chromophore found in blue
green algae, has recently been shtavpotently inhibit NADPH oxidase in a manner
analogous to bilirubin; efforts to develop P€Briched algae extracts as antioxidant
supplements are underway. Hidho s e f ol at e c &n toomelrowd efpicn e
tetrahydrobiopteilding, &NOf syhit halsye @Aamelco el or i
activity. Lipoic acidi as well as the drug metforminboost the antioxidant defenses of
endothelial mitochondria by activating AM#&tivated kinaseand PGCU; | i poi ¢ aci d
may also combat oxidant stress via ghAsnduction of glutathione and heme

oxygenas€el. High doses of thiamirieor its betterabsorbed analog benfotiaminean
increase transketolase activity, decreasing excess substrate in the upper glycolytic
pathway by drawing it into the pentose phuesje pathway. Taurine has the potential to
ameliorate the impact of myeloperoxidaterived oxidants on diabetic complications,

and suppresses development of neuropathy in diabetic rodents. The vitamer
pyridoxamine can aid control of oxidative stressridyibiting production of advanaced
glycation/lipoxidation end products. Thus, a regimen of PCB,-tigge folate, lipoic

acid, taurine, pyridoxamine, and benfotiamine may have considerable potential for
preventing complications in patient who are diabatid/or insulin resistant. Selenium,
vitamin C, niacinamidenelatonin,and oligopeptide ACE inhibitors may also have some
value in this regard. Clearly, there is considerable scope for the development of rational,
well tolerated nutraceutical regimensialhcould substantially mitigate the health risks
associated with metabolic syndrome and diabetes.



Oxidant Stressi Key Mediator of Diabetic Complications

Excessive production of superoxitlenost notably in vascular endothelitinms believed

to be a fundamental mediator of the maenad micrevascular complications of diabetes
and metabolic syndronte? This increase in superoxide production reflects activation of
NADPH oxidase, uncoupling of the endothelial isoform of nitric oxide synthase (eNOS),
andi specifically in diabetes shortcircuiting of respiratory chain electron figport in
mitochondria’®

The increase in NADPH activity is indutéy activation of certain isoforms of PKC that
can phosphorylate p47phox, promoting its translocation to the plasma mertfhitise;
increase in PKC activity is largely attributable to eesed de novo synthesis of
diacylglycerol (DAG), reflecting increased free fatty acid exposure and, particularly in
diabetics, increased substrate in the upper portion of the glycolytic pathway within tissues
such as endothelium that are highly glucosengable** ' DAG synthesis is further
boosted in tissues expressing aldose reductase owing to an increase in the cytosolic
NADH/NAD " ratio that promotes generation of glyceBgbhosphate. Upegulation of

the local renirangiotensin systertf,*® including a PKGmediated increase in AT1
receptor expressiar further amplifies NADPH activity, in part by increasing the
expression of NADPH subunit§? In diabetics, an additional increase in NADPH
oxidase activity can be induced by advanced glycation and lipoxidatiepreddcts
(AGEs and ALEs), via interaction with the RAGE eptor??®

Uncoupling of eNOS is secondary to increased oxidant production by NADPH oxidase
and/or mitochondria; peroxynitrite readily oxidizes tetrahydrobiopterin, and, in the
absence of this key cofactor, eNOS catalyzes the transfer of electrons from NADPH to
molecular oxygen, generating superoxidhis uncoupling also entails decreased
efficiency of nitric oxide production. There is consalae evidence for a functional
deficiency of tetrahydrobiopterin in the vascular endothelium and renal mesangium of
diabetic or insuliFresistant rats, associated with deficient eNOS actf{ity/;

furthermore, intraarterial infusion of tetrahydkoopterin in type 2 diabetic patients

rapidly improves endotheliwdependent vasodilatiof.

Increased production of superoxide by the endothelial mitochondria of diabetics
presumably reflects increased substrate availability that leads to an excess of electrons in
mitochondrial respirafy chains® however, it is suspected that reduced efficiency of the
distal portion of the respiratory chain, possibly seeopdo oxidant stress, contributes to

this phenomenott’

Increased superoxide production may act in a number of integagtlys to promote
vascular complications. Of key importance in this regard is the fact that superoxide
antagonizes effective NO bioactivityoy directly quenching NO, by promoting



uncoupling of eNOS, and by impairing the efficiency of the insBIBK-Akt pathway

that induces an activating phosphorylation of eN®3¥. Moreover, the peroxynitrite
generated when superoxide reacts with NO is a highly active oxidant that mediates much
of the oxidant stress associated with diabetes and metabolic syrtréhireparticular,
peroxynitrite, as well as the hydrogen peroxide derived from superoxide dismutation, can
promote activatonof dk appaB, i nducing an fAactivatedo p
macrovascular disease and other inflanematomplications®>** These oxidants can

also promote the synthesis and activation of I@fa, thereby acting asediators of the
pro-fibrotic complications of diabetes, such as glomerulosclefd4fs The utility of

PARP inhibibrs for mitigating endothelial dysfunction and related complications in
diabetic rodents presumably reflects a key role for peroxynitrédiated DNA damage

in the genesis of these complicatidhsRericyte apoptosis, an early event in the

evolution of diabetic neuropathy, appears to be triggered by oxidant ¥tress.

