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Keypoints

e The heterogeneous and progressive nature of type 2 diabetes presents
an ongoing requirement for additional and novel blood glucose-
lowering agents.

e Longer-acting (once daily and once weekly injected) analogs of the
incretin hormone glucagon-like peptide 1 (GLP-1) and new dipeptidyl
peptidase 4 inhibitors are being developed.

e Proof of principle studies have shown potential for non-peptide
molecules to act as GLP-1 receptor agonists and insulin mimetics.

e Potentiators of insulin action include specific phosphatase inhibitors
and other types of compounds that increase insulin receptor and early
post-receptor signaling.

e Selective peroxisome proliferator-activated receptor modulators,
glucagon receptor antagonists and cellular glucocorticoid inhibitors
have shown potential.

e Agents that directly increase glucose disposal (e.g. glucokinase
activators) or reduce glucose output (e.g. fructose 1,6-bisphosphatase
inhibitors) are receiving attention.

e Sodium-glucose co-transporter 2 inhibitors can facilitate glycemic
control through increased renal glucose elimination.

Introduction

Current strategies for managing type 2 diabetes mellitus (T2DM)
are described in Part 6. This chapter reviews new therapeutic
approaches to address the metabolic disturbances of T2DM. The
main focus is on drugs that have recently become available for
clinical use or have entered clinical trials, and established agents
that have found new applications in patients with diabetes. Some
agents in preclinical development that have particular theoretical
promise are also considered.

There is a continuing need for new and improved agents to
treat diabetes as available therapies do not reinstate normal
glucose homeostasis or eliminate the threat of long-term compli-
cations. Indeed, patients with T2DM incur chronic tissue damage
and suffer premature death, even with assiduous use of the avail-
able therapies [1-3]. Lifestyle measures, notably diet and exercise,
remain the foundation therapy [4], while pharmacologic inter-
ventions are added to provide further recourse against the mul-
tiple, heterogeneous and progressive endocrine and metabolic
disturbances of the disease [5]. Recent trial outcomes have re-
emphasized the importance of comprehensive risk factor man-
agement in which early, effective, individualized and sustained
glycemic control can defer the onset and reduce the severity of

Textbook of Diabetes, 4th edition. Edited by R. Holt, C. Cockram,
A. Flyvbjerg and B. Goldstein. © 2010 Blackwell Publishing.

complications [1,2]. In particular, “glycemic memory” requires
good glycemic control early after diagnosis to minimize the com-
plications of hyperglycemia much later in the disease process
[1,2,6].

Development of new antidiabetic agents

As diabetes must usually be treated for the remainder of the
patient’s life, any new antidiabetic drug must be safe, well-
tolerated, conveniently administered and carry minimal risk of
serious hypoglycemia. It should offer durable efficacy and prefer-
ably other advantages — for example, a novel mode of action or
favorable pharmacokinetics that suit a particular group such as
the elderly. Ideally, a new agent will be suited to combination
therapy with at least some of the existing agents, and confer ben-
efits against conditions that are commonly associated with dia-
betes, such as abdominal obesity, dyslipidemia, hypertension and
other vascular diseases or risk factors. A new drug might correct
at least one of the major underlying endocrine or metabolic dis-
turbances such as counter insulin resistance, improve f3-cell func-
tion, reduce hyperglucagonemia or act directly to decrease
glucotoxicity or lipotoxicity.

The development of a drug from a new chemical entity through
to marketing approval involves many stages of rigorous preclini-
cal and clinical evaluation (Table 60.1). The process can take
10-15 years and cost US$ 500-2000 million [7]. If there is evi-
dence of increased adverse cardiovascular outcomes during the
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Table 60.1 Stages in the development of a new drug.

Preclinical stages

New chemical entity

e |dentification, extraction/synthesis, chemical characterization and
patenting of compounds

e Genotoxicity testing: screening for biological activity in vitro and in vivo in
animals

e Preclinical pharmacology, mode of action, pharmacodynamics (activity,
safety, tolerance), pharmacokinetics (bioavailability, distribution,
metabolism, elimination) and toxicity in > two mammalian species

Clinical stages

Investigational new drug application: permission to begin clinical studies

Phase 1

e First administration to small number of healthy human volunteers

e Dose ranging, vital signs, pharmacodynamics, pharmacokinetics, drug
interactions, safety

Phase 2

o First trials in small numbers of patients

o Dose ranging, efficacy, further pharmacodynamics, pharmacokinetics and
safety

Phase 3

e Trials in larger numbers of patients

o Multicenter trials, comparative trials with other treatments, efficacy,
further pharmacodynamics and safety (including meta-analysis of
cardiovascular outcomes)

New drug application: permission to market as a drug

Phase 4

e Use in medical practice

o Additional trials (similar to phase 3), post-marketing surveillance, adverse
drug reactions, use in special subgroups (e.g. elderly people)

pre-authorization studies, depending on the circumstances,
either additional pre-authorization or post-authorization trials
will be required. To extend the period of marketing exclusivity it
is not unusual for companies to seek additional indications and
develop new formulations post-authorization. Because many
patients with T2DM require combination therapy, there is also
considerable interest in the production of single-tablet fixed-dose
combinations [8].

Classification of new antidiabetic agents

Blood glucose-lowering agents may be either hypoglycemic or
antihyperglycemic [9]. Both reduce hyperglycemia, but hypogly-
cemic agents can lower blood glucose concentrations below the
euglycemic range, and therefore carry the risk of clinical hypogly-
cemia. Such agents include potent inhibitors of hepatic glucose
output, insulin secretagogues that act at low glucose concentra-
tions, potent insulin-mimetic drugs and agents that impair coun-
ter-regulatory mechanisms. By contrast, antihyperglycemic
agents, when used as monotherapy, do not lower blood glucose
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Table 60.2 Established blood glucose-lowering agents and some other
agents with blood glucose-lowering activity.

Agents Main mode of action

Agents used in the treatment of diabetes

Metformin (biguanide) Counters insulin resistance

Sulfonylureas Stimulate insulin secretion

Prandial insulin releasers ~ Stimulate insulin secretion (rapid/short acting)
(meglitinides)

Thiazolidinediones
(glitazones)

GLP-1 analogs Potentiate insulin secretion

DPP-4 inhibitors (gliptins)  Potentiate insulin secretion

o-Glucosidase inhibitors  Inhibit carbohydrate digestion

Pramlintide Satiety, slow gastric emptying, decrease glucagon

Insulin Decrease glucose production, increase glucose

disposal, storage and utilization

Increase insulin sensitivity (PPARy agonists)

Other agents with blood glucose-lowering activity

Acipimox Decrease lipolysis, reduce NEFAs
Alcohol Inhibit gluconeogenesis

Niacin Decrease lipolysis, reduce NEFAs
Quinine Stimulate insulin secretion
Salicylates Stimulate insulin secretion

[B-Adrenoceptor blockers*  Inhibit adrenergic counter-regulatory response

DPP-4, dipeptidyl peptidase 4; GLP-1, glucagon-like peptide 1; NEFA, non-
esterified fatty acids; PPARy, peroxisome proliferator-activated receptor .

* B-Adrenoceptor blockers usually raise glucose concentrations, but they can
contribute to hypoglycemia by inhibiting the acute counter-regulatory
response and impairing hypoglycemia awareness.

into the range of overt hypoglycemia. These drugs include the
inhibitors of carbohydrate digestion and intestinal glucose
absorption, anti-obesity agents, weaker suppressors of hepatic
glucose output or counter-regulation, mild or glucose-dependent
insulin secretagogues, most insulin-sensitizing agents and modu-
lators of lipid metabolism.

The major glucose-lowering drugs currently used to treat dia-
betes, and some other agents with glucose-lowering activity, are
shown in Table 60.2. Examples of other types of compounds
under investigation as potential glucose-lowering drugs are listed
in Table 60.3 [10,11] and illustrated in Figure 60.1.

Inhibitors of intestinal carbohydrate digestion
and absorption

Delaying the digestion and absorption of dietary carbohydrate in
the intestine reduces post-prandial hyperglycemia and may have
some “carry-over” benefit to reduce basal glycemia. Efficacy is
variable but generally modest, although this approach is usually
suitable for combination with most other antidiabetic therapies



Figure 60.1 Potential sites of action of blood
glucose-lowering agents. DPP-4, dipeptidyl peptidase
4; GK, glucokinase; GLP-1, glucagon-like peptide 1;
SGLT-2, sodium-glucose co-transporter 2;

TZD, thiazolidinedione.
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Table 60.3 Examples of some new or investigational blood

glucose-lowering agents.

Type of agent Action Example

o-glucosidase Inhibit carbohydrate Voglibose
inhibitors digestion

Insulin secretagogues  Stimulate insulin secretion ~ Mitiglinide

Insulin secretion
potentiators
Insulin mimetics

Insulin action
potentiators

Counter-regulatory
hormone inhibitors

Direct glucose
regulators
Lipid regulators

SGLT2 inhibitors

Enhance nutrient-stimulated
insulin secretion

Insulin-like effects on
glucose metabolism

Enhance actions of insulin

Suppress secretion/action of
counter-regulatory
hormones

Increase glucose
metabolism

Inhibit oxidation of fatty
acids

Increase renal glucose
elimination

GLP-1 analogs,
DPP-4 inhibitors
IGF-I

Selective PPAR
modulators

Glucagon receptor
antagonists, cellular
glucocorticoid
inhibitors

GK activators,
F16Pase inhibitors

CPT-1 inhibitors

"Flozins"”

CPT-1, carnitine palmitoyl transferase-1; DPP-4, dipeptidyl peptidase 4;
F16Pase, fructose 1,6-bisphosphatase; GK, glucokinase; GLP-1, glucagon-like
peptide-1; IGF-I, insulin-like growth factor I; PPAR, peroxisome proliferator-
activated receptor; SGLT2, secondary active sodium glucose co-transporter 2.

Table 60.4 Soluble and insoluble fiber supplements.

Soluble fiber Insoluble fiber
Gums Celluloses
Pectins Wheat bran
Hemicelluloses

Mucilages

including insulin. Extending the period of digestion in this way
can also reduce interprandial hypoglycemia in insulin-treated
patients. Included here are dietary fiber supplements and inhibi-
tors of digestive enzymes (Table 60.4).

