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protein-sparing fast for normalization of beta cell
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Summary The dysdifferentiation of beta cells in type 2 diabetes appears to be caused and maintained by a vicious
cycle of glucolipotoxicity: chronic elevations of glucose and free fatty acids induce beta cell dysdifferentiation as well
as apoptosis; the resulting failure of glucose-stimulated insulin secretion tends to maintain the elevations of glucose
and free fatty acids. Since extended fasts restore normoglycemia in diabetics, the resulting relief from glucotoxicity
has been associated with a marked improvement in beta cell function that can be conserved after the fast if the factors
precipitating diabetes – obesity, fatty and high-glycemic-index diets, sedentary lifestyle – have been adequately
addressed. The new drug exenatide, an analog of the incretin hormone glucagon-like peptide-1, may be a worthwhile
adjuvant to such fasting therapy, since it tends to counteract the glucolipotoxicity-induced down-regulation of the
crucially important beta cell transcription factor IDX-1. Exenatide also exerts trophic effects on beta cell mass that in
the longer term might help to restore diminished beta cell mass. Supraphysiological concentrations of biotin, possibly
because they activate the soluble guanylate cyclase, also promote induction of IDX-1 and counteract the adverse
impact of glucolipotoxicity in this regard; thus, high-dose biotin, which is well tolerated, may represent an additional
adjuvant for therapeutic fasting intended to normalize beta cell function in type 2 diabetics.

�c 2006 Elsevier Ltd. All rights reserved.
Fasting as a strategy for normalizing
diabetic beta cell function

The relative failure of glucose-stimulated insulin
secretion in type 2 diabetics – especially the loss
of the first-phase response – appears to reflect a
dysdifferentiation of beta cells that is induced
and maintained by chronic glucolipotoxicity [1–
4]. The resulting failure of beta cells to respond
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properly to elevations in serum glucose tends to
perpetuate the chronic elevation of glucose and
free fatty acids, thus leading to a vicious cycle that
maintains beta cell failure. Rodent studies suggest
that down-regulation of the homeobox transcrip-
tion factor IDX-1 (islet/duodenum homeobox-1,
a.k.a. PDX-1, pancreatic duodenal homeobox
gene-1) may largely mediate the adverse impact
of glucolipotoxicity on beta cells [5–7]. IDX-1
induces expression of glucokinase, GLUT2, and
other key proteins required for effective beta cell
function, and may be considered the single most
ved.
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important factor in promoting and maintaining
proper differentiation of beta cells [8–11].

Allen in 1915 [12], and more recently Fuhrman
[13], have reported that, by temporarily maintain-
ing plasma glucose in the normal range, a pro-
longed fast tends to alleviate glucotoxicity,
thereby enabling beta cell function to normalize
temporarily. (Fasting should also alleviate lipotox-
icity, as this only manifests in the context of hyper-
glycemia) [14,15]. If substantial appropriate
weight loss has preceded this fast, and if a very-
low-fat, whole-food diet is fed following the fast,
this normalization of beta cell function can be pre-
served for months thereafter, effectively eliminat-
ing the diabetic phenotype. In this way, the vicious
cycle of glucotoxicity can be broken. Indeed, other
clinicians have noted that the improvement in beta
cell function in diabetics following weight loss with
very-low-calorie diets seems to be disproportion-
ately large relative to the degree of weight loss
achieved [16–22] – albeit such improvements have
rarely been conserved in the long run, possibly be-
cause patients are still too overweight or the fol-
low-up diet is too high in fats and glycemic index.
Even though Fasting can also be expected to allevi-
ate lipotoxicity, as this only develops in the con-
text of hyperglycemia.
A role for exenatide in beta cell
redifferentiation therapy

The novel drug exenatide, an analog of glucagon-
like peptide-1 (GLP-1) found in the saliva of gila
monsters, is now approved as an insulinotropic ther-
apy for type 2 diabetics [23,24]. By acting as an ago-
nist for GLP-1 receptors on beta cells – which
increase cAMP production in these cells – exenatide
acts to potentiate insulin secretion in response to a
rise in plasma glucose, just like natural incretin
hormones do [25]. However, unlike sulphonylureas,
GLP-1 and exenatide cannot promote beta cell
depolarization and calcium influxwhen glucose con-
centrations are low – for which reason exenatide
monotherapy is not prone to induce hypoglycemia.
When administered parenterally, exenatide has a
much longer half-life than does GLP-1, since it is
resistant to the circulating protease that rapidly
degrades circulating GLP-1. Thus, exenatide is ther-
apeutically useful when injected twice daily prior to
major meals.