Recent studies employing the NADPH oxidase inhibitor apocynin point e &orahis
enzyme complex in the early stages of diabetic neuropathy iff eatd, demonstrate that
the oxidative stress generated by chronic activation of NADPH oxidase in the
hypertrophied adipocytes of obese mice renders these adipocytes insulin resistant and
0i nf | amtha they sexrate the adipokines characteristic of insulin resistance
syndrome (e.g. H6, TNFalpha, leptinf? In the pancreas of diabetics, activation of this
enzyme complex via local uggulation of angiotensin Il activity promotes beta cell
dysfunction and apoptos{&>*

Brownlee and colleagues have demonstrated that oxidant stress works in several other
ways to boost the activity of pathways thought taliate diabetic vascular
complications. In particular, peroxynitrite, by inducing DNA damage that activates
PARP, leads to polyAD#bosylation of glyceraldehyd&-phosphate dehydrogenase
(GAPDH), diminishing the activity of this enzymeAs a result, intermediates in the
upper portion of the glycolytic chain build iigan effect that is of particular importance
when hyperglycemia is promoting increased tissue glucose uptake. Thus, nstrasub
becomes available for de novo DAG synthesis, for aldose reductase, and for
glutamine:fructosé-phosphate amidotransferase, the first andlnatiéng enzyme for

the hexosamine pathway that generates dB&cetylglucosaminé.? *? Studies with
diabetic rodents have demonstrated that PKC activation, the polyol pathway, and the
hexosamine pathway all contribute to the induction ofetialcomplications*°
Furthemore, oxidant stress can boost aldose reductase activity by blunting the tonic
inhibitory impact of physiological levels of NO on this enzytfig® as a result,
accelerated utilization of NADPH reduces the availability of this cofactor to eNOS,
compounding the NO deficiency, while also impairing NADB&pendent antioxidant
mechanisms.

There is recent evidence that vascidaund myeloperoxidase is dramatically increased
in diabetic rats, and that its interaction with hydrogen peroxide diffusing from
neighboring cells can give rise to hypochlorous acid (HOCI) and other chlorinating
compounds that may be more detrimental to endothelial function than is hydrogen
peroxide per s&° In vitro, the HOCI scavenger methionine alleviates the severe



impairment of endotheliurdependent vasodilation noted in rat aorta exposed to high
glucose and myeloperoxidas¢hus incriminating KDCI as the likely mediator of the
endothelial toxicity associated with myeloperoxidase.

In aggregate, these considerations suggest that measures which suppress superoxide
production by NADPH oxidase, eNOS, anah diabetics mitochondria, may go a long
way towar d A g eftthe macgantd micrdvdsailarrcamplicadions

associated with diabetes and metabolic syndrome. Practical nutraceutical strategies for
blunting the production or downstream consequences of excessive superoxide would be
of particular interest, as these miigpoe more convenient, affordable, and safer than drug
therapies. In this regard, a regimen comprised of phycobilins,dugé folate, lipoic

acid, taurine, pyridoxamine, and benfotiamine may have great potential.

Phycobilinsi Phytonutrient Inhibitors of NADPH Oxidase

The vascular protection associated with relatively high plasma levels of unconjugated
bilirubin,®® ®* as well as that afforded by the antioxidant enzyme hexygenasel °~%*
most likely reflects the ability of bilirubin to serve as an endogeimduisitor of NADPH
oxidase®™ °® although bilirubin has usually beeharacterized as an oxidant scavenger,
its intracellular concentrations are in the low nanomolar fEregel, moreover, it is a
relatively inefficient scavenger of superoxffeThus, itis now suspected that the
important antioxidant activity of bilirubin in tissues reflects, not scavenging activity, but

rather direct inhibition of NAPDH oxida$é.

Bilirubin arises by reduction of biliverdin, a product of heaxygenasamediated

catabolism of heme; this reduction is mediated by the ubiquitously expressed enzyme
biliverdin reductasé” ®° Plants and blue green algae generate chromophores known as
Aphycobi |l insod t hlase stractual achogs ofbibverdiny fellswing n d ¢
conjugation to apoproteins, these chromophores function as light harvesters, much like
chlorophyll”® These phycobilins are readily susdblet to reduction by biliverdin
reductase, giving rise to fphytRecently,i nsd that
Inoguchi has demonstrated that phycocyanobilin (PCB), the chronmepsponsible for

the blue pigmentation of spirulina, is a potent inhibitor of NADPH oxidase activity in
human endothelial, smooth muscle, and mesangial cell cultures; the effects are quite
parallel to those of biliverdin in these cell lines, and are-dependent in the range of 1

20 uM (Toyoshi Inoguchi, personal communication). These findings may rationalize
previous reports that oral administration of phycocyadirtime spirulina protein that

includes PCB as a chromophdrexerts a wide range of aatiflammatory effects in

rodents’? Thus, it has been suggested that Riiched spirulina extracts may have
potential as antioxidant nutraceuticals that, in appropriate oral doses, could partially
inhibit endogenous NADPH oxidase activifyThe implications of such a strategy for
controlling the excess oxidant stress associated with diabetes or metabolic syndrome are
clear.

Recently, Inoguiai and colleagues have examined risk for vascular complications in
diabetics who have Gilbert syndrome, a genetic variant in which free unconjugated



bilirubin levels are B-fold elevated owing to reduced hepatic expression of the isoform
of UDP-glucuronogl transferase (1A1) responsible for conjugation of biliruBiThese
researchers identified 96 diabetics with Gilbert syndrome, and compared them with 425
diabetics without this syndrome; all diabetics included in the analysis had been diabetic
for at least five years. iBks for retinopathy, macroalbuminuria, and coronary disease
were significantly lower in the former group. After multiple regression analyses
adjusting for a number of relevant factors, including parameters related to insulin
resistance and diabetic caoit(control tended to be somewhat better in the Gilbert group,
possibly reflecting a role for NADPH oxidase activation in insulin resistance and beta
cell failure”® *9), relative risk for retinopathy, macroalbuminuria, and coronary disease in
the Gilbert group was calculated to be 0.216, 0.205, and 0.206, respectively. These
findings suggest that the partial inhibition of NADPH oxidase activity associated with
elevated unconjugated bilirubin in diabetics with Gilbert syndrome provides importan
protection from the vascular complications of diabetes. It is reasonable to anticipate that
prompt administration of PCB, in a dosage schedule sufficient to replicate the degree of
NADPH oxidase inhibition experienced by subjects with Gilbert syndrameld

likewise have an important effect on risk for major complications in diabetics.