Dietary fiber supplements

Most dietary fiber comprises plant polysaccharides that are not
digested or fermented in the large bowel; some are soluble and
form bulky viscous gels and gums, while others are coarse and
insoluble (Table 60.4). Soluble fiber appears to be more effective
than insoluble in reducing post-prandial hyperglycemia and
hyperinsulinemia. Fibers can act as a barrier to diffusion within
the lumen of the small intestine, where complex starchy carbo-
hydrates are digested. Carbohydrates become entrapped within
the matrix, impeding access of digestive enzymes, and restricting
the diffusion of liberated saccharides across the unstirred layers
of gut contents to the intestinal epithelium [12]. Various fiber
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supplements have appeared intermittently on the pharmacy
shelves. These include common food thickeners such as soluble
guar gum (E412), a galactomannan from the Indian cluster bean
(Cyamopsis tetragonoloba; Figure 60.2) and fruit pectins. The
prandial blood glucose-lowering effect of these supplements is
usually small, especially if patients are already consuming a bal-
anced diet containing fruit and vegetables [13].

Inhibitors of carbohydrate digestion

Slowing the digestion of complex carbohydrates by inhibiting
amylases and glucosidases can reduce post-prandial hyperglyc-
emia, particularly in individuals consuming a high starch diet
such as rice (Figure 60.3). Inhibitors of a-amylases impair the

CH,OH
H 0|-| Ho \1
OH HO

CH,OH

Figure 60.2 Guar, a galactomannan polysaccharide from the Indian cluster
bean, Cyamopsis tetragonoloba, used as a dietary fiber supplement.

hydrolysis of starch, but such agents have been too unpredictable
for routine therapeutic use. Reversible competitive inhibitors of
brush-border o-glucosidases such as acarbose, miglitol and
voglibose are more predictable (Figure 60.4). These still require
appropriate titration against the amount of complex carbohy-
drate in the diet to prevent undigested sugars from entering the
large bowel, where bacterial fermentation can produce carbon
dioxide and osmotically active glucose, causing flatulence and
diarrhea as side effects [14]. There do not appear to be new o-

glucosidase inhibitors in clinical development.

Insulin secretagogues

Several defects in islet B-cell function occur early in the patho-
genesis of T2DM: the acute first-phase insulin secretory response
to glucose becomes reduced and eventually lost, processing of
proinsulin to insulin is impaired, the normal pulsatile rhythm of
basal insulin secretion is disturbed, and the second phase of
insulin secretion is often extended, albeit diminished in magni-
tude, as the period of post-prandial hyperglycemia is prolonged
(see Chapter 10). In advanced stages of T2DM, B-cell mass and
insulin biosynthesis are also compromised. An ideal insulin secre-
tagogue would restore B-cell sensitivity to glucose, and support
adequate biosynthesis, processing and secretion of insulin in
response to other nutrients, hormones and neural factors. Insulin
secretagogues can be categorized into initiators (e.g. sulfonylu-
reas), which stimulate insulin secretion on their own or require
only low glucose concentrations, and potentiators (e.g. GLP-1
analogs), which enhance the effect of rising glucose and other
secretagogues but do not induce insulin release without glucose.
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Figure 60.3 Starch digestion and its inhibitors. o.(1-6)-glucosidic linkages are cleaved by a(1-6) glucosidases, and o1-4) linkages by o.-amylase. o-Glucosidase
inhibitors such as acarbose act by competitive, reversible inhibition of intestinal brush-border c.-glucosidase enzymes. This slows the rate of carbohydrate digestion.
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Figure 60.4 o-Glucosidase inhibitors in present
use are acarbose and miglitol. Voglibose is available
in some countries. These agents have different
affinities for specific o-glucosidases: the binding
affinity of acarbose is glucoamylase >

sucrase > maltase > dextrinase; miglitol and
voglibose potently inhibit sucrase, while voglibose
shows more potent inhibition of other o~
glucosidases than acarbose. Acarbose also weakly
inhibits oi-amylase.

Figure 60.5 The ATP-sensitive (Ka) channel in
the B-cell membrane consists of a large sulfonylurea
1 (SURT) subunit (17 transmembrane domains) and
a smaller pore-forming unit that acts as an inwardly
rectifying K channel, Kir6.2. The cytosolic surface of
the SURT subunit has separate binding sites for
sulfonylureas (S), benzamido compounds (B) and the
nucleotides, ADP and ATP (N). Four complete
channel units self-associate to form an octameric
complex in the membrane.

Future Drug Treatment for Type 2 Diabetes Chapter 60

Out

|I|I||-| |_

(meglitinides) on the sulfonylurea receptor 1 (SUR1) in the

Initiators of insulin secretion

plasma membrane of the B-cell. The SURI is part of the ATP-
sensitive potassium channel (Kyrp channel), which consists of an

Currently available sulfonylureas and meglitinides are oral insulin octameric complex of four Kir6.2 pores (inwardly rectifying
secretagogues that initiate insulin secretion (see Chapter 29). potassium channels) surrounded by four SUR1 molecules (Figure
They bind to either the sulfonylurea site or the benzamide site 60.5). Binding of ligands to the sulfonylurea or benzamide sites

1021



Part 12 Future Directions

‘Benzamido compounds‘

|
|
l

\ Sulphonylureas

Insulin
granules

\

0 SUR1 K|r6 2 ‘ Imidazolines ‘
Glucose 1 \ \ e | | Imidazole
\
v v receptor
\ <+ ---
\
-~ 5 MUE% = N
\\1—/\ :/‘ PKA/PKC
thugols_e — VA Voltage-
metabolism
- Membrane depen2d+ent
/) depolarization hca I
channe
; /
' broimeal fam
I roinsulin
' biosynthesis . /— N>
Succinate i Cytoszollc
esters [Ca?t]

Granule /

translocation

Calcium-dependent
proteins

Microtubules
and microfilaments

/

o

Insulin secretion

Figure 60.6 Sulfonylureas and benzamido compounds stimulate insulin release mainly by binding to sites on the sulfonylurea receptor 1 (SURT) of the adenosine
triphosphate (ATP)-sensitive potassium channels (Kar» channels). This closes the Kir6.2 pores of the Ky, channels, causing localized depolarization, opening of voltage-
dependent calcium channels, increasing Ca’* influx, and activation of calcium-dependent proteins that promote exocytosis of insulin granules. Imidazoline derivatives can
act on |, and I, receptors, as well as other (unclassified) receptors and directly on the Kir6.2 pores to enhance insulin secretion. Succinate esters fuel glucose metabolism.

on SURI elicits the same response as binding of ATP to the
nucleotide-binding domains of the channel, namely closure of
the Kir6.2 pore [15]. This prevents K* efflux, which leads to local-
ized depolarization of the plasma membrane. In turn, this opens
voltage-gated (L-type) calcium channels, allowing influx of Ca**
ions, which increases the cytosolic calcium ion concentration.
Calcium-sensitive proteins are thereby activated, triggering the
exocytosis of insulin-containing secretory granules (Figure 60.6).
SUR1-Kir6.2 channels have also been identified within the mem-
branes of mitochondria and possibly other organelles, suggesting
that sulfonylureas and meglitinides could act at these and other
sites in the cell as part of their insulin-releasing action.

Several novel insulin secretagogues have been reported to act by
closing the Kyrp channels. The meglitinide derivative mitiglinide
(KAD-1229) appears to bind at the benzamide site on SURI
(Figure 60.6), and this agent has proceeded in clinical develop-
ment [16]. Several other types of compounds have been shown to
interact with Kypp channels, but these do not appear to have pro-
ceeded beyond early clinical studies (Figure 60.7). These include
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the morpholinoguanidine BTS67582 [17] and certain imidazo-
lines such as S22068 [18]. Other imidazoline compounds, which
bind to I, I, and probably other receptors, may also close Kyp
channels as part of their mechanisms to stimulate insulin secretion
[19]; however, there are imidazolines such as BL11282 that stimu-
late glucose-induced (but not basal) insulin secretion by effects on
protein kinases without closing Kyp channels [20]. Various o,-
adrenergic receptor antagonists such as phentolamine, which can
reduce the tonic suppression of insulin secretion mediated through
o,-adrenergic activation, may also act to close Kyp channels.
Although closure of Kypp channels initiates insulin secretion,
it does not promote insulin biosynthesis. Agents that increase
nutrient metabolism, and close Kyyp channels through increased
ATP production, additionally enhance proinsulin biosynthesis.
This capability is illustrated by esters of succinic acid which
provide a metabolisable substrate to the mitochondria [21].
These compounds have low enteral bioavailability and a short
duration of action, and they also fuel gluconeogenesis in the liver.
A related approach could be to stimulate mitochondrial succinyl-
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Figure 60.7 Structures of some established and
novel insulin secretagogues. Glibenclamide
(glyburide) has both a sulfonylurea and a benzamide
moiety. Meglitinide derivatives exhibit a benzamide
moiety. BTS 67582 is a morpholinoguanidine, while
S$-22068 and BL11282 are examples of imidazoline
compounds.

coenzyme A (CoA) synthetase to generate ATP and guanosine
triphosphate (GTP) [22].

Because the islet B-cell takes up glucose approximately in pro-
portion to the circulating glucose concentration and phosphor-
ylates the glucose via glucokinase (GK; EC 2.7.1.1), the B-cell is
amenable to stimulation of glycolysis with agents that enhance
the activity of GK [23]. Although this effect is actually potentiat-
ing the action of glucose (Figure 60.8), it can operate at low
glucose concentrations, so it has been categorized here as an
initiator. Several specific small molecule activators of GK have
been shown to increase insulin secretion and improve glucose
homeostasis in models of T2DM. These include allosteric activa-
tors and molecules that prevent association of GK with or cause
dissociation of GK from inhibitory protein complexes [24-29].
Several of these agents are now in clinical trial, and it will be
interesting to see if this approach can benefit other aspects of islet
function and be regulated to avoid hypoglycemia. Because liver
cells express GK and take up glucose approximately in proportion

\%6

\,7.

2

I
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to the circulating concentration, GK activators will also stimulate
hepatic glucose utilization and reduce hepatic glucose produc-
tion, adding to their blood glucose-lowering potency.

Potentiators of insulin secretion

Potential opportunities to increase nutrient-induced insulin
secretion are shown in Figure 60.8. In principle, these agents
should predominantly decrease post-prandial hyperglycemia and
carry less risk of interprandial hypoglycemia.