In addition to exerting an acute impact on beta
cell responsiveness, exenatide may have a more
durable impact on beta cell function, inasmuch as
it has been shown to boost beta cell expression of
IDX-1, as well as to increase nuclear translocation
of this factor [26–30]. Thus, this drug may counter-
act a crucial adverse impact of glucolipotoxicity on
beta cell differentiation. The stimulatory impact of
exenatide on IDX-1 transcription appears to be
mediated by cAMP, and reflects, at least in part, in-
creased expression and nuclear binding of the HNF-
3b transcription factor [27].

Moreover, like incretin hormones, exenatide can
exert a trophic effect on beta cells -favoring prolif-
eration, suppressing apoptosis – that potentially
can increase beta cell mass [23,31–33]. A reduc-
tion in beta cell mass is often a factor in the pan-
creatic dysfunction of type 2 diabetics [34–36],
presumably owing to the fact that glucolipotoxicity
promotes apoptosis in beta cells [34,37–39] – an
effect specifically antagonized by GLP-1 [40]. The
trophic effect of GLP-1 reflects the fact that cAMP,
acting via the CREB transcription factor, increases
beta cell expression of IRS-2; this in turn boosts
the ability of the pro-proliferative/anti-apoptotic
P13K/Akt pathway in beta cells to respond to ambi-
ent IGF-I [41].

These considerations suggest the possibility that
exenatide could be administered in conjunction
with a protein-sparing fast to amplify the favorable
impact of sustained normoglycemia on beta cell
differentiation and function. As noted above, this
would entail no risk for hypoglycemia, since exena-
tide only potentiates the insulin response to ele-
vated glucose [23,24]. This strategy could be
viewed as a type of ‘‘beta cell redifferentiation
therapy’’ [4]. It should be acknowledged, however,
that it would be unrealistic to expect a diminished
beta cell mass to be reconstituted during a fast of
moderate duration – particularly since systemic
IGF-I activity is decreased by fasting. Thus, long-
term use of exenatide, coupled with measures
designed to minimize glucolipotoxicity, may be re-
quired to correct deficits in beta cell mass.
High-dose biotin may complement these
benefits

The vitamin biotin, which in modestly supraphysio-
logical concentrations (0.1–1 lM) can directly acti-
vate soluble guanylate cyclase [42–44] – albeit
less dramatically than nitric oxide can – has repli-
cated many of the favorable effects of GLP-1 on
beta cell function and differentiation in cell cul-
ture and rodent studies. Thus, biotin potentiates
the insulin secretory response to elevated glucose
(without directly provoking insulin secretion), and
also boosts expression of IDX-1 and of glucokinase
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[45–49]; moreover, at 1 lM, biotin reverses the
suppressive effect of hyperglycemia or elevated
free fatty acids on expression of IDX-1 [49]. These
effects are likely mediated by arise in cGMP. In-
deed, the calcium influx associated with beta cell
stimulation activates the endothelial isoform of ni-
tric oxide synthase to boost nitric oxide produc-
tion; the subsequent rise in cGMP potentiates the
insulin secretory response [50–52]; biotin has the
potential to exploit this physiological mechanism
through direct activation of guanylate cyclase. It
also seems likely that cGMP mediates the impact
of biotin on IDX-1 induction, although this has not
yet been demonstrated. In addition, there is reason
to believe that biotin can also exert trophic effects
on beta cells, since carbon monoxide, another
endogenous activator of the soluble guanylate cy-
clase, exerts a cGMP-dependent anti-apoptotic ef-
fect on beta cells [53]. In this regard, it may be
noted that protein kinase G, like protein kinase
A, can activate CREB, and thus presumably could
boost beta cell expression of IRS-2 [54].

cGMP also has the potential to up-regulate the
cAMP concentration in beta cells, inasmuch as the
chief isoform of phosphodiesterase expressed by
these cells, PDE3B, is inhibited by physiological
concentrations of cGMP [55]. Thus, high-dose bio-
tin could be expected to at least modestly amplify
beta cell response to exenatide.