While it is evident that excessive inhibition of NADPH oxidase could compromise
immune defenses, it should be noted that subjects with Gilbert syndrome do not
experiencany evident increase in risk for infection or other disorders, and indeed appear
to be at notably decreased risk for vascular disordéfshus, it may be feasible to

achieve moderate inhibition of NADPH oxidase without compromising health.
Furthermore, if a serious infection developed during the course Btiapy, PCB
administration could be temporarily discontinued to quickly restore full NADPH oxidase
activity.

Pending the availability of PCB in supplemental form (extracted from spirulina, or

synthesized), it may be feasible to use whole spirulinacasieal source of PCB. A

heaping tablespoon of spirulina (approximately 15g) provides about 100 mg PCB, and

can be rendered palatable by inclusion in fis
milk, fruit juices, or whole fruit. It is pertinent tete that inclusion of whole spirulina in

the diet of rodents has been reported to exert poteriniathmatory effects’®

Vitamin E Has Not Fulfilled Expectations

An alternative approach to suppressing activation of NADPH oxidase in diabetics was
proposed some years ago by King and colleagues. These researchersrdtaddhat,

in diabetic rodents, highose injections of vitamin E {@lphatocopherol, 40 mg/kg i.p.,

every other day) prevented activation of PKC (and hence its downstream target NADPH
oxidase) by lowering the elevated concentrations of diacylglyaet@sues giving rise

to diabetic complications (retina, glomeruli, aorta); as might be expected, this effect was
associated with an amelioration of the early impacts of diabetes on retinal and glomerular
structure and functiof?®® In cell cultures exposed to high glucose, the impact of vitamin

E on diacylglycerol levels was traced to an increase in diacylglycerol kinase activity,
possibly indicating that oxidized lipids inhibit this enzyme.



Unfortunately, these benefits may have been contingent on exceptionally high tissue
levels of vitamin E adkved through parenteral administration, as in clinical studies
entailing oral administration of vitamin E, the benefits have been equivocal at best. In
type 1 diabetics (average duration of diabetes 4 years), 1,80@ljhatocopheryl

acetate daily fod months was associated with a significant increase in retinal blood flow,
reversing the trend toward decreased flow seen in unsupplemented difbStisdies
examining the impet of vitamin E supplementation on the depressed endothelium
dependent vasodilation of diabetics observed an improvement in type 1 subjects (1,000
IU daily for 3 months) but no change in type 2 subjects (1,600 IU daily for 8 weeks).
More recently, the largest and longest study to evaluatedugé vitamin E (1,800 U

daily for 1 year) in diabetics (of both types) fdil® observe any improvement in
endothelial function during vitamin E, and indeed trends in response were slightly but
significantly better during placebo than vitamiri*ESignificant rises, relative to placebo,
were seen in systolic blood pressure and plasma endothelin during vitdraithBugh
C-reactive protein fell slightly in the vitamin E group. The authors concluded that
Abec aus e-treated patientsrhad& worsening in some vascular reactivity
measurements when compared to control subjects, the use of high dosages fvitami
cannot be recommendedo. These disappointing
prevention trials with vitamin E in patients at high risk for coronary events; in particular,
in the HOPE study, 400 IU vitamin E daily for an average of 4.5 ykdnsot influence

the subsequent incidence of coronary events or stroke in diabetic subjects, nor influence
the onset of overt nephropatffyWhile we cannot exclude the possibility that hidpse
vitamin E might favorably influence some aspect of di@mmplications during some
stage of the disease, the overall impression is disappointing compared to Hoaitclear
beneficial results seen in rats with recenset diabetes.

Re-Coupling eNOS with High-Dose Folate and Ascorbate

With respect to ncoupled eNOS, highose folate may offer a simple remedy. For

reasons that are not yet clear, adequate concentratioraethyltetrahydrofolate (the
chief metabolite of folic-haciod fcoirr ctunlea tfiumge ti
tetrahydrobipterin in eNOS when concentrations of the latter are insufficient for coupled
eNOS activity’>®’ In other words, Bnethyltetrahydrofolate prevents uncoupled eNOS

from generating superoxide, and restores its normal capacity to generate NO. Thus, acute
infusions of Bmethyltetrahydrofolatbave been shown to have a favorable impact on
endotheliuradependent, N@nediated vasodilation in various disorders associated with
oxidantmediated endothelial dysfunctii including diabete&’ Of greater practical

interest are studies demonstrating that relatively high daily oral intakes of folic &cid

10 mg per day have usually been us@an improve endothelivdependent

vasodilation in both type 1 drtype 2 diabetics>® %! It seems likely, however, that

higher doses would produce greater benefit. Recerdiyakol et al have shown that, in
patients with ischemic heart diseaseradeninistration of 30 mg folic acid (two 15 mg

doses, 12 hours apart) produces a marked augmentation of adestiosiiated

myocardial blood flow in ischemic regions of the hg&this phenomenon is thought to

reflect a normalization of shearduced, NOmedited vasodilation, attributable to re



coupling of eNOS. Remarkably, over 30 years ago, Oster reported that daihkdosega
of folatei 40-80 mg per day had a very favorable clinical impact on angina,
intermittent claudication, and the healing of isciemicers®® *** most likely, these
benefits reflected the fact that Oster inadvertently had repaired eNOS function in his
patients'® (This phenomenon most likely is unrelated to modulation of homocysteine
levels; in any case, recent evidence from prospective trials suggests tharatmod

elevation of homocysteine is a marker for, rather than a mediator of, vascufaprisk.

An alternative strategy for preserving tetrahydrobiopterin function in cells subjected to

oxidant stress is to insure optimal intracellular concentrations of ascorbic acid. Exposure

of cultured human endathal cells to ascorbic acid increases their eNOS activity; this

effect has been traced to ascorbateds abilit
tetrahydrobiopterin, while decreasing the levels of oxidized forms of this cofattbt.