Incretins

Insulin secretion is enhanced by several hormones released from
the gut during feeding — so-called incretin hormones. The main
incretins are glucagon-like peptide 1 (7-36) amide (GLP-1) and
gastric inhibitory polypeptide (GIP; also known as glucose-
dependent insulinotropic peptide). These hormones activate spe-
cific G-protein coupled receptors in the -cell membrane and
potentiate nutrient-induced insulin secretion and insulin biosyn-
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Figure 60.8 Sites on the pancreatic B-cell that offer potential targets to potentiate nutrient-induced insulin secretion. cAMP, cyclic adenosine monophosphate; CCK,
cholecystokinin; DAG, diacylglycerol; GIP, gastric inhibitory polypeptide, also known as glucose-dependent insulinotropic peptide; GK, glucokinase; IPs, inositol-1,4,5-
trisphosphate; PDE, phosphodiesterase; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C. Activated [3,-adrenoceptors and GIP and glucagon-like
peptide-1 (GLP-1) receptors stimulate insulin secretion, as do antagonists of the inhibitory o,-adrenoceptors.

thesis, at least partly through increased cyclic adenosine mono-
phosphate (cAMP) and production of protein kinase A (PKA)
[30,31]. Both hormones have also been shown to promote -cell
mass in animal models, possibly slowing B-cell apoptosis and
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Figure 60.9 Incretin hormones GLP-1 and GIP
have been shown to increase B-cell mass in animal
models. Possible mechanisms include increased
B-cell proliferation and differentiation, slowing of
{3-cell apoptosis and increased B-cell neogenesis
from ductal progenitor cells.

increasing B-cell neogenesis by increased expression of the tran-
scription factor PDX-1 (pancreatic duodenal homeobox 1),
which promotes proliferation and differentiation of ductal pro-
genitor cells (Figure 60.9). GLP-1 has been favored as a treatment



for T2DM because it also suppresses glucagon secretion in a
glucose-dependent manner, slows gastric empting and exerts a
satiety effect that can facilitate weight loss [32]. Moreover, GLP-1
concentrations appear to be reduced in T2DM but the ability of
the peptide to enhance insulin release is maintained (Table 60.5).
Thus, when injected subcutaneously immediately before a meal,
GLP-1 can substantially reduce the post-prandial rise in blood
glucose concentrations in T2DM (Figure 60.10). However, the
rapid degradation of GLP-1, mostly by the enzyme dipeptidyl
peptidase 4 (DPP-4) and the renal clearance of GLP-1 (plasma
half-life < 2 minutes) makes the peptide itself an inconvenient
form of therapy [33].

DPP-4 cleaves off an N-terminal dipeptide where there is an
alanine residue (as in GLP-1) or a proline residue at the N2 posi-
tion. Exenatide (exendin-4) is a GLP-1 analog with a glycine
residue at the N2 position (Figure 60.11), making it resistant to
degradation by DPP-4, and extending the half-life to several

Table 60.5 Effects of the incretin hormones glucagon-like peptide 1 (7-36)
amide (GLP-1) and gastric inhibitory polypeptide (GIP; also known as
glucose-dependent insulinotropic peptide).

GIP GLP-1

Pancreatic
Glucose-induced Increase
insulin secretion

Increase

Proinsulin biosynthesis  Increase Increase
B-Cell mass (rodents) Increase Increase
Glucagon secretion Increase or no effect Decrease
Other actions

Gastric emptying Nofslight effect Decrease
Appetite/feeding No significant effect Decrease
Weight gain No effect or increase Decrease

Myocardial metabolism

No established effect

Possible benefits

Type 2 diabetes
Plasma concentrations
Insulin-releasing effect

Normal or slightly reduced
Reduced

Reduced late phase
Mostly retained
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Figure 60.10 Insulin-releasing and glucose-lowering effects of glucagon-like
peptide 1 (GLP-1) in eight obese patients with T2DM. A dose of 25mmol was
injected subcutaneously into the gluteal region 5 minutes before a standard
meal. The plasma insulin and C-peptide responses were significantly greater, and
the plasma glucose response significantly flatter (all P < 0.001), compared with
a control (saline) injection. Reproduced from Glutniak et al. Diabetes Care 1994;
17:1039-1044, with permission from the American Diabetes Association.

Native GLP-1
Human GLP-1
Human GLP-1

Figure 60.11 The amino acid structure of GLP-1, GLP-1 Analogs
and the GLP-1 analogs exenatide and liraglutide.
GIP and glucagon are shown for comparison. DPP-4
cleaves off an N-terminal dipeptide where there is
an alanine residue (as in GLP-1 and GIP) or a
proline residue at the N2 position. Liraglutide is
protected from degradation by DPP-4 when the

palmitoyl fatty acid moiety binds to albumin.
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Table 60.6 Peptide glucagon-like peptide 1 (GLP-1) agonists in clinical
development.

Compound Name Company Structure

NN2211 Liraglutide*  NovoNordisk ~ GLP-1 analog linked to
(Victoza) palmitoyl fatty acid, t%.
12—-13 hours (once daily,
s.C.)
Exendin-4 Exenatide- Amylin/Lilly  Long-acting release exendin
LAR (once weekly, s.c.)
? Albiglutide GSK Complex of dimeric GLP-1
(Syncria) bound to albumin (once
weekly, s.c.)
LY548806 ? Lilly DPP-4 resistant GLP-1 analog
1Y315902 ? Lilly GLP-1 analog linked to a
fatty acid
BIM-51077,  Taspoglutide Ipsen/Roche  Long-acting GLP-1 analog

R1583 (once weekly, s.c.)

CJC-1131 ? ConjuChem  GLP-1 analog linked to a
chemical complex
ZP10A, Lixisenatide ~ Zealand/ GLP-1 analog
AVEO010 Sanofi-
Aventis

Other GLP-1 preparations in development include GLP1-INT (GLP-1 analog;
Transition Therap/NovoNordisk) and MKC253 (GLP-1-technospheres for
inhalation, MannKind Corp).

* Liraglutide was launched in Europe in July 2009.

hours. Because exenatide retains the glucose-lowering efficacy of
GLP-1 it has become established as an incretin therapy, injected
subcutaneously twice daily before the main meals [34]. The glu-
cose-dependent nature of the insulin-releasing and glucagon-
suppressing effects is reflected in the limited risk of hypoglycemia,
while the satiety effect has assisted weight loss and favored use in
obese patients.

Among other GLP-1 analogs (Table 60.6), liraglutide (NN2211)
recognized regulatory approval in Europe in July 2009. Liraglutide
is GLP-1 (7-37) with Lys34 replaced by Arg34, and Lys26 attached
via a glutamate residue to a C16 hexadecanoyl (palmitoyl) fatty
acid chain. The fatty acid chain facilitates association into heptam-
ers and attachment of the molecule to albumin, protecting it from
degradation by DPP-4 and enabling once daily injection [35].

A once-weekly depot formulation of exenatide, new long-
acting GLP-1 analogs, slow-release formulations and different
administration routes (e.g. transdermal, buccal and inhaled) are
receiving clinical assessment [32]. Hybrid peptides are also being
explored to increase glucose-lowering efficacy, for example
DAPD, a peptide that is a GLP-1 receptor agonist and a glucagon
receptor antagonist [36]. To circumvent the need for injections,
non-peptide GLP-1 receptor agonists (e.g. Boc5) have been iden-
tified. These bind to the GLP-1 receptor on islet B-cells and
enhance glucose-dependent insulin secretion [37,38].
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Although GIP potentiates nutrient-induced insulin secretion it
also increases glucagon release and promotes lipid deposition
[39]. Moreover, GIP receptor knockout (KO) mice and the
administration of GIP receptor antagonists (both peptide and
non-peptide) have been shown to prevent the development
of obesity, improve glucose homeostasis and reduce insulin
resistance in animal models [40—44]. This is consistent with evi-
dence from bariatric surgery: a reduced supply of nutrients
through the proximal small intestine (location of GIP-secreting
K-cells) rapidly improves glycemic control in obese patients
with diabetes [45]. Thus, GIP antagonism by pharmacologic
means or “metabolic surgery” may provide a new antidiabetic
mechanism [46].

DPP-4 inhibitors

Inhibiting the enzyme DPP-4 (EC 3.4.14.5) prevents the rapid
inactivation of the endogenous incretins GLP-1 and GIP, thereby
raising their circulating concentrations and increasing nutrient-
stimulated insulin release and other effects of these incretins
(Table 60.5). DPP-4 is found “loose” in the circulation and teth-
ered to cell membranes, especially endothelia in capillaries of the
gastrointestinal tract, a location that facilitates the degradation of
incretins. The protease activity of DPP-4 degrades a range of
biologically active peptides in addition to incretins, including
substance P, bradykinin, peptide YY, neuropeptide Y, pituitary
adenylate cyclase-activating peptide, insulin-like growth factor I
(IGF-I) and various interleukins and monocyte chemo-attractant
proteins [33,47]. Despite affecting this wide range of peptides, to
date, specific DPP-4 inhibitors have not shown significant adverse
effects during substantial clinical use [32]. Also, DPP-4 is the
lymphocyte cell surface protein CD26 required for the co-
stimulation response to recall antigens, but its immunologic
role does not appear to be interrupted by small molecule inhibi-
tors of its peptidase activity.

Currently available DPP-4 inhibitors (gliptins) include sit-
agliptin, vildagliptin and saxagliptin (see Chapter 30). These
agents improve glycemic control similarly to GLP-1 analogs but
there are subtle differences that may partly reflect the concomi-
tantly increased GIP, and the likelihood that raised endogenous
incretin concentrations will not achieve the high concentrations
of exogenously administered GLP-1 analogs. In consequence,
DPP-4 inhibitors are unlikely to cause initial nausea through
delayed gastric emptying, and they may exert a lesser satiety effect
resulting in little change of body weight. Among the DPP-4 inhib-
itors in clinical development (Table 60.7), trials with alogliptin
are well advanced (Figure 60.12). These agents have shown high
specificity for DPP-4 inhibition, and preliminary information
indicates that therapeutic concentrations cause almost complete
inhibition of DPP-4 activity for about 12 hours, producing
similar glucose-lowering efficacy to existing gliptins [32].

Phosphodiesterase inhibitors and other approaches
The B-cell expresses several phosphodiesterases (PDEs) that
degrade cAMP and so reduce insulin release. Selective and



Table 60.7 DPP-4 inhibitors recently available and in clinical development.
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Compound Name Company Clinical phase Specificity data (nmol)
MK-0431 Sitagliptin* (Januvia) MSD Marketed 2007 ICsp =18
Ki=9
LAF237 Vildagliptin (Galvus) Novartis Marketed 2008 G = 3.5
Ki=17
BMS-477118 Saxagliptin (Onglyza) BMS/AZ Marketed 2009 ICso = 26
K =<1
SYR-322 Alogliptin Takeda 3 ?
R1438 An aminomethylpyridine Roche 2 Ki= 0.1
P32/98 Isoleucine thiazolidide Probiodrug 2 Ki = 80

AZ, AstraZeneca; BMS, Bristol Myers Squibb; MSD, Merck Sharp Dohme; ?, not reported.
Other compounds under consideration include PSN9301 (Prosidion), GR-8200 (Glenmark), PHX-1149 (Phenomix), SSR-162369 (Sanofi-Aventis), ALS 2-0426 (Alantos/

Amgen), and NN-7201 (NovoNordisk).