Some, though not all [56], reports conclude that
high-dose biotin can improve glycemic control in
human type 2 diabetes as well as in rodent models
of this disorder [57–59]; although the liver may be
the chief target for biotin’s activity in this regard
[43,60,61] (it boosts the impact of insulin on
expression of key enzymes regulating gluconeogen-
esis), a favorable impact on beta cell function is
reasonable to expect at sufficiently high intakes.
Daily intakes of biotin as high as 100 mg are well
tolerated (by children!) [62], so it would be quite
reasonable to explore the impact of high-dose bio-
tin in beta cell rediferentiation therapy. (Good tol-
erance to biotin presumably reflects the fact that
biotin can activate guanylate cyclase by no more
than 2–3-fold [42], whereas optimal concentra-
tions of nitric oxide can increase the Vmax of this
enzyme by over to 100-fold [63]). Thus, it is pro-
posed that both exenatide and high-dose biotin
could be used as adjuvants to protein-sparing fast-
ing as a strategy for normalizing beta cell function
in diabetics. Pharmacokinetic studies are needed
to determine what dosage regimen of biotin would
be sufficient to maintain a plasma concentration of
1 lM – the concentration at which biotin’s activa-
tion of guanylate cyclase is maximized.
A prudent lifestyle required to preserve
normalized beta cell function

In diabetic patients who manage to achieve sub-
stantial weight loss, and who become dedicated
to regular exercise and prudent eating, diabetes
is sometimes reversible without ancillary measures
[64]. However, in selected patients in whom such
efforts nonetheless fail to normalize beta cell func-
tion, a protein-sparing fast of moderate duration
(for example, a week to 10 days), coupled with
concurrent exenatide and biotin therapy, may have
the potential to restore normal beta cell differen-
tiation and function. Such normalization can only
be expected to persist, however, if subsequent
inappropriate elevations of plasma glucose and
free fatty acids are prevented by appropriate diet,
exercise, and – if necessary – pharmacotherapy.
References

[1] Leahy JL, Bonner-Weir S, Weir GC. Beta-cell dysfunction
induced by chronic hyperglycemia. Current ideas on mech-
anism of impaired glucose-induced insulin secretion. Dia-
betes Care 1992;15:442–55.

[2] Unger RH. Lipotoxicity in the pathogenesis of obesity-
dependent NIDDM. Genetic and clinical implications. Dia-
betes 1995;44:863–70.

[3] Roduit R, Morin J, Masse F, Segall L, Roche E, Newgard CB,
et al. Glucose down-regulates the expression of the per-
oxisome proliferator-activated receptor-alpha gene in the
pancreatic beta-cell. J Biol Chem 2000;275:35799–806.

[4] McCarty MF. Incorporation of beta cell redifferentiation
therapy into a lipoprivic strategy for reversing type 2
diabetes. Med Hypotheses 2002;58:462–71.

[5] Gremlich S, Bonny C, Waeber G, Thorens B. Fatty acids
decrease IDX-1 expression in rat pancreatic islets and
reduce GLUT2, glucokinase, insulin, and somatostatin
levels. J Biol Chem 1997;272:30261–9.

[6] Zangen DH, Bonner-Weir S, Lee CH, Latimer JB, Miller CP,
Habener JF, et al. Reduced insulin, GLUT2, and IDX-1 in
beta-cells after partial pancreatectomy. Diabetes
1997;46:258–64.

[7] Weir GC, Sharma A, Zangen DH, Bonner-Weir S. Transcrip-
tion factor abnormalities as a cause of beta cell dysfunction
in diabetes: a hypothesis. Acta Diabetol 1997;34:177–84.

[8] Watada H, Kajimoto Y, Miyagawa J, Hanafusa T, Hamaguchi
K, Matsuoka T, et al. PDX-1 induces insulin and glucokinase
gene expressions in alpha TC1 clone 6 cells in the presence
of betacellulin. Diabetes 1996;45:1826–31.

[9] Habener JF, Staffers DA. A newly discovered role of
transcription factors involved in pancreas development
and the pathogenesis of diabetes mellitus. Proc Assoc Am
Physicians 1998;110:12–21.

[10] Yoshida S, Kajimoto Y, Yasuda T, Watada H, Fujitani Y,
Kosaka H, et al. PDX-1 induces differentiation of intestinal
epithelioid IEC-6 into insulin-producing cells. Diabetes
2002;51:2505–13.

[11] Ashizawa S, Brunicardi FC, Wang XP. PDX-1 and the
pancreas. Pancreas 2004;28:109–20.



Exenatide and biotin in conjunction with a protein-sparing fast 931
[12] Allen FM. Prolonged fasting in diabetes. Am J Med Sci
1915;159:480–5.