Since ascorbate does not enhance tetrahydrobiopterin syrfiésieems to be

protecting this cofactor from oxidation by peroxynitrite or othadants; presumably, it

readily donates electrons to oxidized forms of this cofactor, restoring its proper

tetrahydro structure. This phenomenon has also been demonstrated in vivo, in the aortas

of ApoE-deficient mice treated with higtiose dietary ascoalpe’*

However, there may be limited scope for the impact of ascorbaBlO® activity in

humans. Uptake of ascorbate by endothelial cells is saturated at plasma concentration of
100 uM % 2 which is readily achieved and maintained by ascorbate intakes of 500 mg
daily.*® This suggests that supplemental ascorbate would only benefit endothelial
function in subjects with mediocre baseline ascorbate status. Possibly, this accounts for
the inconsistent findings of studies which have examined the impact désgipal
ascorbate on vascular endothelial function in subjects at increased coronary risk. (The
favorable effects of intravenous vitamin C infusion on endothelial function in various
studies, including those involving diabetf¢,*** are not likely to be germane, as the
supraphysiological plasma concentrations of ascorbate achieved have superoxide
scavenging activity that is insignificant at thevlr physiological concentrations

achievable through oral dosintf) Several studies have found that supplemental
ascorbate (at least 800 mg daily) does not benefit endothdiyperient vasodilation or
markers of endothelial inflammation in patients with diab&tes® One study reprted a
favorable effect of oral ascorbate on endothelial function in type 1 diabetics but not type
2:'2%another study found benefit only in diabetic patients concurrently afflicted with
coronary diseas€’ A study evaluating the acute negative impact of a fatty meal on
endothelial function in type 2 diabetics found that prior supplementation with ascorbate
alleviated the endothelial dysfunctidf.

The possible impact of ascorbate status on risk for diabetic microvascular complications,
either in animal models or clinicallygmains largely unexplored. There are several

reports that plasma ascorbate levels tend to be lower in diabetics with microangiopathy
than those without?**#it is unclear whether asthate deficiency predisposes to
microangiopathy, or whether these findings simply reflect the fact that high oxidative
stress associated with a predilection to microangiopathy degrades ascorbate status.



In a recent analysis pooling 9 large prospectivecostudies (involving a total of over
293,000 subjects), Harvard researchers concluded that use of vitamin C supplementation
(700 mg or more daily) was associated with a significant 25% reduction in risk for
coronary heart diseas®. Multiple regression analysis was employed to account for
lifestyle factors associated with supplementation, and vitamin E supplementation was
found to be without benefit ifnis analysis. In light of the facts that coronary disease is

the chief cause of mortality in diabetes, and that adequate ascorbate status helps to
preserve effective eNOS function, it would seem prudent to include a moderate dose of
ascorbate in any nutautical program intended to ameliorate diabetic complications.

Flavanotrich cocoa has recently attracted considerable attention for its cardiovascular
protective potential. Epicatechin, richly supplied by unprocessed cocoa, is now known to
provoke or p-regulate release of NO from vascular endothefitt?® Such an effect

would presumably be more clinically beneficial in subjects with diabetes or insulin
resistage syndrome if uncoupling of eNOS was concurrently corrected by administration
of high-dose folate, in conjuction with other measures to limit endothelial superoxide
production. Of particular interest is the fact that hypertension is essentially absegt amo
the Kuna Indians of Panama, so long as they follow their traditional lifestyle that includes
ingestion of 34 servings of unprocessed cocoa per'd&yn clinical studies, cocoa
administration has been shown to lower elevated blood pressure and to improve muscle
insulin sensitivity™*® 3! Its impact in clinical diabetes has not yet been studied.

Addressing Mitochondrial Superoxidei A Role for Lipoic Acid?

As noted, increased mitochondrial production of superoxide contributes to oxidant stress

when endothelial cells are exposed to elevated glucose levels. The extent of this

contribution remains in dispute. Brownlee and colleadpa@e reported that uncoupling

agents and certain inhibitors of the mitochondrial respiratory chain can virtually

normalize superoxide production in endothelial cells exposed to hyperglyténifa.

Other researchers have presented data suggesting that NADPH oxidase has primacy as a
superoxide source!®**%® More studies may be required to clarify this issue. One

possible way to resolve this controversy would be to liken mitochondrial superoxide
production to Akindl i ngabling KADPH dxidasesatten DAG pr o
provide the main fAblazed; once NADPH oxi dase
production would be adequate to sustain inhibition of GAPDH and thus DAG production.

A strategy for blunting mitochondrial superoxide productiodiabetic endothelium is
suggested by the recent discovery that PPARgamma coactivator (-PGC boost s
endothelial expression of a diverse group of antioxidant enzymes specific to
mitochondriai including manganesdependent superoxide dismutase, UCSeXeral
peroxiredoxins (which detoxify hydrogen peroxide and peroxynitrite), thioredoxin and a

thioredoxin reductasé as well as catalasé’ This effectof PGEL U ref |l ects i t's
participation in the transcriptional complexes binding to the promoter regions of the
affected genes. Overexpressionof RGU i n endot helial <cells red

of oxidants by about 50% under both basal laigt-glucose condition$® This finding
has practical significance in light of other recent work demonstrating that activators of



