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Abstract

An impairment of glucosstimulated insulin secretidnreflecting decreased glucokinase
expressioni and a moderate decrease in beta cell mass attributable to increased
apoptosis, constitute the key features of beta cell failure in type 2 diabetes. Oxidative
stress, provoked by prolonged exposure to excessive levdlscokg and/or fatty acids
(glucolipotoxicity), appears to be a key mediator of these defects. Oxpdavndked

JNK activation induces nuclear export of the RDXanscription factor, required for
expression of glucokinase and other beta cell proteinosivé&sely, increases in CAMP
induced by incretin hormones promote thelearimportation of PDX1, counteracting

the diabetogenic impact of oxidant stress; this may explain the utility of measures that
slow dietary carbohydrate absorption for diabetesgaron. The ability of oxidative
stress to boost apoptosis in beta cells is poorly understood, but may also entail JINK
activation. Recent work establishes a phagetyie NADPH oxidase as the chief
source of glucotoxiciymediated oxidative stress ieta cells. Since bilirubin is now
known to function physiologically as an inhibitor of NADPH oxidase, and
phycocyanobilin (PCB) derived from spirulina likewise can inhibit this enzyme complex,
supplemental PCB may have utility in the prevention and ebotrdiabetes, and Gilbert
syndrome, associated with chronically elevated free bilirubin, may be associated with
decreased diabetes risk.

Beta Cell ®*“Failure” in Type 2 Diabetes

The beta cell Afailureodo intrikegphenomema t ype
a cellular dysfunction characterized by a marked deficit of glustsrilated insulin

secretion (GSIS), and a decrease in beta cell mass (relative to total pancreas mass) that
reflects an increase in apoptosis rather than a loss of padilife capacity:* The defect

in GSIS is quite specific, since amino aeidoked insulin secretion tends tolbss

notably impairedn this syndrome, and fasting insulin levels are often normal or elevated
(relative to those irglan healthy controls). The failure of an increase in glucose to evoke

an appropriate increase in insulin secretion may be primarily attributable to a reduction in
beta cell expression of glucokinasenich has been observed in islets derived from
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human tpe 2 diabetics as well as from diabetic rodén¢hile hexokinase has a

relatively low Km for glucose, and flux through it is maximized at low physiological

glucose levels, glucokinase has a higher Km, such that flux through glucokinase increases

as glucose levels increasethin and beyond the normal physiological range. Adequate
glucokinase expression is therefore crucia
in serum glucoseand indeed plays a ralieniting role in this regard; thus, some

authoritiesrefertd s | et gl ucoki nas.&°atefactthaindilinl ucose s
secretion by diabetic beta cells is comparablnat of healthy beta cell when these cells

are incubated in lowyphysiological concentrations of glucose, presumably reflects the fact

that glucose flux through hexokinase is well preserved in diabetic cells.

In vitro and in vivq chronic exposure of bet&lls to highphysiological levels of glucose

andbr free fatty acids (palmitate) has been shown to lead to a decrease in beta cell GSIS
associated with decreased glucokinase expresstbthis phenomenon is known as

Agl ucol i pThi$ redyudedexpregsion, in turn, appears to refleotesed

function or expression of a betall-specific transcription factoPDX-1 (a.k.alDX-1,

STFR1) required for transcription of the glucokinase g&n® This transcription facr

also contributes in other ways to the characteristic differentiation of mature beta cells
boosting expression of the glucose transporter GLUT2 and of iffStlia reduced

expression of these proteins observed in human diabetic beta cells may be a consequence
of diminished PDX1 activity®

Persistent glucolipotoxicity may also be at the root of the increase in beta cell apoptosis
and decline in batcell mass observed in diabeti¢sigh physiological concentrations of
glucose and saturated fatty acids have a synergistic impact on apoppsisarybeta

cells or beta celtlerived cell cultures in vitrd’

These consideratiomgve riseto the hypothesis that type 2 diabetes involves a vicious
cycle in which exposure of beta cells to excess levels of glucose and/or free fatty acids
leads to decreased expression of glucokiaaseciated wit afailure of GSIS coupled
with an increase in apoptosis that diminishes beta cell mass; the resulting deficit in
physiologically appropriate insulin secretitemds to sustain the elevations of glucose
and free fatty acidand thus complete the vicioagcle® Presumably, the cycle is
triggered by factorghat induce intermittent or chronic excesses of plasma glucose and
free fatty acids, suchs visceral obesity (characterized by insulin resistahce
hypertrophied adipoycytes), low muscle insulin sensitiaty meals rich in high
glycemic index carbohydratesdsaturated fats.The fact that beta cell GSIS of type 2
diabeticsoften recovers$o a degree after a sustained period of normoglycemia during a
prolonged fasor verylow-calorie dieting*®?! suggests that diabetic beta cell
dysfurction is at least partially revebde. Indeedd i abet es is often Acur
patients who achieve profound weight loss following bariatric SuRJety.
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Oxidative Stress is a Key Mediator of Beta Cell Dysfunction and Death