[13] Fuhrman J. Fasting and eating for health. New York: St.
Martin’s Griffin; 1995. p. 138-142.

[14] Prentki M, My E, El Assaad W, Roduit R. Malonyl-CoA
signaling, lipid partitioning, and glucolipotoxicity: role in
beta-cell adaptation and failure in the etiology of diabetes.
Diabetes 2002;51(Suppl 3):S405–13.

[15] Robertson RP, Harmon J, Tran PO, Poitout V. Beta-cell
glucose toxicity, lipotoxicity, and chronic oxidative stress
in type 2 diabetes. Diabetes 2004;53(Suppl 1):S119–24.

[16] Hanefeld M, Week M. Very low calorie diet therapy in obese
non-insulin dependent diabetes patients. Int J Obes
1989;13(Suppl 2):33–7.

[17] Week M, Hanefeld M, Schollberg K. Effects of VLCD in obese
NIDDM (non-insulin dependent diabetes) on glucose, insulin
and C-peptide dynamics. Int J Obes 1989;13(Suppl 2):
159–60.

[18] Fukuda M, Tahara Y, Yamamoto Y, Onishi T, Kumahara Y,
Tanaka A, et al. Effects of very-low-calorie diet weight
reduction on glucose tolerance, insulin secretion, and
insulin resistance in obese non-insulin-dependent diabetics.
Diabetes Res Clin Pract 1989;7:61–7.

[19] Wing RR, Marcus MD, Salata R, Epstein LH, Miaskiewicz S,
Blair EH. Effects of a very-low-calorie diet on long-term
glycemic control in obese type 2 diabetic subjects. Arch Int
Med 1991;151:1334–40.

[20] Henry RR, Gumbiner B. Benefits and limitations of very-low-
calorie diet therapy in obese NIDDM. Diabetes Care
1991;14:802–23.

[21] Wing RR, Blair EH, Bononi P, Marcus MD, Watanabe R,
Bergman RN. Caloric restriction per se is a significant factor
in improvements in glycemic control and insulin sensitivity
during weight loss in obese NIDDM patients. Diabetes Care
1994;17:30–6.

[22] Capstick F, Brooks BA, Burns CM, Zilkens RR, Steinbeck KS,
Yue DK. Very low calorie diet (VLCD): a useful alternative in
the treatment of the obese NIDDM patient. Diabetes Res
Clin Pract 1997;36:105–11.

[23] Nielsen LL, Young AA, Parkes DG. Pharmacology of exena-
tide (synthetic exendin-4): a potential therapeutic for
improved glycemic control of type 2 diabetes. Regul Pept
2004;117:77–88.

[24] Joy SV, Rodgers PT, Scates AC. Incretin mimetics as
emerging treatments for type 2 diabetes. Ann Pharmac-
other 2005;39:110–8.

[25] Holz GG. New insights concerning the glucose-dependent
insulin secretagogue action of glucagon-like peptide-1 in
pancreatic beta-cells. Horm Metab Res 2004;36:787–94.

[26] Staffers DA, Kieffer TJ, Hussain MA, Drucker DJ, Bonner-
Weir S, Habener JF, et al. Insulinotropic glucagon-like
peptide 1 agonists stimulate expression of homeodomain
protein IDX-1 and increase islet size in mouse pancreas.
Diabetes 2000;49:741–8.

[27] Zhou J, Pineyro MA, Wang X, Doyle ME, Egan JM. Exendin-4
differentiation of a human pancreatic duct cell line into
endocrine cells: involvement of PDX-1 and HNF3beta
transcription factors. J Cell Physiol 2002;192:304–14.

[28] Movassat J, Beattie GM, Lopez AD, Hayek A. Exendin-4 up-
regulates expression of PDX 1 and hastens differentiation
and maturation of human fetal pancreatic cells. J Clin
Endocrinol Metab 2002;87:4775–81.

[29] Kodama S, Toyonaga T, Kondo T, Matsumoto K, Tsuruzoe K,
Kawashima J, et al. Enhanced expression of PDX-1 and
Ngn3 by exendin-4 during beta cell regeneration in STZ-
treated mice. Biochem Biophys Res Commun 2005;327:
1170–8.
[30] Wang X, Zhou J, Doyle ME, Egan JM. Glucagon-like peptide-
1 causes pancreatic duodenal homeobox-1 protein translo-
cation from the cytoplasm to the nucleus of pancreatic
beta-cells by a cyclic adenosine monophosphate/protein
kinase A-dependent mechanism. Endocrinology 2001;142:
1820–7.