AMP-activated kinase (AMPK)) including AICAR andthe antidiabetic drug metformin

i increase PGA U expr essi on *°iNotsumpdsimglyhteeseiagehts were| | s .
shown to reduce oxidant production in endothelial cells exposed to high gluemse

effect abrogated by dominant negative AMPK. Moreover, there is other recent evidence
that metformin (likely acting through AMPK) also can suppress superoxide production

by NADPH oxidase in endothelial cells exposed to angiotensin Il or high gltitose.
Furthermore, by boostinfatty acid oxidation (via suppression of malenglA

production), AMPK can diminish the availability of substrate for DAG syntliesaitess

direct way to diminish NADPH oxidase activatitti*** Thus, stimulation of endothelial
AMPK may have great potential for control of oxidant stress in metabolic syndrome or
diabetes. This may go a long way toward rationalizing therghgon that metformin

therapy in type 2 diabetics has a much more dramatic impact on macrovascular risk than
do injectible insulin or sulphonylureas, despite comparable effects on glycemic
control X% 14314 |n this regard, recent evidence that the readily available and
inexpensive natural agent berberine can activate AMPK in rat adipocytes and myotubes,
as well as in human hepatocytes, is of particimerest:*” **® Berberine is used to treat
diabetes in China, and is said to be without apparent side effects (unlike metformin) in
doses up to 2 g daify® **°

The fimetavitamind |ipoic acid, whether admin
been shown to activate AMPK in endothelial cells and skeletal muscle of rodents

whereas it inhibits this enzyme in the hypothalafli§?® These effects are precisely

parallel to those of the howne leptin, but can be observed in the absence of leptin or its
receptorsuggesting that | ipoic aci d-reoeptor somehow
signaling mechanisrit® Remarkably, the inhibitory effect of lipoic acid on

hypothalamic AMPK results in diminished appetite and weight loss (oraksmteveight

gain) in rodents; although no analogous effect has yet been reported in humans, the dose

of lipoic acid used in rodent studies (usually 0.5% of diet) is high relative to the doses so

far tested in humans. Lipoic acid has the further advaritagét acts as a phase Il

induceri boosting cellular levels of reduced glutathione and inducinglit**® Thus,

the versatile antioxidarctivity of lipoic acid may reflect AMPKnediated reductions in

oxidant production by mitochondria and NADPH oxidase, complemented by an increase

in intracellular glutathione and bilirubin levels.

Not surprisingly, lipoic acid has long been used fortimrof diabetes complications. In
particular, its clinical utility in diabetic neuropathy is well established. Doses ef 600
1800 mg lipoic acid daily have been shown to have a favorable impact on diabetic
neuropathy in controlled clinical triaisalbet these trials included an initial phase in
which lipoic acid was administered intravenousSI¥*®® Recent open trials suggest that
oral lipoic acid per se (600 mg daily) may indeed have efficacy in this r&gard.

Lipoic acid may also have utility for prevention of diabetic nephropathy; in an open, non
randomized trial, therapy with lipoic acid (600 mg/day orally) was associated with a trend
toward decreased urinary aloumin over an 18 month fellpwwhereas urinary aloumin
increased significantly during this time in controls not receiving this afént.

Analogously, thrombomodulinh a serum protein often used as a marker for diabetic
microangiopathy rose in the control group, but fell in those receiving lipoic acid.



Rodent studies likewise sgegst that lipoic acid can have a favorable impact on diabetic
nephropathy®* And dietary lipoic acid was shown to prevent the formation of acellular
capillaries and mitigate oxidant stress in the retinas of diabetic rats, leading the authors to
suggest -lipbiaacid stpmolenpehtsn represents an achievable adjunct to help
prevent vision | ®ss in diabetic patients.

Of course, improving glycemic control is the most definitive strategy for controlling
mitochondrial superoxide production in diabetes. In this regard, PCB may have potential
for improving insulin function irobesityrelated metabolic syndrome and diabetes, since
there is now evidence that excessive NADPH activation in hypertrophied adipocytes may
be largely responsible for systemic insulin resistdfit&® indeed, the NADPH

inhibitory drug apocynin has been shown to improve insulin sensitivity and glycemic
control in obese diabetic mi¢&. Furthermore, there is evidence that lipoic acid can
improve the insulin sensitivity of skeletal muscle in rats by activating AMPRhere is

an analogous report that oral lipoic acid can improve muscle insulin sensitivity in type 2
diabetics albeit the fact thatiis effect did not show dosiependency is puzzling, and

lipoic acid has not had an evident impact on glycemic control in the clinical studies
evaluating its efficacy in diabetic neuropathy.

In light of the fact that lipoic acid is known to be a phaseducer, it is of interest to

consider the possibility that other nutraceuticals or foods with such activity might have an
impact in diabetes. Phase Il induction is believed to mediate the anticarcinogenic activity
of green tea flavonoidsmost notably BECGi in rodents:®® While greertea or

supplemental EGCG has indeed shown some favorable effects on glycemic control and
various other parameters in diabetic rodéfts’” heavy consumption of green tea by

human diabetics has not so far shown any evident beH&fit® conceivably, this reflects

a proportionately lower intake of EGCG relative to the rodent studies. Although one
recent Japanese epidemiological study noted a reduced risk for diabetes in regsilar us

of green tea, no dosependency was observed, suggesting that green tea use might be
serving as a marker for other lifestyle factts.

Benfotiamine1 Draining the Upper Glycolytic Pool

The buildup of glycolytic intermediates in the proximal portion of the glycolytic
pathway quite clearly plays a role in the induction of diakmtioplications. The

enzyme transketolase has the ability to convert glyceraldet3ydbesphate and
fructose6-phosphate to pentose phosphates and other intermediates in the pentose
phosphate cycle (a.k.a. hexasenophosphate shunt). Furthermore, itsgally possible

to enhance the activity of transketolase by boosting cellular levels of its cofactor thiamine
diphosphaté® This increase in activity reflects not only greater cofactor binding, but
also a feedorward impact on transketolase expressfénThus, greater thiamine
availability, by boosting transketolase activity, has the potential to draw substrate from
the proximal glycoftic pathway into the pentose phosphate pathiway effect which
would be expected to diminish production of DAG (thus blunting activation of PKC and
NADPH oxidase), polyols, and hexosamif&s'®*

1C



Unfortunately, the utility of hig)/d o s e t hi amine therapy is | imit
capacity for thiamine absorptiéna carriermediated uptake mechanism is effectively

saturated at modest physiological irgalof this vitamirt®®> For this reason, Japanese

chemists over 40 years ago developed highly absorbable lipophilic analogs of thiamine

that convert spontaneously to thiamine following absorption. The most effective of these

is benfotiamine, which appeato have no more toxic risk than thiamine (indeed, its acute

toxicity in rodents is less than that of thiamine), and is far better abstPB&4.