*Launched in Mexico in 2006, and in USA, UK and several other European countries in 2007.
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Figure 60.12 Structures of the DPP-4 inhibitors sitagliptin, vildagliptin,
saxagliptin, alogliptin and P32/98.

transient inhibition of these enzymes in B-cells, especially isoform
PDE-3B, which exerts most influence on glucose-induced insulin
secretion, could be a possible intervention [48], but the problem
of specifically targeting the B-cells has yet to be overcome. Other
theoretical approaches to potentiate insulin secretion (Figure
60.8), such as antagonism of o,-adrenoceptors and activators of
phospholipase C (PLC), have not been possible to target specifi-
cally at the B-cell.

Insulin-mimetic drugs

Insulin resistance (impaired insulin action) is a typical feature of
T2DM, but it is highly heterogeneous, initially progressive
(excepting some monogenic forms), and susceptible to many
different genetic and environmental factors [49,50]. Most patients
with T2DM probably incur multiple defects that impinge on
insulin receptor function and/or various post-receptor signaling
pathways, as well as independent disturbances in the activities of
substrate transporters and metabolic enzymes consequent to glu-
cotoxicity and lipotoxicity [51]. Indeed, insulin has important
genomic effects that determine the expression levels of many cel-
lular components that are directly and indirectly involved in
metabolic homeostasis. Defects of insulin receptor structure are
uncommon, and reductions in insulin receptor number are not
usually rate limiting. Thus, the therapeutic challenge of insulin
resistance appears to require interventions at diverse intracellular
targets [52].

In theory, agents that address defects of insulin receptor signal-
ing or early post-receptor lesions might be expected to produce
a broader spectrum of benefits, but if the rate-limiting defects
occur at more distal locations their therapeutic efficacy will be
compromised. Potential target sites to obviate cellular defects of
insulin action are shown in Figure 60.13.
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Figure 60.13 Pathways of intracellular insulin signaling showing some of the
potential sites for therapeutic intervention. Adapted from Bailey [52]. Akt,
protein kinase B (PKB); AMPK, adenosine monophosphate-activated protein
kinase; DAG, diacylglycerol; eNOS, endothelial nitric oxide synthase; FA, fatty
acid; FOXO1, forkhead box protein O1A; GLUT-4, glucose transporter 4; Grb,
growth factor receptor binding protein; GSK3, glycogen synthase kinase 3; IKKB,
inhibitor k-B kinase-; IL-6, interleukin 6; IRS, insulin receptor substrate; JNK,
c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MEK,
mitogen-activated protein kinase kinase; mTOR, mammalian target of rapamycin;
PC-1/NNP1, glycoprotein-1; PDK, phosphoinositide-dependent protein kinase;

Insulin receptor activation

Evidence that an orally active, non-peptide molecule can mimic
the gluco-regulatory actions of insulin was obtained with
L-783,281 (demethylasterriquinone; Figure 60.14), a metabolite
from cultures of a Pseudomassaria fungus [53]. L-783,281 initi-
ated phosphorylation and tyrosine kinase activity of the B-subunit
of the human insulin receptor expressed in Chinese hamster
ovary (CHO) cells [54]. This induced tyrosine phosphorylation
and activation of insulin receptor substrate 1 (IRS1), increased
activity of phosphatidylinositol 3-kinase (PI3K) and increased
phosphorylation of Akt (protein kinase B). Studies with mutated
subunits of the insulin receptor showed that L-783,281 interacted
selectively with the B-subunit (without requiring insulin to bind
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PGC-1o., PPAR coactivator Tar; PI3K, phosphatidylinositol 3-kinase; PIP2,
phosphatidylinositol-3,4-bisphosphate; PIP3, phosphatidylinositol-3,4,5-
trisphosphate; PKC, protein kinase C; PPAR, peroxisome proliferator-activated
receptor; PP2C, pyruvate dehydrogenase phosphatase (protein phosphatase 2C);
PTEN, protein phosphatase PTEN; PTP-1B, protein tyrosine phosphatase-1B; Raf,
a serine-threonine protein kinase; Ras, a guanosine triphosphatase; ROS, reactive
oxygen species; RXR, retinoid X receptor; SHIP-2, src homology-2-inositol
phosphatase; SOCS-3, suppressor of cytokine signaling-3; SOS, sons of sevenless;
STAT, signal transducer and activator of transcription; TNF-or, tumour necrosis
factor o, T, increase; —, stimulatory effect; —, inhibitory effect.

to the o-subunit), and its activity could not be attributed to
inhibition of protein tyrosine phosphatases. Low (3—-6) umol/L
concentrations of L-783,281 elicited about 50% of the maximum
tyrosine kinase activity (TKA) generated by insulin in CHO cells,
and initiated a range of insulin-like effects in normal tissues
including increased glucose uptake by isolated rodent adipocytes
and skeletal muscle [53]. Oral administration of L-783,281 (5—
25mg/kg/day) lowered blood glucose in insulin-resistant obese-
diabetic db/db mice providing proof of therapeutic concept,
although other features of this particular compound are not
suited to clinical development.

Insulin-like growth factor |
IGF-I can weakly mimic the effects of insulin through low affinity
binding to the insulin receptor [55]. Cross-talk between the IGF-I
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Figure 60.14 Structures of compounds that
improve insulin action by direct interaction with
insulin receptors: L-783,281 and TLK16998.

receptor and early post-receptor components of the insulin-sig-
naling cascades can ameliorate rare cases of severe insulin resist-
ance caused by genetic defects of the insulin receptor. IGF-I can
assist glycemic control in type 1 diabetes mellitus (T1DM) and
T2DM, but such therapy is generally discounted by potential
proliferative effects and other unwanted side effects of IGF-I.
Circulating IGF-I is mostly bound to IGF binding proteins, espe-
cially IGFBP-3, and the side effects probably reflect an increase
in unbound IGF-I after injection. To address this, mixtures of
recombinant human IGF-I and recombinant human IGFBP-3
have been employed [56].

Insulin receptor potentiation

Insulin receptor signaling after initial activation by insulin
binding at the oi-subunit can be enhanced and/or prolonged by
several different mechanisms (Figure 60.13). For example, a non-
peptide molecule TLK16998 (Figure 60.14) that does not interact
with the insulin receptor oi-subunit increased insulin-induced
phosphorylation of the insulin receptor B-subunit [54,57].
TLK16998 also potentiated B-subunit phosphorylation initiated

by L-783,281. In cultured mouse 3T3-L1 adipocytes, low pumol/L
concentrations of TLK16998 increased insulin-induced phospho-
rylation of IRS-1 and PI3K, increased translocation of GLUT-4
glucose transporters into the plasma membrane and increased
glucose uptake during submaximal stimulation by insulin.
TLK16998 (30mg/kg by intraperitoneal injection) also lowered
glucose concentrations in insulin resistant obese-diabetic db/db
mice [57].

C peptide

Insulin C-peptide, which is secreted from pancreatic B-cells along
with insulin, appears to bind to G-protein coupled receptors in
several insulin-sensitive tissues. In cultured L6 muscle cells, phys-
iologic concentrations of C-peptide (0.3-3.0nmol/L) increase
glycogen synthesis during submaximal (but not maximal) stimu-
lation with insulin, accompanied by increased insulin receptor
tyrosine kinase activity and phosphorylation of IRS1 [58].
Activation of PI3K, mitogen activated protein kinase (MAPK)
and glycogen synthase kinase 3 (GSK3) was also noted, suggesting
that the ability of C-peptide to potentiate insulin receptor signal-
ing might modestly be exploitable as a possible approach to
improve insulin action in C-peptide deficient states.
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Protein tyrosine phosphatase 1B

Several protein tyrosine phosphatases (PTPs), most notably
PTP1B, dephosphorylate the insulin receptor 3-subunit, termi-
nating insulin-induced receptor TKA [59]. These phosphatases
also dephosphorylate and deactivate IRS1 and IRS2. The thera-
peutic potential of inhibiting PTP1B has been demonstrated by
PTP-1B KO mice which are highly sensitive to insulin [60]. These
mice also show an increased metabolic rate and resistance to
diet-induced obesity. Antisense oligonucleotides against PTP1B
increased insulin sensitivity in ob/ob mice, associated with
increased phosphorylation of the insulin receptor, IRS1/2 and
GSK3, and increased activity of PI3K and Akt [61]. Selective
inhibitors of PTP-1B, including certain benzonaphthofurans,
thiophenes and acylsulfonamido compounds, improved glycemic
control in insulin-resistant diabetic animals and have been con-
sidered as templates for potential new therapies [62-64]. PTP-1B
inhibitors could also assist weight control by increasing the satiety
effect of leptin, because hypothalamic PTP1B normally reduces
leptin receptor signaling [65]. Inhibition of PTP1B might also
improve endothelial function by improving insulin-induced
endothelial nitric oxide synthase (eNOS) production [66].
Vanadium salts inhibit protein tyrosine phosphatases including
PTP1B, and have been shown to enhance the actions of insulin
and possibly leptin.

Other insulin receptor potentiators

Various substances that increase the number of insulin receptors
and/or appear to improve insulin receptor function have been
mooted as possible therapeutic leads but have not given rise to
new therapeutic entities. These include N-terminal fragments of
human growth hormone (GH) and mosapride, a benzamide
derivative that activates serotonin SHT-4 receptors and promotes
gastrointestinal motility [52,67].

Insulin receptor and early
post-receptor potentiation

The divergent pathways of post-receptor insulin signaling contain
many potential rate-limiting steps for insulin action. Most of
these pathways are not specific to insulin and impact activities as
disparate as cell differentiation and apoptosis. They also include
a controlling influence exerted through the feedback of more
distal signaling components on more proximal steps [50,51].

Protein kinase C

The IRS-PI3K route of insulin signaling (Figure 60.13) increases
the formation of phosphatidylinositol-3,4,5 trisphosphate (PIP3)
and phosphoinositide-dependent kinases PDK1/2. These signal-
ing intermediates activate some isoforms of protein kinase C
(PKC), which exert a negative feedback on insulin receptor and
probably early post-receptor phosphorylation steps [68,69].
Inhibition of specific isoforms of PKC provides a potential means
to improve insulin action, although appropriately selective inhib-
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Figure 60.15 Structure of the PKC-B inhibitor LY333531 (ruboxistaurin), the
inositol derivative 3-methoxy analog of D-chiro-inositol (pinitol).

itors have proved difficult. The PKC-B inhibitor LY333531
(ruboxistaurin; Figure 60.15) is in clinical trial as a potential
treatment for diabetic retinal and glomerular microvascular
disease [70]. Excess fatty acids, diacylglycerol and chronic hyper-
glycemia also appear to reduce early insulin signaling via activa-
tion of PKC isoforms.