How does exposure to excessive levels of glucose and/or palmitate precipitigdihe

of PDX-1 function? Numerous studies have shown that exposure of beta cells to high
physiological leved of glucose and/or palmitate provokes an increase in oxidative stress.
Kaneto and colleagues have demonstrated that induced oxidativecatressgpress the
transcriptional activity of PDXL in beta cell$+?° Thus, exposuref beta cells to

oxidative stress causes a failure of GSIS and a reduction of nuclear expre$§%)t bf
that is prevented by the antioxidantsabetylcysteine and probucdi?® This work

further shows that the impact of oxidative stres®biX-1 is mediated by oxidant

induced activation of JNK, which in turn causes translocatid?Dof-1 from the

nucleus®* ?° The effect ofINK in this regard is dependent an intact leucineich

nuclear export signah PDX-1 as well asnduced intranuclear transport of Foxg1

Since PDX1 stimulates its own transcriptiShnuclear exclusion of PDX may beat

least partiallyresponsible for the decline fatal PDX-1 expressiorthat has beenated in

the islets of diabetic roderfts® However increasedexpression of PDX. mRNA has
recently been observed in the islets of human type 2 dialbetisn though reduced
expression of glucokinase, GLLH, and inslin in these islets is suggestive of a decrease
in PDX-1 activity. Thus, nuclear exclusion of PEIXmay be the chief basis for reduced
PDX-1 activity in human diabetes.

The likely relevance of these findings to beta cell function in vivo is supportaddigs
demonstrating that administration of certain antioxidariisacetylcysteine, probucol,
aminoguanidineand tempol can retard the onset of beta cell dysfunction in rodent
models of type 2 diabeté5?® 3#** Analogously, thesergioxidants or transfection of
antioxidant enzymeselps to preserve the insulin secretory capacity of in beta cell
derived cell lines exposed to high glucose and/or palmitate in*¢ifroLikewise,

perfusion of human diabetic islets in vitro with glutathione has been shown to normalize
the GSIS of these islets.

The mechanisms by which glucolipotoxicity promotes apoptosis in beta celts get

appear to be well defined. However, there is suggestive evidence that evoked oxidative
stress contributes to this phenomenon as wWi¢lls, antioxidant treatment tends to
preserve beta cell mass in diabetic rodents, and, in the islets of hypadhdiabetics,

beta cell mass tends to correlate inversely with an index of oxidative st@s&|@> 2"

%8 The impact of oxidative stress on apoptosis in beta cells, may reflect, in part: a INK
mediated diminution of Akt phosphdagion??° conversely, phosphorylation of Akt may

be a key mediator of the ar@poptotic impact of GLA analogsEGF, or insulinon fatty
acidexposed beta celf§.*’



The chief source of thbeta celbxidative stresgvoked by sustained exposure to

excessive glucose and/or fatty adds recently been identified as a phagotite

NADPH oxidaseits activation is a downstream consequence of PKC activation in beta
cells exposed to excess glucose/paleitd*? Thus,the NAPDH oxidase inhibitdDPlI,

an olgonucleotide antagonist of p47ph@nda PKC inhibitor have been shown to

alleviate oxidative stress in beta cells exposed to high glucose and/or palmitate.
Increased expression of certain components of NADPH oxidase has also been reported in
the isletsof diabetic rats, and in beta cells exposed to glucolipotoxitity.Angiotensin

Il, generated locally or systemically, boosts NADPH oxidase expression in beta cells, and
administration of an AT1 receptor antagonist has been shown to help preserve beta cell
function in dialetesprone db/db micé® this is possibly indicative of an weguldion of

the local renirangiotensin system is human islets (as systemic generation of angiotensin
Il tends to be normal in diabetics)oreover, there is clinical evidence that, in non

diabetic hypertensives, the use of angiotensin Il antagonist dragsdsiated with a
significant decrease in diabetes rf8k.

Practical Measures for Restoring Appropriate Beta Cell Function

Recent research reveals that unconjugated bilirubin functions physiologically as a potent
inhibitor of NAPDH oxidas.>*° Furthermore, phycocyanobilin (PCB), a biliverdin
metabolite that constitutes about 0.6% of the dry weight of spirulina, is converted within
cells to a close homolog of bilirubin, phycocyanorubin, that likewise can inhibit NADPH
oxidase activity; th likely rationalizes the potent and witenging antinflammatory

and cytoprotective properties of oral spirulina or phycocyanin in rodent stidfem

light of thecentral role of NADPH xidase activity in diabetic beta cell dysfuncti@ns
reasonable to suspect that administration of biliverdin (much more soluble than bilirubin,
and converted to bilirubin in vivo) or of PCB could help prevent or postpone beta cell
failure in prediabetcs, and mightaid restoration ofnormal beta cell function in patients
with pre-existing diabetesMoreover, it seems reasonable to predict sii@jects with

Gilbert syndrome, in wbm plasma levels of free bilirubin are chronically elevated, may
be atreduced risk for diabetgthis prediction should be readily testable