Benfotiamine has long been legally available as a nutritional supplement in Japan and the

U.S.T and in Germany is currently prescribable as a clinically validated treatment for

diabetic neuropaty.*8%1%

Indeed, oral benfotiamine has showrodefficacy for alleviating a range of diabetic
complications in rodents, including neuropathy, nephropathy, and retindpatiylts

clinical utility as a treatment for diabetic neuropathysually in divided doses proviutj
150-300 mg dailyi is well documented, and there appear to be no discernible side effects
at these dos€8%*°* Further clinical studies will be required to assess the long term
impact of benfotiamine on progression of retinopathy or nephropathy in diabetics.

To date, benfotiamine has been testetthécontext of diabetésbut might it be possible
that this agent could also influence macrovascular risk in normoglycemic metabolic
syndrome? In this circumstance, free fatty acid excess is primarily responsible for the
enhanced endothelial generatwffDAG that activates PK&;***?** but benfotiamine
administration could be expected to decrease levels of the ghg:phamisphate to which
fatty acids are conjugatédalbeit the magnitude of this effect would not be as great as in
the contet of hyperglycemia. Thus, the impact of benfotiamine on the endothelial
dysfunction associated with metabolic syndrome merits investigation.

Taurine T Physiological Antidote to Hypochlorous Acid

Taurine is a fimet avi t anoregulatory prapértieqyandalsant i o x i d
modulates transmembrane calcium flux. Taurine may have potential for controlling the
oxidative damage attributable to myeloperoxidase (MPQO) deposition in the vasculature.
Recent evidence indicates that MPO, releasedfiirating phagocytes, accumulates in
the arterial intima of rats with insulin resistance syndrome or diaffét@is MPO can

then make use of hydrogen peroxide released by inflamed endothelium or intimal
macrophages to generate hypochlorous acid (HOCI), a higatgive oxidant that can
compromise endothelivmependent vasodilatidii’ presumably by modifying the

plasma membrane in a way that compromises activation of éRIQ8BOCI can also be
generated and released by intimal foam cells. Taurine functions physiologically as a
detoxicant of HOCIreacting with it to generate taurine chloramine and innocuous
hydroxyl ion. Taurine chloramine, while still an oxidant, is less promiscuously reactive
than HOCI, and hence may be viewed as a detoxification prétatt. Moreover,

taurine chloramine formed in phagocyteghich maintain high intracellular levels of
taurine- down-regulates phagocyte activation by inhibiting activation ofkdppaB?°"

298 Taurine may thus have utility for alleviating the contribution of activated phagocytes
to atherogenesis and ischemic syndromes. Indeed, oral taurine has shown efficacy in
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rodent models of atherogen&&ié'* (albeit in some studies this reflects, in part, a
marked hypolipidemic activity not reported in humans), and imgrenelothelium
dependent vasodilation in rat aorta and in young human snfokéts.Forty years ago,
many Italian clinicians reported that high daily doses of taurine could alleviate coronary
angina and intermittent claudicatioran effectwhich conceivably could reflect a
decreased tendency of activated leukocytes to clog the microvasculature downstream
from stenotic lesion$:* Taurine supplementation hassafe positive inotropic effect on
cardiac function in clinical congestive heart failét2?'® has platelestabilizing activity
complementary to that of dsim,“*"*'°and has antihypertensive properties that are well
documented in rodent mod&%?** and supported by limited clinical eviden@g&?*’

these latter effects likely reflect an impact of taurine on calcium flux.

In rodent models of both tydeand type 2 diabetes, taurine alleviates development of
diabetic neuropathly improving nerve conduction velocity, blunting the decline in
endoneurial perfusion, and preventing hyperalgé&ta®* No comparable clinical

studies have been reported. Taurine also exerts antioxidant effects in thefretina
diabetic rats, suggestive of a favorable impact on the course of diabetic retingpathy.
And taurine administration prolongs the survival of rats witepgozotocirAnduced
diabete$® However, one yeaong clinical study found that supplemental taurine (3 g
daily) failed to improve albuminuria in diabetit&i not surprising idight of the limited
utility of taurine in rodent models of diabetic nephropdtiySince taurine may have
some utility in atherogenesis, hypertension, platelet hyperaggregability, coadesirt
failure, and ischemic syndromegommon complications of insulin resistance syndrome
and diabetes and also may have potential for moderating the course of diabetic
neuropathy and retinopathy, its inclusion in nutraceutical programs for &iteviae
complications of insulin resistance and diabetes appears warranted. Taurine is highly
soluble, flavorless, inexpensive, and apparently without toxic risk even in high chronic
doses properties which make it an ideal ingredient for functionatifoo

Protective Potential of Selenium

Il n i ght of t au rragulatedNBkappad totiviation impghagocytes,dt s w n
germane to cite a recent French clinical study demonstrating thatibsghsupplemental
selenium (960 mcg daily) naralizes such activation in the monocytes of type 2
diabetics®*® Since selenium is an essential component of key antioxidant enzymes
thioredoxin reductase, as well as several isoforms of glutathione perdXidased

selenium status is often suboptimal in regions with low soil seleffilitnstands to

reason that insuring optimal selenium status through sopgitation is appropriate in
disorders such as diabetes in which oxidants play a prominent pathogenic role. An impact
of selenium status on NkappaB activation conceivably could reflect the ability of
glutathione peroxidase to degrade hydrogen peroxidekhss peroxynitrité** each of
which can promote NikappaB activation; moreover, selenig@pendent thioredoxin
reductase helps to restore protbound cysteines to a proper reduced configuration,
thereby reversing the impact of peroxides on signaling pathtfays.
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An anecdotal clinical report that higiose supplemental selenium appears to slow
progression of diabetic retipathy** *** has not been followed up. A report that high

dose selenium suppresses exsi@sof VEGF in rat mammary carcinomfi&may be

relevant, since induction of VEGF expression in the hypoxic retina plays a key role in the
induction of proliferative retinopathy. The effect of selenium on VEGF expression in
cancer was mesdted by methylselenol rather than selenidependent enzymé&’ this
suggests that the effect could be ddependent beyond the modest intakes of selenium
(i.e. 100 mcg daily) required to optimize the expression of these enzymes.