Other signaling feedbacks

Serine phosphorylation of the insulin receptor $-subunit and IRS
proteins, which inhibits their signaling activity, is brought about
by several serine kinases such as inhibitor kappa-B kinase-3
(IKKB) and c-Jun N-terminal kinase (JNK; Figure 60.13). These
kinases contribute to the insulin resistance produced by the
cytokine tumor necrosis factor oo (TNF-at) [71,72]. The potential
opportunity to prevent these routes of insulin resistance is indi-
cated by the ability of salicylates, which inhibit IKKf, and a cell-
permeable inhibitor of JNK to relieve insulin resistance in part
[73,74].

The insulin signaling intermediate Akt appears to participate
in a negative feedback effect on the signaling pathway. Akt acti-
vates the mammalian target of rapamycin (mTOR) which pro-
motes phosphorylation of serine residues on IRS proteins [75].
The membrane ectoenzyme glycoprotein-1 (PC-1/NNP1) binds
to the insulin receptor and prevents the conformational changes
required for receptor autophosphorylation [76]. These interac-
tions present potential sites for therapeutic intervention.

Potentiation of phosphatidylinositol-3 kinase

PI3K promotes phosphorylation of phosphatidylinositol
4,5-bisphosphate (PIP2) to the 3,4,5-trisphosphate (PIP3). This
step is often reduced in insulin-resistant states [77], but direct
targeting of PI3K is difficult because the regulatory (p85) subunit
suppresses the catalytic (p110) subunit [78]; however, increasing
the availability of precursor inositol substrates and prevention of
product breakdown might offer therapeutic mechanisms.
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Inositol derivatives

Inositol derivatives such as D-chiro-inositol (INS-1) and the
3-methoxy analog of D-chiro-inositol (pinitol; Figure 60.15)
improve muscle glucose uptake and reduce hyperglycemia in dia-
betic animal models and patients with T2DM [79,80]. D-chiro-
inositol-galactosamine (INS-2) also increased insulin action in
diabetic rats, possibly involving direct activation of pyruvate
dehydrogenase phosphatase (protein phosphatase 2C [PP2C])
[81].

PTEN and other inositol phosphatases

Preventing the dephosphorylation of PIP3 has been identified
as a possible approach to improve insulin action (Figure 60.13).
The phosphatase PTEN, which dephosphorylates PIP3, can be
inhibited by an antisense oligonucleotide: when administered
(ip, once weekly) to db/db and ob/ob mice, the oligonucleotide
increased signaling downstream of PIP3, improved insulin sensi-
tivity and improved glycemic control [82]. Also, an adipose tissue
specific PTEN knockout mouse was lean and insulin sensitive
with high energy expenditure and increased biogenesis of adi-
pocyte mitochondria [83]; however, substantial disruption of
PTEN carries a risk of tumor formation [84]. PIP3 is 5'-dephos-
phorylated to form phosphatidylinositol 3,4-bisphosphate by the
SH2-inositol phosphatases (SHIP-1 and SHIP-2). Partial disrup-
tion of the SHIP-2 gene in mice improves insulin sensitivity [85],
suggesting another potential target to enhance the effectiveness
of PI3K.

Adipokines

Adipose tissue is a source of many autocrine, paracrine and endo-
crine factors that affect insulin action (Figure 60.16), and obesity
is a well-recognized risk factor for insulin resistance and T2DM
[86,87]. Thus, some of these factors have been assessed as poten-
tial therapeutic targets.

Proinflammatory cytokines

Proinflammatory cytokines produced by adipose tissue, notably
TNF-o and interleukin 6 (IL-6), contribute to insulin resistance.
They activate or induce JNK, IKKB and the suppressor of
cytokine signaling-3 (SOCS-3), each of which can disrupt TKA
of the B-subunit of the insulin receptor (Figure 60.13); however,
preliminary evaluation of a TNF-o antibody in patients with
T2DM showed little effect on insulin sensitivity, and the risk of
susceptibility to infection has called this approach into question
[52].

Adipocyte hormones

Leptin

Leptin is an adipocyte hormone that exerts centrally mediated
satiety and thermogenic effects, as well as direct effects on cellular
nutrient metabolism. Administration of large doses of leptin can
produce weight loss and improve insulin action, but the develop-
ment of leptin resistance and leptin antibodies has compromised
long-term efficacy [88]. Leptin analogs and non-peptide receptor
agonists remain under consideration.
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Resistin

Resistin (FIZZ3), an adipocyte hormone, reduces insulin sensitiv-
ity in obese rodents, and immuno-neutralization of resistin
improved insulin sensitivity; however, resistin is expressed at low
levels by human adipocytes, and may be involved in inflamma-
tory processes, limiting its potential as a therapeutic target [89].

Adiponectin

Adiponectin (Acrp30), produced exclusively and in large amounts
by adipocytes, improves insulin sensitivity with increased insulin
receptor tyrosine phosphorylation and activation of adenosine
monophosphate-activated protein kinase (AMPK) [90]. It also
has anti-inflammatory activity and improves vascular reactivity.
Adiponectin concentrations become reduced as adipose mass
increases, and therapeutic approaches to raise adiponectin levels,
develop analogs and non-peptide receptor agonists are under
investigation. Part of the insulin-sensitizing effect of thiazolidin-
ediones may reflect increased adiponectin production.

Visfatin

Visfatin (PBEF), mainly from visceral adipocytes, was initially
reported to activate insulin receptors. Subsequently, however, no
correlation was observed between plasma visfatin concentrations
and insulin sensitivity in human subjects [91].

Retinol-binding protein

Retinol-binding protein 4 (RBP4) is one of several retinoid-bind-
ing proteins produced by adipocytes and liver that transports
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isoferulic acid, masoprocol and resveratrol.

retinoids in plasma. Increased RBP4 has been noted in insulin
resistant states, while RBP4 gene knockout increases insulin sen-
sitivity [92], suggesting that a reduction of RBP4 might be con-
sidered to reduce insulin resistance.

Vaspin

Vaspin (visceral adipose tissue-derived serpin) is an adipocyte
serine protease inhibitor which improved insulin sensitivity and
glucose homeostasis in obese insulin-resistant rodents, and might
therefore offer a therapeutic lead [93].

Omentin

Omentin, a peptide from visceral adipose tissue, increased insu-
lin-stimulated glucose uptake by adipocytes [94], and might indi-
cate a potential therapeutic approach.

Other potentiators of insulin action

Bromocriptine

The dopamine D2 receptor agonist bromocriptine (Figure 60.17),
used in the treatment of Parkinson disease, galactorrhea and pro-
lactinomas, has long been known to improve insulin sensitivity
and glycemic control in T2DM [95,96]. Bromocriptine as mono-
therapy or an adjunct to other antidiabetic agents for up to 1 year
has reduced HbA,. by 0.5-1.2% (5-13 mmol/mol), lowered trig-
lyceride and non-esterified fatty acid concentrations, reduced
some cardiovascular events, not caused serious hypoglycemia,



and facilitated weight loss. However, side effects including nausea,
hypotension and psychiatric symptoms should be appreciated.
Bromocriptine has recently received marketing authorization to
treat diabetes in the USA.

Lipoic acid, isoferulic acid and angiotensin-converting
enzyme inhibitors

The antioxidant a-lipoic acid (Figure 60.17), used in some coun-
tries to treat diabetic neuropathy, increases insulin sensitivity and
improves glycemic control, probably brought about in part by its
action as a co-factor for dehydrogenases involved in glycolysis
and the Krebs cycle. Additionally, o-lipoic acid increases insulin
receptor TKA and IRSI tyrosine phosphorylation, with increased
signaling via PI3K and increased GLUT-4 translocation into the
plasma membrane [11]. Isoferulic acid increases expression of
GLUT-4 and decreases gluconeogenesis by reducing phospho-
enolpyruvate carboxykinase (PEPCK) [11].

Modest improvements of insulin sensitivity have been recorded
during treatment with angiotensin-converting enzyme (ACE)
inhibitors, possibly because of improved hemodynamics result-
ing from increased bradykinin. ACE is one of the circulating
enzymes that normally degrades bradykinin. ACE inhibitors may
also help to counter the effects of insulin resistance by reducing
inflammation and increasing vascular reactivity [97].

Plant-derived compounds

Plant extracts and herbal preparations remain commonplace as
treatments for diabetes, especially in low and middle income
countries, and plant-derived compounds have provided tem-
plates for the synthesis of potential antidiabetic agents [98]. For
example, the herbal use of Bougainvillaea spectabilis led to studies
on the antidiabetic action of pinitol [79], and the traditional use
creosote bush (Larrea tridentate) prompted studies on the
glucose-lowering effect of masoprocol [99].

Many current pharmaceuticals have their origins in traditional
herbal medicines, and phytochemical approaches continue to
attract interest. Recent attention has been given to resveratrol
(Figure 60.17), a phytophenol (3,4,5 trihydroxystilbene) found in
many plants, especially red grape skins [100]. It appears to offer
cardioprotective properties, improving the lipid profile, increas-
ing eNOS-dependent vasorelaxation and exerting antioxidant
and anti-inflammatory effects. Resveratrol and related phytophe-
nols may improve insulin action and prevent diet-induced obesity
by increasing mitochondrial biogenesis through activation of the
sirtuin SIRT1 and by increased activity of the PPAR co-activator
PGC-1c. [101].

Anti-obesity agents

Appetite control, reduced and delayed nutrient absorption
and weight loss are well appreciated to reduce insulin resistance
and hyperglycemia in the overweight and obese T2DM. Several
centrally acting appetite-suppressing and satiety-inducing
anti-obesity agents also exert peripheral effects that improve
some actions of insulin and assist glycemic control in overweight
patients.
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Sibutramine

Sibutramine, which is a serotonin-noradrenaline reuptake inhibi-
tor that induces satiety, acts in part through the primary amine
metabolite M2. This metabolite increases glucose uptake by
muscle tissue independently of weight loss after treatment in vivo
[102]. Sibutramine was withdrawn in Europe in January 2010.