[31] Xu G, Stoffers DA, Habener JF, Bonner-Weir S. Exendin-4
stimulates both beta-cell replication and neogenesis,
resulting in increased beta-cell mass and improved glucose
tolerance in diabetic rats. Diabetes 1999;48:2270–6.

[32] Tourrel C, Bailbe D, Lacorne M, Meile MJ, Kergoat M, Portha
B. Persistent improvement of type 2 diabetes in the Goto–
Kakizaki rat model by expansion of the beta-cell mass
during the prediabetic period with glucagon-like peptide-1
or exendin-4. Diabetes 2002;51:1443–52.

[33] Gedulin BR, Nikoulina SE, Smith PA, Gedulin G, Nielsen LL,
Baron AD, et al. Exenatide (exendin-4) improves insulin
sensitivity and {beta}-cell mass in insulin-resistant obese
fa/fa Zucker rats independent of glycemia and body
weight. Endocrinology 2005;146:2069–76.

[34] Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA,
Butler PC. Beta-cell deficit and increased beta-cell apop-
tosis in humans with type 2 diabetes. Diabetes 2003;52:
102–10.

[35] Maedler K, Donath MY. Beta-cells in type 2 diabetes: a
loss of function and mass. Horm Res 2004;62(Suppl 3):
67–73.

[36] Ahren B. Type 2 diabetes, insulin secretion and beta-cell
mass. Curr Mol Med 2005;5:275–86.

[37] El Assaad W, Buteau J, Peyot ML, Nolan C, Roduit R, Hardy
S, et al. Saturated fatty acids synergize with elevated
glucose to cause pancreatic beta-cell death. Endocrinology
2003;144:4154–63.

[38] Maedler K, Spinas GA, Lehmann R, Sergeev P, Weber M,
Fontana A, et al. Glucose induces beta-cell apoptosis via
upregulation of the Fas receptor in human islets. Diabetes
2001;50:1683–90.

[39] Pick A, Clark J, Kubstrup C, Levisetti M, Pugh W, Bonner-
Weir S, et al. Role of apoptosis in failure of beta-cell mass
compensation for insulin resistance and beta-cell defects in
the male Zucker diabetic fatty rat. Diabetes 1998;47:
358–64.

[40] Buteau J, El Assaad W, Rhodes CJ, Rosenberg L, My E,
Prentki M. Glucagon-like peptide-1 prevents beta cell
glucolipotoxicity. Diabetologia 2004;47:806–15.

[41] Jhala US, Canettieri G, Screaton RA, Kulkarni RN, Krajewski
S, Reed J, et al. cAMP promotes pancreatic beta-cell
survival via CREB-mediated induction of IRS2. Genes Dev
2003;17:1575–80.

[42] Vesely DL. Biotin enhances guanylate cyclase activity.
Science 1982;216:1329–30.

[43] Spence JT, Koudelka AP. Effects of biotin upon the
intracellular level of cGMP and the activity of glucoki-
nase in cultured rat hepatocytes. J Biol Chem 1984;259:
6393–6.

[44] Singh IN, Dakshinamurti K. Stimulation of guanylate cyclase
and RNA polymerase II activities in HeLa cells and fibro-
blasts by biotin. Mol Cell Biochem 1988;79:47–55.

[45] Borboni P, Magnaterra R, Rabini RA, Staffolani R, Porzio O,
Sesti G, et al. Effect of biotin on glucokinase activity,
mRNA expression and insulin release in cultured beta-cells.
Acta Diabetol 1996;33:154–8.

[46] Romero-Navarro G, Cabrera-Valladares G, German MS,
Matschinsky FM, Velazquez A, Wang J, et al. Biotin regu-
lation of pancreatic glucokinase and insulin in primary
cultured rat islets and in biotin-deficient rats. Endocrinol-
ogy 1999;140:4595–600.



932 McCarty
[47] Furukawa Y. Enhancement of glucose-induced insulin
secretion and modification of glucose metabolism by biotin.
Nippon Rinsho 1999;57:2261–9.

[48] Sone H, Ito M, Shimizu M, Sasaki Y, Komai M, Furukawa Y.
Characteristics of the biotin enhancement of glucose-
induced insulin release in pancreatic islets of the rat.
Biosci Biotechnol Biochem 2000;64:550–4.