Melatonin i Inducer of Antioxidant Enzymes

Physiological (low nanomolar) levels of the pineal hormone melatonin have been

reported to increase the expression of a range of antioxidant enzymes in various tissues;

these enzymes include melatonin include superoxide dismutase (types 1 and 2), catalase,
glutathione peroxidase, glutathione reductase, gluéqd®sphate dehydrogenase, and
gammaglutamylcysteine synthetase (rditmiting for glutathione synthesis); an increase

in the ratio of reduced to oxidized glutathione, and a decrease in tissueswdrker

oxidation (e.g. malondialdehyde) are also often demonstrated in these &t{fdfes.

Melatonin regulates these enzymes at the transcriptional level, and membrane and/or
nuclearreceptors for melatonin appear likely to mediate this effect, although the precise
mechani sms involved remain unclear. Mel at on
tissue to tissue; in some studies, it does not influence baseline expression of these

enzymes, but prevents praxidant drugs from downegulating them. Since melatonin is

usually well tolerated when administered orally prior to bedtime (a schedule which
presumably wil/ not interfere with melatonin
in diabetes management can be contemplated.

Indeed, exogenous melatonin has been found to exert protective antioxidant effects in
diabetic rodents, as well as in cultured cells exposed to hyperglycemia (albeit some of the
in vitro studies must be viewed-@umspectly in light of the micromolar concentrations

of melatonin employedy.*?®* Most of the work in diabetic rodents has focused on renal
structure and function; melatonin administration has been shown to help maintain normal
kidney furction, while also blunting the effects of diabetes on renal histology and protein
expression. Other studies show that melatonin has a favorable impact on the
endotheliurdependent vasodilation of diabetic rodents ex ¥3>° In a recent

clinical study with type 2 diabesdfrom the University of Baghdad!), nightly oral

melatonin (10 mg, plus 50 mg zinc acetate) was found to decrease macroalbuminuria;
favorable effects on glycemic control and serum lipid profile were also AYté8.

Other clinical research concludes that oral melatonin has a favorable effect on nocturnal
blood pressure in type 1 diabetf®82®” These considerations suggest that melatonin
deserves further evaluation as an adjuvant in diabetes management.

Inhibiting Formation of AGE/ALEs and Angiotensin Il

Although accelerated de novo synthesis of diacylglycerol plays a crucial roleanethe
activation of NADPH oxidase in diabetes, other factors contribute in this regard. As
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noted above, advanced glycation and lipoxidation endproducts (AGEs and ALES) trigger
activation of NADPH oxidase via RAGE receptors expressed by many tissuesingclud
key targets of diabetic damage such as vascular endothelium, retinal pericytes, and renal
podocytes and mesangial céfi&?* Furthermore, wpegulation of the local renin
angiotensin systertf;'® reflecting at least in part a PKi@ediated increase in AT1
expressiort! also promotes activation of NADPH oxidase via AT1 recepfts.

Fortunately, nutraceutical strategies are at hand for suppressing the production of AGEs
and of angiotensin II.

The increased production of AGEs and ALEs noted in diabeticeggstesumably

reflects the joint impact of hyperglycemia and oxidant stress. Major AGES/ALEs,
including carboxymethylysine, carboxyethylysine, and hydroimidazolones, act as
potent agonists for RAGE receptor. The formation of AGES/ALESs serves as an
amplification mechanism for oxidant stresexidant stress catalyzes the production of
these compounds, which in turn interact with RAGE to exacerbate the oxidant stress.
Moreover, RAGE is oxidant inducible, reflecting the fact thatkdppaB promotes
trarscription of the RAGE gerfé??"

Fortunately, certain compounds can block the formation of AGES/ALEs by
spontaneously forming adducts with highly reaetintermediates such as alpha
dicarbonyls that give rise to these toxins. In particular, the vitamer pyridoxamine has
excellent efficacy in this regard, and is well tolerated. Studies with supplemental
pyridoxamine in diabetic rodents confirm théiegcy of pyridoxamine as an antagonist

of AGE/ALE formation in vivo, while providing further evidence that AGES/ALEs play
an important role in the induction of major diabetic complications such as nephropathy,
retinopathy, neuropathy, cataracts, and aswerosis’>?® Pyridoxamine is effective in
diabeticrats when administered in drinking water at 1g per liter. Phase Il studies with
pyridoxamine in diabetic nephropathy are currently in progress. Although pyridoxamine
is being developed as a drug, it is sold as a nutritional supplement in the L. aas i
naturally occurring form of vitamin B6.