Rimonabant

Rimonabant (SR141716), an endocannabinoid receptor-1 (CB1)
antagonist that suppresses appetite, was recently withdrawn
because of neural side effects soon after introduction in some
countries as an anti-obesity agent. In overweight and obese dia-
betic individuals rimonabant induced a greater reduction in
HbA,. than expected for the extent of weight loss, possibly
explained in part by increased adiponectin production [103].

Bs-Adrenoceptor agonists

B;-Adrenoceptor agonists act on [;-adrenoceptors, expressed
mainly by brown and white adipose tissue, to assist weight loss
by stimulating lipolysis and thermogenesis. Several selective ago-
nists were developed for rodents, but minor differences in the
structure of the human form of the receptor rendered these
agents relatively ineffective in humans. Various ;-adrenoceptor
agonists have been shown to stimulate insulin release, improve
insulin-mediated glucose disposal and improve glycemic control
in obese diabetic rodents, but adequate efficacy and a very high
level of selectivity have yet to be demonstrated in humans.

Peroxisome proliferator-activated
receptor y agonists

Current thiazolidinediones (pioglitazone and rosiglitazone) exert
their “insulin-sensitizing” effects largely by stimulating the per-
oxisome proliferator-activated receptor y (PPARY; Figure 60.18).
Stimulation of this nuclear receptor increases transcription of a
selection of insulin-sensitive genes and other genes (Table 60.8;
see Chapter 29): these collectively increase adipogenesis, enhance
insulin sensitivity, improve glycemic control and exert anti-
inflammatory and vascular effects [104,105]. Additional thiazoli-
dinediones that stimulate PPARY continue in development (e.g.
rivoglitazone), and non-thazolidinedione PPARY agonists have
been reported (Figure 60.19) [105]. The latter might alter con-
formation of the PPARY binding epitope or other regions of the
receptor such that different coactivators are recruited, affecting
the selection of genes transcribed and the profile of biologic
effects. Thus, non-thazolidinedione PPARY agonists that partially
modulate PPARY, such as halofenate/metaglidasen and FK614, do
not activate exactly the same set of genes as a full PPARY agonist
[106]. Through selective modulation of PPARY binding it should
be possible to retain desired therapeutic effects and reduce unde-
sirable side effects [105]. A similar outcome might be achieved
by stimulating genes for selected co-activators of PPARY such as
PGC-1a. [107].
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Figure 60.18 Mechanism of action of a thiazolidinedione in an adipocyte.
Thiazolidinediones are peroxisome proliferator-activated receptor y (PPARY)
agonists. They bind to the nuclear PPARy receptor, which forms a heterodimer
with the retinoid X receptor (RXR). Ligand binding releases repressors, attracts
co-activators and exposes the active site of the receptors which binds with a
specific DNA nucleotide sequence (AGGTCAXAGGTCA) termed the peroxisome
proliferator response element (PPRE). RNA polymerase is recruited and

Other peroxisome proliferator-activated

receptor agonists

To take advantage of the blood lipid-lowering and anti-inflam-
matory effects of low affinity binding to PPARa various thiazo-
lidinediones and non-thiazolidinedione molecules have been
described with binding affinities for both PPARy and PPARo. —
so-called dual PPARo/y agonists (glitazars) [105]. The two glita-
zars most advanced in development (muraglitazar, tesaglitazar)
were discontinued because of side effects [108].

Genetic overexpression or selective stimulation of PPARS (e.g.
with GW501516 and L-165041) improves insulin sensitivity,
increases fatty acid oxidation, raises thermogenesis and prevents
weight gain [109]. Thus, a selective PPARS agonist or an agent
with desired levels of selectivity for PPAR0,, Y and & (termed a
panPPAR agonist or SPPARM - selective PPAR modulator)
could offer therapeutic advantages [105]. Various selective mod-
ulators of RXR have been reported to reduce hyperglycemia in
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transcription of mRNA takes place for genes that carry the PPRE sequence in a
promoter region. The mRNA is translated into the enzymes and transporters that
bring about the biologic effects of thiazolidinediones in the cell. These include
the fatty acid transporter protein (FATP), adipocyte fatty acid binding protein
(aP2), acyl-CoA synthase, lipoprotein lipase and glucose transporter 4 (GLUT 4).
Stimulation of PPARy also activates genes encoding proteins with anti-
inflammatory and vascular effects.

animal models, but these tend to have diverse effects including
hypertriglyceridemia and interference with thyroid function.
Because certain RXR agonists can reduce appetite, increase pro-
duction of mitochondrial uncoupling proteins and decrease
weight gain, combinations of these agents with PPARY (PPARY-
RXR agonists) have received preclinical consideration [110].

Vitamins and minerals

Vitamins

The pathogenic effect of excess reactive oxygen species has
become an accepted part of glucotoxicity, lipotoxicity and insulin
resistance, and it is appreciated that anti-oxidant defenses are
often depleted in diabetic states [111]. Whether supplementation
of the anti-oxidant vitamins C (ascorbic acid), E (ct-tocopherol)
and P-carotene can measurably benefit insulin sensitivity and
reduce cardiovascular risk remains in contention [112]. Adequate
concentrations of vitamin D and vitamin D receptor function



Table 60.8 Stimulation of peroxisome proliferator-activated receptor y
increases transcription of a selection of insulin-sensitive and other genes
affecting adipogenesis, insulin sensitivity, nutrient metabolism, anti-
inflammatory and vascular reactions (so-called “pleitropic” effect).

Lipoprotein lipase (LPL)

Fatty acid transporter protein (FATP/CD36)
Adipocyte fatty acid binding protein (aP2)
Acyl-CoA synthetase (ACS)

Malic enzyme

Glycerol kinase (adipocytes ?)

PEPCK (adipocytes), T perilipin

T GLUT-4 (derepression), T GLUT-2

{4 Resistin, | RBP4

T Adiponectin (T leptin, T IRS2 ?)

L INF-o,

J CRP and some proinflammatory cytokines, 4 NFB, 4 IFG-y (T cells)
L PAI-1, L MMP-9

TUCP1 (2)

T increase; { decrease; ? unconfirmed.

CRP, C reactive protein; GLUT-4, glucose transporter 4; IFG-y, interferon
gamma; IRS, insulin receptor substrate; MMP-9, matrix metalloproteinase-9;
NKxB, nuclear factor kB; PAI-1, plasminogen activator inhibitor-1; PEPCK,
phosphoenolpyruvate carboxy kinase; RBP, retinal binding protein;

TNF-o, tumor necrosis factor o; UCP1, uncoupling protein 1.

appear to be necessary for normal insulin production and secre-
tion, and may be required for normal insulin action. Diabetic
patients are often deficient in circulating vitamin D; (cholecalcif-
erol), and preliminary data suggest that vitamin D supplementa-
tion in deficient individuals might benefit glycemic control [113].
Thiamine (vitamin B,) is a co-factor for pyruvate dehydrogenase
and o-ketoglutarate dehydrogenase, and facilitates glucose
metabolism, while large amounts of biotin (vitamin H) have been
claimed to improve glycemic control and insulin sensitivity in
T2DM [52,114]. When interpreting vitamin supplement studies
it is pertinent to note that correcting a deficiency is more likely
to offer benefit than adding excess in individuals with normal
values.

Minerals

Reduced and deficiency levels of several minerals, particularly
magnesium, chromium and zinc, are not uncommon amongst
older patients with diabetes, and replacement supplements may
improve glycemic control in such cases [115]. Supplementation
of magnesium (necessary for phosphate transfer and kinase reac-
tions) can enhance insulin action in hypomagnesemic patients
[116], and trivalent chromium supplements often improve glyc-
emic control without increasing insulin concentrations in chro-
mium-deficient patients [117]. Insulin-like antidiabetic effects
have been reported for zinc, lithium, selenium, molybdenum,
tungsten, mercury and cadmium, but the therapeutic index is
generally narrow and toxicity risks have limited clinical investiga-
tions [115]. Zinc (essential for insulin hexamer formation)

Future Drug Treatment for Type 2 Diabetes Chapter 60

S0
H3C/\(l/\ my
S NH
N 0 0

Pioglitazone

% S0y
NH

Dk

N Rosiglitazone

CH, Rivoglitazone

Cl
F
){Ejol/@
F
0 OH

Metaglidasen

Figure 60.19 Structures of the thiazolidinediones pioglitazone, rosiglitazone,
rivoglitazone and the non-thiazolidinedione partial PPARy agonist metaglidasen.

appears to assist both the secretion and action of insulin, while
molybdenum and tungsten salts act predominantly to decrease
hepatic glucose output [13,59,115]. Improved insulin sensitivity
with lithium may be offset by decreased insulin secretion result-
ing in variable effects on glycemic control in T2DM [115].

Vanadium salts have attracted considerable interest because
modest vanadium supplements have improved glycemic control
and reduced insulin requirements in diabetic animals and in
patients with T1IDM and T2DM [115,118]. Improved insulin
sensitivity has been attributed at least in part to inhibition of
protein tyrosine phosphatases, especially PTP-1B, and suppres-
sion of glucose 6-phosphatase. Additional effects to reduce appe-
tite and reduce the rate of intestinal glucose absorption may also
contribute to the antidiabetic effect of vanadium salts. To address
issues of poor absorption and toxicity, low-dose peroxovanadi-
ums, pervanadates and organic vanadium complexes have
received attention [119], and an intermittent treatment schedule
might be considered because the antidiabetic effects of vanadium
salts can persist for weeks after treatment is stopped.

Counter-regulatory hormones

The major counter-regulatory hormones (glucagon, epinephrine,
glucocorticoids and GH) raise blood glucose concentrations by
increasing hepatic glycogenolysis and gluconeogenesis (see
Chapter 13). As hepatic glucose production is inappropriately
raised in diabetes, agents that interfere with the secretion or
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action of counter-regulatory hormones could potentially be ther-
apeutically useful; however, those with highly potent or pro-
longed actions are undesirable, as they might impair the
life-sustaining protection of the liver to produce glucose in
response to severe hypoglycemia. Indeed, patients in advanced
stages of T2DM often show delayed or deficient counter-
regulatory responses to hypoglycemia.