[49] Yoshikawa H, Tajiri Y, Sako Y, Hashimoto T, Umeda F,
Nawata H. Effects of biotin on glucotoxicity or lipotoxicity
in rat pancreatic islets. Metabolism 2002;51:163–8.

[50] Matsuura N, Ishikawa T, Abe S, Yuyama H, Sugino F, Ishii K,
et al. Nitric oxide-cyclic GMP system potentiates glucose-
induced rise in cytosolic Ca2+ concentration in rat pancre-
atic beta-cells. Life Sci 1999;65:1515–22.

[51] Ishikawa T, Kaneko Y, Sugino F, Nakayama K. Two distinct
effects of cGMP on cytosolic Ca2+ concentration of rat
pancreatic beta-cells. J Pharmacol Sci 2003;91:41–6.

[52] Kaneko Y, Ishikawa T, Amano S, Nakayama K. Dual effect of
nitric oxide on cytosolic Ca2+ concentration and insulin
secretion in rat pancreatic beta-cells. Am J Physiol Cell
Physiol 2003;284:C1215–22.

[53] Gunther L, Berberat PO, Haga M, Brouard S, Smith RN,
Soares MP, et al. Carbon monoxide protects pancreatic
beta-cells from apoptosis and improves islet function/
survival after transplantation. Diabetes 2002;51:994–9.

[54] Pilz RB, Casteel DE. Regulation of gene expression by cyclic
GMP. Circ Res 2003;93:1034–46.

[55] Liu H, Maurice DH. Expression of cyclic GMP-inhibited
phosphodiesterases 3A and 3B (PDE3A and PDE3B) in rat
tissues: differential subcellular localization and regulated
expression by cyclic AMP. Br J Pharmacol 1998;125:
1501–10.

[56] Baez-Saldana A, Zendejas-Ruiz I, Revilla-Monsalve C, Islas-
Andrade S, Cardenas A, Rojas-Ochoa A, et al. Effects of
biotin on pyruvate carboxylase, acetyl-CoA carboxylase,
propionyl-CoA carboxylase, and markers for glucose and
lipid homeostasis in type 2 diabetic patients and nondia-
betic subjects. Am J Clin Nutr 2004;79:238–43.

[57] Maebashi M, Makino Y, Furukawa Y, et al. Therapeutic
evaluation of the effect of biotin on hyperglycemia in
patients with non-insulin-dependent diabetes mellitus. J
Clin Biochem Nutr 1993;14:211–8.

[58] Reddi A, DeAngelis B, Frank O, Lasker N, Baker H. Biotin
supplementation improves glucose and insulin tolerances
in genetically diabetic KK mice. Life Sci 1988;42:
1323–30.

[59] Zhang H, Osada K, Maebashi M, Ito M, Komai M, Furukawa Y.
A high biotin diet improves the impaired glucose tolerance
of long-term spontaneously hyperglycemic rats with non-
insulin-dependent diabetes mellitus. J Nutr Sci Vitaminol
(Tokyo) 1996;42:517–26.

[60] Dakshinamurti K, Li W. Transcriptional regulation of liver
phosphoenolpyruvate carboxykinase by biotin in diabetic
rats. Mol Cell Biochem 1994;132:127–32.

[61] McCarty MF. High-dose biotin, an inducer of glucokinase
expression, may synergize with chromium picolinate to
enable a definitive nutritional therapy for type II diabetes.
Med Hypotheses 1999;52:401–6.

[62] Mock DM. Biotin. In: Ziegler EE, Filer Jr LJ, editors. Present
Knowledge in Nutrition. Washington, DC: ILSI Press; 1996.
p. 220–35.

[63] Stone JR, Marietta MA. Soluble guanylate cyclase from
bovine lung: activation with nitric oxide and carbon
monoxide and spectral characterization of the ferrous
and ferric states. Biochemistry 1994;33:5636–40.

[64] Barnard RJ, Jung T, Inkeles SB. Diet and exercise in the
treatment of NIDDM. The need for early emphasis. Diabetes
Care 1994;17:1469–72.


	Exenatide and biotin in conjunction with a protein-sparing fast for normalization of beta cell function in type 2 diabetics
	Fasting as a strategy for normalizing diabetic beta cell function
	A role for exenatide in beta cell redifferentiation therapy
	High-dose biotin may complement these benefits
	A prudent lifestyle required to preserve normalized beta cell function
	References