An agent which may have fisleepero potenti al
Glycine has the potential to inhibit glycation reactions, the earliest stage in the formation
of AGEs. Diets highly enched in glycine have been reported to lower glycated
hemoglobin levels both in diabetic rats and diabetic humans, without influencing the
underlying hyperglycemia; in the clinical study, glycine was administered in drinking
water, 5g four times dail§?® 2" These stdies did not examine the impact of glycine on
AGE production, but glycine supplementation in diabetic rats (1% in drinking water) has
been reported to have favorable effects on kidney, lens, and retinal microvasétffature.
289 Glycine may have the potential to more directly inhibit NADPH oxidase activity in
certain tissues, possibly because it exerts a hyperpolarizing effect inimical to this activity
in cells that express glyciractivatel chloride channel&®**?this effect may underlie the
wide-ranging antinflammatory effects of higiglycine diets in rodents® Although

high intakes of glycine presumably would be required for clinical activity, this amino

acid is highly soluble, has a pleasant sweet taste, and is quite inexpeidgiakequalities

for use in a functional food.
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Local upregulation of the renkangobtensin system is believed to contribute to
macrovascular, renal, and retinal complications of diabetes, and to promote the
conversion of metabolic syndrome to overt diabetes; thus, even though the systemic RAS
is typically not elevated in diabetics, drugkich suppress angiotensin Il production or
activity have been found to have a favorable impact on prognosis in diabetics, even in
patients with fnr8¥ mkelutdity d thesoagents foresnsoliaf e .
diabetic nephropathy is espetyalvell documented, and their effects in this regard are
greater than would be expected from reduction of blood pressure &Fgen the
standpoint of developing nutraceuticals and functional foods for diabetics, it is intriguing
to note that certain types of protein digests, derived from soy, fish, milk, and other foods,
contain oligopeptides which can be aliged intact and which exert moderate ACE
inhibitory activity in vivo,*°%3%

Nicotinamide for PARP Inhibition

A key role for oxidarimediated activation of PARP [poly(ADifbose) polymerase] in

the genesis of diabetic complications has been noted above. In addition to inhibition of
glyceraldehydes-phosphate dehydrogendsRARP activation may contribute to cellular
dysfunction by inducing NAD+ deficiency; this can compromise ATP generation while
also decreasing the ailability of NAD(P)H for eNOS and glutathione reductase (albeit
for NADPH oxidase as welf'® Furthermore, PARP serves as a promsjscific co
activator for NFkappaB in the transcription of certain gréslammatory genes, including
INOS and TNFalpha there is disagreement as to whether PARP activation is required
for optimal ceactivator activity’***'* Potent inhibitors of PARP have been shown to
have a favorable impact on a range of diabetic complications in rodesitgling
endothelial dysfunction, neuropathy, nephropathy, and retinop&tft/>>°

Unfortunately, potent pharmaceutical PARP inhibitors are not yet available for clinical

use. However, nicotinamide is a relatively weak PARP inhibitor that has the twin merits

of low toxicity and ready availabilit}?* *? It also inhibits certain morADP-
ribosyltransferases, and presumably could aid reconstitution of the NAD+ pool when

PARP is active. Very recently, higlose nicotinamide administrati (206400

mg/kg/day, i.p.) has been reported to have a favorabled&mendent impact on

neuropathy in diabetic rats, improving neural perfusion while attenuating the decline in
nerve conduction velocity and preventing hyperalg&siaVhether these benefits were

medi ated by PARP inhibition is not <clear.
deserves consideration as an attractive,;moatherapy for diabetic peripheral
neuropathy. o This report is complemented
niacinamide could slow the progression of nephropathy in diabetit‘tats.

High-dose nicotinenide (usually 1.2g/fdaily, or 1g t.i.d.) has already been evaluated
clinically for prevention of beta cell damage in fidggree relatives of patients with type

1 diabetes, as well as for treatment of osteoarthritis; induction of INOS plays a key role i
each of these disorders. Despite initial positive reports, results in diabetes prevention
have been inconsistent and largely disappointifitf’ whereas limited data appear to

15

by



confirm its utility in osteoarthritid>® >3 |t remains uncertain as to whether current
clinical high-dose niacinamide therapy achieves tissue concemtsadidequate for
meaningful inhibition of PARP The peak plasma concentrations seen with the 1.2g/m2
regimen is 10020¢ M this appears meaningful relative to the IC50 for nicotinamide
inhibition of PARP, which is around 3M with the purified enzymé3> 333

Nonetheless, low millimolar concentrations of nicotinamide are requiredtecp cells

from PARRactivating stressors in vitro, and some authorities doubt that feasible clinical
intakes of nicotinamide can achieve useful inhibition of PARE** Unfortunately,

daily intakes in excess ofjdare prone to induce nausea, and thus are not practical for
long term usé&>® A convenient way to assess the likely utility and ddependency of
feasible intakes of niacinamide in human diabetics would be to evaluate its impact on
diabetic endothelial dysfunctipto date, no such studies have been published. A dose
schedule which proved effective in this regard would quite likely have a favorable impact
on diabetic complications.

Why Nutraceticals?

These considerations suggest that a nutraceutical regiomeprised of PCB, higose
folate, lipoic acid, taurine, pyridoxamine, and benfotiamine, in appropriate doses, would
likely have a substantial favorable impact on the vascular complications of diabetes;
PCB, highdose folate, and taurine may also hagteptial for slowing the progression of
atherosclerosis in patients with normoglycemic metabolic syndrome. Supplementation
with vitamin C, selenium, niacinamideelatonin,and oligopeptide ACE inhibitors

might also be of some benefit in these syndroimekereas there is little present

evidence that vitamin E could be helpful. Naturally, these agents could be used in
concert with other nutraceuticals that aid glycemic control, or that help to ameliorate
major risk factor§ e.g. hypertension, hyperlipidgai that can greatly compound the

risk associated with diabetes per se.

The particular merit of nutrients or phytonutrients (as opposed to drugs) for these

purposes, is that it is feasible to combine a number of them together in a single

nutraceuttal product or functional food. Moreover, nutraceuticals tend to be cheaper

t han drugs, and do not entail the inconvenie
prescription. Finally, nutrients tend to be well tolerdtedconsideration that is

partiaularly trenchant when primary prevention is the aim. Thus, it would be highly

appropriate to develop comprehensive nutraceutical regimens targeted to prevention of

the macreand microvascular complications of diabetes and metabolic syndrome.
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