Glucagon antagonists

The concept of reducing hyperglycemia by suppressing glucagon
action is illustrated by the use of glucagon antibodies [120], and
various peptide antagonists of the glucagon receptor have been
described, mostly based on deletion of Hisl and replacement of
Asp9 with Glu [121]. There are also hybrid peptides that show
glucagon receptor antagonism and GLP-1 receptor agonism [36].
Many small molecule glucagon receptor antagonists have been
reported. An isopropylfluorobiphenyl (Bay 27-9955) that com-
petitively blocked glucagon binding to its receptor has not pro-
ceeded in development [122], but other potent inhibitors such as
Cpdl, NNC 25-0926 and MB09975N are being investigated
[123,124]. An alternative approach has been to uncouple the glu-
cagon receptor from activation of adenylate cyclase (e.g. with
skyrin, a fungal bisanthroquinone) [125]. Inhibitors of glucagon
secretion (e.g. MB39890A and somatostatin analogs) have been
developed, but have not been sufficiently selective [121]. Thus,
the somatostatin analog octreotide (Figure 60.20), suppresses glu-
cagon secretion and delays intestinal glucose absorption as well as
preventing GH secretion, but it also inhibits insulin secretion,
rendering it unhelpful in T2DM, but potentially useful for
glycemic control with insulin in patients with TIDM [121].

Glucocorticoid antagonists

Raised glucocorticoid concentrations can precipitate and aggra-
vate truncal obesity, insulin resistance and hyperglycemia, while
maneuvers to reduce glucocorticoid action can prevent and
reverse these effects. To avoid lowering overall glucocorticoid
production, and to minimize disturbances to the hypothalamic-
pituitary-adrenal system, tissue specific inhibition of glucocorti-
coidaction hasbeeninvestigated. Someinhibitors of glucocorticoid
receptor binding show modest degrees of hepatic selectivity
[126], but more specific targeting of the liver has been achieved

when glucocorticoid receptor inhibitors are conjugated to bile
salts. This retains the inhibitor mostly within the entero-hepatic
circulation, reducing hyperglycemia and improving hepatic
insulin sensitivity in animal models [127].

Another approach to the cellular targeting of glucocorticoid
suppression takes advantage of the normal cellular conversion of
less active cortisone to more active cortisol (Figure 60.21). This

Ala —Gly —Cys —Lys —Asn —Phe — Phe
I
S Trp
I I
S Lys
I
Cys —Ser —Thr —Phe —Thr /

Somatostatin-14

D —Phe — Cys — Phe
I

S D-Trp
I I
S

Lys
I
Thr-ol = Cys —Thr /

Octreotide

Cpd 1

Figure 60.20 Structure of native somatostatin-14, its synthetic octapeptide
analog, octreotide, and a non-peptide glucagon receptor antagonist Cpd 1.
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reaction is mediated through the predominantly reductase activ-
ity of the enzyme 11B-hydroxysteroid dehydrogenase-1 (11pB-
HSD1) which is strongly expressed in liver and adipose tissue
[128]. Selective inhibitors of 11B-HSD1 have been shown to
improve insulin sensitivity, glycemic control and plasma lipids in
obese-diabetic rodents [129]. Excess glucocorticoids are often
associated with some degree of islet hypertrophy, and because
11B-HSD1 is expressed by pancreatic B-cells, possible effects of
11B-HSD1 inhibitors on B-cells require detailed evaluation.

There is a substantial literature documenting that administra-
tion of the adrenal androgen dehydroepiandrosterone (DHEA)
and an etiocholanolone metabolite (Figure 60.22) can decrease
adiposity, improve glycemic control and reduce insulin resistance
in obese diabetic animal models [130]. These agents may act in
part to elevate tyrosine phosphorylation of IRS proteins and
increase translocation of the glucose transporters GLUT-1 and
GLUT-4 to the cell membrane [131].

Direct modifiers of glucose metabolism

Many substances directly stimulate glucose uptake and utilization
or suppress glucose production. Their metabolic impact is often
difficult to control, and their wider effects have precluded thera-
peutic application for T2DM. Included here are agents that create
some insulin-like effects such as deoxyfrenolicin, vitamin Ks,
spermine, diamides and peroxides (Figure 60.23) [115]. Okadaic
acid and phorbol esters initially imitate certain effects of insulin,

Figure 60.23 Structures of deoxyfrenolicin, vitamin
Ks, spermine, okadaic acid and dichloroacetate.
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but then prevent tissues from responding further to insulin.
Dichloroacetate and its esters increase glucose oxidation by stim-
ulating pyruvate dehydrogenase, and suppress hepatic glucose
production by inhibiting pyruvate carboxylase, but may adversely
affect neural function through the production of
glyoxylate and oxylate [115].

@
©©
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Figure 60.22 Structures of dehydroepiandrosterone (DHEA) and
etiocholanolone.
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Figure 60.24 Metabolic effects of the energy-regulating enzyme adenosine
monophosphate-activated protein kinase (AMPK). ACC, acetyl CoA carboxylase;
FA, fatty acid.

Adenosine monophosphate-activated protein

kinase activators

Adenosine monophosphate-activated protein kinase (AMPK) is
a key energy-regulating enzyme that is activated when the energy
status of cells declines and/or energy demand escalates [132].
When ATP and creatine phosphate become depleted, for example
during exercise, AMP concentrations become raised. Rising AMP
concentrations activate AMPK, promoting energy production by
increasing the uptake and oxidation of glucose and fatty acids,
leading to the restoration of ATP (Figure 60.24). AMPK may also
reduce expression of PEPCK (key gluconeogenic enzyme), and
depending upon associated regulatory factors, suppress cell pro-
liferation [133]. Metformin, adiponectin and thiaziolidinediones
have been shown to activate AMPK amongst other actions
that contribute to their glucose-lowering effects [134]. Various
analogs of AMP such as AICAR (5-aminoimidazole-4-
carboxamide-1-B-D-ribofuranoside) have been shown to activate
AMPK and improve glycemic control in insulin-resistant diabetic
animals (Figure 60.25) [135, 136], and other activators (e.g.
DRL-16536) are being developed.

Glycogen synthase kinase inhibitors

Glycogen synthesis is impaired in T2DM, caused in part by
reduced activity of glycogen synthase. Glycogen synthase is nor-
mally deactivated through phosphorylation by a serine/threonine
kinase — GSK3. Glycogen synthesis proceeds when GSK3 is inac-
tivated by insulin via the PI3K-Akt pathway, but expression and
activity of GSK3 are increased in insulin-resistant diabetic states.

1038

0
NH,
0 H,N
/
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HO 0 N/
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HO OH
AICAR
Figure 60.25 Structure of AICAR,
5-aminoimidazole-4-carboxamide-1-B-D-ribofuranoside.
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Figure 60.26 Glycogen synthase kinase-3 (GSK3) regulation of glycogen
synthase (GS). G-6-P glucose 6-phosphate; G-1-P, glucose 1-phosphate; UDPG,
uridine diphosphate glucose.

Small molecule inhibitors of GSK3 have been shown to lower
blood glucose and increase insulin-stimulated glucose uptake and
glycogenesis by skeletal muscle of insulin-resistant diabetic
animals [137,138]. There are two isoforms and several splice vari-
ants of GSK3 that have various roles in the signaling of pathways
as diverse as cytoskeletal regulation, protein degradation and
apoptosis, making it difficult to target glycogen metabolism spe-
cifically (Figure 60.26).

Glucokinase activators

Because liver cells, like islet B-cells, can take up glucose approxi-
mately in proportion to the circulating glucose concentration, the
rate of hepatic glucose disposal is determined mostly through the
rate of glucose phosphorylation by GK. Allosteric activators of
GK and molecules that prevent GK from binding with its inhibi-
tory regulatory protein have been shown to increase hepatic
glucose metabolism and reduce blood glucose concentrations in
normal and diabetic rodents [24-29,139]. Clinical studies will
establish whether the combined effects of increased hepatic
glucose disposal and increased insulin secretion can be titrated to
avoid overt hypoglycemia.

Inhibitors of hepatic glucose production

Any therapeutic approach that suppresses gluconeogenesis and/
or glycogenolysis should be partial, readily reversible and should
not seriously compromise vital actions of counter-regulatory



hormones and neural signals in times of rapid and severe
hypoglycemia.

Glycogen phosphorylase inhibitors

Glycogen phosphorylase inhibitors have received considerable
preclinical attention as possible agents to reduce hyperglycemia
by preventing the breakdown of glycogen. The agents studied
include inhibitors of the active site, the AMP site and other sites
on the enzyme [139-141]. An example is the dihydropyridine
derivative BAY R3401, a prodrug that is metabolized to an active
agent that binds at the AMP site causing allosteric inhibition and
dephosphorylation of active glycogen phosphorylase a into the
inactive b form [141]. While most glycogen phosphorylase inhib-
itors have been shown to improve glycemic control in animal
models of T2DM, there have been few reports of clinical studies,
and the limited evidence available suggests only modest or unsus-
tained efficacy.

Glucose 6-phosphatase inhibitors

Glucose 6-phosphatase inhibitors have been considered an attrac-
tive approach to address hyperglycemia because they can inter-
rupt the last step in glucose output from both glycogenolysis and
gluconeogenesis. Inhibitors of the catalytic subunit and the trans-
locator protein for glucose 6-phosphatase have been shown to
reduce hepatic glucose output and lower blood glucose; however,
this approach carries a high risk of hypoglycemia. Also, cellular
accumulation of glucose 6-phosphate causes excess deposition of
glycogen and induction of lipogenic genes which predispose to
fatty liver [139].

Fructose 1,6-bisphosphatase (F16BPase) inhibitors

Fructose 1,6-bisphosphatase (F16BPase) inhibitors prevent the
dephosphorylation of fructose 1,6-bisphosphate to fructose
6-phosphate as the penultimate step in gluconeogenesis before
glucose 6-phosphate. Various F16BPase inhibitors have been
described, generally causing only a partial reduction of hepatic
glucose output because of increased compensatory glycogenoly-
sis, which helps to guard against hypoglycemia [139]. Although
excessive use of a F16BPase inhibitor might cause accumulation
of lactate and triglyceride, appropriate titration of such agents in
early clinical trials (e.g. MB07803) has given encouraging results.

Modifiers of lipid metabolism

The commonly observed dyslipidemia of T2DM, particularly
raised very low density lipoprotein (VLDL), triglyceride and non-
esterified fatty acid (NEFA) levels, contribute to insulin resistance
and hyperglycemia in several ways [51,142]. These include direct
effects of fatty acids and their metabolites to impair cellular
insulin signaling pathways, and alterations in fuel selection medi-
ated through the Randle (glucose—fatty acid) cycle. Agents that
modify lipid metabolism could therefore benefit glycemic control
in T2DM. For example, thiazolidinedione PPARY agonists act in
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Figure 60.27 Structures of the antilipolytic agents, nicotinic acid and acipimox.

part through an alteration in fatty acid metabolism, and lipid-
lowering fibrates, which act via PPARo. agonism, can modestly
assist glycemic control in some patients. Other agents that lower
plasma triglycerides, such as the fenfluramine analog benfluorex
and the long-chain dicarboxylic acid, Medica 16, can lower blood
glucose concentrations [121]. Reducing circulating NEFA con-
centrations with conventional antilipolytic agents such as nico-
tinic acid (niacin) and its analog acipimox (Figure 60.27) can
acutely improve glucose tolerance in T2DM, but the effect is not
consistent or sustained [121].