Whereas oxidant stress promotes nuclear exclusion of B2AMP, acting via PKA,

has been shown to induce the nuclear uptake of-PQKus, cAMP is a key functional
antagonist of oxlant stress in beta ceff$.GLP-1, an incretin hormone whose secretion

is boosted by measures that increase the delivery of carbohydrate to distal portions of the
intestine, functions physiologically to boost cAMP production in beta cells. This may

help to explain iy low-glycemicindex diets, acarbose, and high coffee intake have

been linked to reduced risk for diabétédi although a reduction in postprandial

glucose excursions no doubt contributes to this effect as (@dffee is a rich source of



chlorogenic acid, which may delay intestinal glucose absorftidh. The utility of the
GLP-1 mimic exenatide in the management of type 2 diabetics is now well estal§fished.

Biotin, which in moderately supraphysiologi concentrations can activate soluble
guanylate cyclase, has been reported to mgetession of PDX andglucokinase in
cultured beta cell8* ® similarly, biotin administration increased glucokinase expression
in theislets of diabetic rafS.Likely, this effect is mediated by cGMP, but there do not
seem to be any reports regarding the impact of cGM@lumokinaseor PDX-1 activity

in beta cellshowever, cGMP (and biotin) habeen shown to increase expression of
glucokinase in insulieficient rat hepatocyté8.6” Since biotin is well tolerated in

A me-d a s e kigh asa190 mg daily, and has the potential to improve diabetic
glycemic control by promoting glucokinase induction in both beta cells and hepatocytes,
it merits consideration as an additional adjunctive measure for ameliorating the beta cell
dysfunctionof diabetics® Biotin has shown utility in diabetic rodents, ahe few

clinical trials with biotin in diabetics have yielded mixeat mostly positiveesults®®"*

Toward a Beta Cell Redifferentiation Therapy

Il n a previous essay, a strategy for dAcurin
differentiation of betacellEd ubbed fAbeta cell r ediihdsf er ent i @
been proposetf: "2 First, the diabetic patient adopts a diet and lifestyle that likely would

have prevented diabetes in the first place, and that enables liseta physiologically

meaningful amount of excess adiposigor example, a quasiegan diet low in saturated

fats and higkglycemicindex starchy foods, and rich structurallyintactwhole grains,
legumesfruits and vegetables, coupled with effeetiaerobic exercise training, may be

useful in this regard® " adjunctive measures which slow absorptiodietary

carbohydraté such as soluble fiber supplements, vinegar, chlorogenic acid, or the drug
acarbosé may be useful complements to such a dietce they would be expected to

suppress postprandial hyperglycemia while boosting-GlsBcretion Supplements of

PCB or biliverdin may also be useful for diabetes prevention, and thus would also be
appropriate components of this regimen.

Onceworthwhile weight loss has been achieved, preferably such that the patient weighs
less than or no more than he did when his diabetes first manifested, he is then placed on a
proteinsparing fast of about-X0 days duration; the primary purpose of this fast isaot t
achieve further fat loss, but rather to achieve sustained normoglycemia, giving the beta
cells a respite from the glucolipotoxicity that has induced and sustained their beta cell
dysfunction. It is well documented that prolonged fastomgvery-low-calarie dieting in
diabeticanduces an improvement in the beta cell function that is disproportionately large
relative to the amount of féost during the diet>*



During and following the fast, adjunctive agents which promote praogiardell
differentiationi for example, PCB, exenatide, biotin, and angiotensin Il antagdnists
could also be administered, to amplify the redifferentiating benefit of normoglycemia.
The patient then transitions back to his diabetesentive lifestyle.If beta cell function

is sufficiently recovered by this regimen, if the preceding weight loss is of adequate
magnitude, and if the patient is reasonably compliant with his new healthful lifestyle, it is
conceivable that improved beta cell function wél imaintained and glucotoxicity will
notrecui i n ot her words, the diabetes will be
with the lifestyle persistsThis strategy is an elaboration of a fastbaged regimen first
described by Allen in the eartwentieth century, and more recently revived by Fuhrman.
The preceding discussion implies that measures which-tdeguiate NADPH oxidase
activity i such as PCB or angiotensin Il antagonisstiould be useful components of

such a strategy.

A potential faw in this strategy is that normalization of beta cell function may be
insufficient to maintain good metabolic control in patients whose beta cell mass is
substantially diminished as it seems unlikely that a brief period of normoglycemia
would enable aamplete restitution of beta cell mass. On the other hand, in patients
whose beta cell mass is only modestly reducedgegplation of insulin secretion in beta
cells whose normal function has been restored may succeed in nhormalizing metabolic
control Conceivably, partial alleviation of glucolipotoxicity during the preliminary
Aheal thy | ifestyleodo phase could enable par
would be sufficient to support good metabolic control following the fasting phase.
Administration of agents such as PCB, exenatide, biotin, and angiotensin Il antagonists
during the preliminary healthy lifestyle phase might also help to suppress beta cell
apoptosis and reconstitute a more adequate beta cell mass.
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