Inhibition of fatty acid oxidation interrupts the supply of
energy for hepatic gluconeogenesis and enhances the use of
glucose as a source of energy in skeletal muscle. Most inhibitors
of fatty acid oxidation act by inhibiting carnitine palmitoyltrans-
ferase 1 (CPT-1), the rate-limiting enzyme for transfer of long-
chain fatty acyl-CoA into the mitochondria. Irreversible inhibitors
of CPT-1 such as the oxirane carboxylates (e.g. etomoxir) and the
alkylglycidates (e.g. methyl palmoxirate) have effectively lowered
glucose concentrations in diabetic animals, mainly through their
antigluconeogenic action, but clinical studies have indicated
vulnerability to hypoglycemia. Similar concerns have emerged
with agents that inhibit intramitochondrial enzymes of fatty
acid oxidation [121].

Sodium-glucose co-transporter 2 inhibitors

Glucose is filtered through the renal glomeruli and (almost) all
that has been filtered is reabsorbed in the proximal tubules.
Reabsorption is mediated mostly via the sodium-glucose co-
transporter 2 (SGLT2) system (Figure 60.28). SGLT2 is expressed
only in the first segment of the tubules and enables low affinity
secondary active glucose transport into the tubular epithelial cells
[143]. Thus, specific and appropriately titrated inhibition of these
transporters provides an opportunity to reduce hyperglycemia
by elimination of excess glucose in the urine. The potential of
this approach has long been appreciated because non-specific
inhibitors of sodium-glucose co-transporters such as phlorizin
(Figure 60.29) from apple tree bark have been shown to reduce
hyperglycemia in animals [144]. Non-specific inhibitors can
also inhibit SGLT1 which is responsible for intestinal glucose
absorption.
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Figure 60.28 After glucose is filtered at the glomerulus into the proximal
convoluted tubule (PCT) it is reabsorbed mostly from the first segment of the
PCT via the low affinity secondary active sodium glucose co-transporter 2
(SGLT2).

More recently, selective inhibitors of SGLT2 (termed “flozins”)
have been developed, and these have reduced hyperglycemia in
diabetic animals and proceeded into clinical trials [145].
Preliminary evidence suggests that dosages that partially prevent
glucose reabsorption to allow elimination of up to about 100g/
day glucose can be used to facilitate glycemic control in patients
with T2DM. In principle, reversible SGLT2 inhibitors could be
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Figure 60.29 Structure of phlorizin (non-specific SGLT1/2 inhibitor) and the
selective SGLT2 inhibitor dapagliflozin.

used as adjunctive therapy with any other antidiabetic treatment,
and the elimination of glucose should assist weight loss. By lower-
ing glucotoxicity it is anticipated that insulin sensitivity may be
improved. Because SGLT2 inhibition does not stimulate insulin
secretion or interrupt the counter-regulatory system, serious
hypoglycemia should be avoidable if the extent of SGLT2 inhibi-
tion is titrated appropriately. Possible adverse effects of osmotic
diuresis during SGLT?2 inhibition include risk of dehydration and
electrolyte imbalance, as well as infection in the urinary tract and
urino-genital region.

Sirtuins

Sirtuins comprise a group of seven enzymes that are nicotina-
mide-adenine-dinucleotide (NAD)-dependent histone deacety-
lases and/or ADP-ribosyltransferases. They affect gene
transcription through chromatin silencing, and mediate meta-
bolic responses that have the potential to extend lifespan similar
to chronic caloric restriction [146]. Sirtuin SIRT1 is widely
expressed in mammalian tissues including liver, muscle and fat,
and appears to promote mitochondrial biogenesis and activity in
some tissues, increasing thermogenesis and reducing susceptibil-
ity to weight gain, diabetes and cardiovascular disease. AMPK
enhances SIRT1 activity, resulting in increased activity of
downstream transcription factors such as PGC-1a. and the fork-
head protein FOXO1 which increase energy production [147].
SIRT1 in pancreatic B-cells may also facilitate insulin secretion.
Several small molecule activators of SIRT1 have been described
that are structurally unrelated to polyphenols (such as resvera-
trol). The activators increased mitochondrial capacity, enhanced
insulin sensitivity and reduced plasma glucose in animal models
[148].



References

1

[\S]

w

wu

=)

~

o)

e

10

11

12

13

14

15

16

17

18

19

20

21

22

Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA. 10-Year
follow-up of intensive glucose control in type 2 diabetes. N Engl |
Med 2008; 359:1577-1589.

Gaede P, Lund-Andersen H, Parving HH, Pedersen O. Effect of a
multifactorial intervention on mortality in type 2 diabetes. N Engl |
Med 2008; 358:580-591.

International Diabetes Federation. Diabetes Atlas, 3rd edition.
Brussels: International Diabetes Federation, 2006. (www.eatlas.idf.
org)

American Diabetes Association. Standards of medical care in
diabetes — 2009. Diabetes Care 2009; 32(Suppl 1):13-61.

Krentz AJ, Bailey CJ. Oral antidiabetic agents: current role in type 2
diabetes mellitus. Drugs 2005; 65:385—411.

Bailey CJ, Day C. Glycaemic memory. Br J Diabetes Vasc Dis 2008;
8:242-247.

Adams C, Brantner V. Estimating the coast of new drug develop-
ment. Health Aff 2006; 25:420—428.

Bailey CJ, Day C. Fixed-dose single tablet combinations. Diabetes
Obes Metab 2009; 11:527-533.

Bailey CJ. Hypoglycaemic, antihyperglycaemic and antidiabetic
drugs. Diabet Med 1992; 9:492—493.

Bailey CJ. Drugs on the horizon for diabesity. Curr Diabetes Rep
20055 5:353-359.

Bailey CJ. Treating insulin resistance: future prospects. Diabetes Vasc
Dis Res 2007; 4:20-31.

Nuttall FQ. Dietary fiber in the management of diabetes. Diabetes
1993; 42:503-508.

Chandalia M, Garg A, Lutjohann D, von Bergmann K, Grundy SM,
Brinkley LJ. Beneficial effects of high dietary fibre intake in patients
with type 2 diabetes mellitus. N Engl ] Med 2000; 342:1392—1398.
Lebovitz HE. oi-Glucosidase inhibitors as agents in the treatment of
diabetes. Diabetes Rev 1998; 6:132—-145.

Ashcroft FM, Gribble FM. ATP-sensitive K channels and insulin
secretion: their role in health and disease. Diabetologia 1999;
42:903-919.

Malaisse WJ. Stimulation of insulin release by non-sulphonylurea
hypoglycaemic agents: the meglitinide family. Horm Metab Res 1995;
27:263-266.

Storey DA, Bailey CJ. Biphasic insulin-releasing effect of BTS67582
in rats. J Pharm Pharmacol 1998; 50:1357—1360.

Le Brigand L, Virsolvy A, Manechez D, Godfroid JJ, Guardiola-
Lemaitre B, Gribble FM, et al. In vitro mechanism of action on
insulin release of S-22068, a new putative antidiabetic compound.
Br ] Pharmacol 1999; 128:1021-1026.

Morgan NG, Chan SL. Imidazoline binding sites in the endocrine
pancreas. Curr Pharm Des 2001; 7:1413-1431.

Efanou AM, Zaitsev SV, Mest HJ, Raap A, Appelskog IB, Larsson O,
et al. The novel imidazoline compound BL11282 potentiates glu-
cose-induced insulin secretion in pancreatic b-cells in the absence
of modulation of Ky channel activity. Diabetes 2001; 50:797-802.
Laghmich A, Ladriere L, Malaisse-Lagae F, Dannacher H, Bjorkling
F, Malaisse WJ. Stimulation of biosynthetic activity by novel
succinate esters in rat pancreatic islets. Biochem Pharmacol 1998;
55:909-913.

Kowluru A. Adenine and guanine nucleotide-specific succinyl-CoA
synthetases in the clonal beta-cell mitochondria: implications in the

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Future Drug Treatment for Type 2 Diabetes Chapter 60

beta-cell high-energy phosphate metabolism in relation to physio-
logical insulin secretion. Diabetologia 2000; 44:89-94.

Matschinsky FM, Magnuson MA, Zelent D, Jetton TL, Doliba N,
HanY, et al. The network of glucokinase-expressing cells in glucose
homeostasis and the potential of glucokinase activators for diabetes
therapy. Diabetes 2006; 55:1-12.

Grimsby J, Sarabu R, Corbett WL, Haynes NE, Bizzarro FT, Coffey
JW, et al. Allosteric activators of glucokinase: potential role in dia-
betes therapy. Science 2003; 301:370-373.

Brocklehurst KJ, Payne VA, Davies RA, Carroll D, Vertigan HL,
Wightman HJ, et al. Stimulation of hepatocyte glucose metabolism
by novel small molecule glucokinase activatores. Diabetes 2004;
53:535-541.

Efanov AM, Barrett DG, Brenner MB, Briggs SL, Delaunois A,
Durbin JD, ef al. A novel glucokinase activator modulates pancreatic
islet and hepatocyte function. Endocrinology 2005; 146:3696—
3701.

Futamura M, Hosaka H, Kadotani A, Shimazaki H, Sasaki K,
Ohyama S, et al. An allosteric activator of glucokinase impairs the
interation of glucokinase and glucokinase regulatory protein and
regulates glucose metabolism. J Biol Chem 2006; 281:37668—-37674.
Fyfe MC, White JR, Taylor A, Chatfield R, Wargent E, Printz RL,
et al. Glucokinase activator PSN-GK1 displays enhanced anti-
hyperglycaemic and insulinotropic actions. Diabetologia 2007;
50:1277-1287.

Johnson D, Shepherd R, Gill D, Gorman T, Smith DM, Dunne M]J.
Glucose-dependent modulation of insulin secretion and intracellu-
lar calcium ions by GKA50, a glucokinase activator. Diabetes 2007;
56:1694-1702.

Holst JJ. Glucagon-like peptide-1: from extract to agent. Diabetologia
2006; 49:253-260.

Drucker DJ. The role of gut hormones in glucose homeostasis. J Clin
Invest 2007; 117:24-32.

Flatt PR, Bailey CJ, Green BD. Recent advances in antidiabetic drug
therapies targeting the enteroinsular axis. Curr Drug Metab 2009;
10:125-137.

Holst JJ, Deacon CFE. Glucagon-like peptide-1 mediates the
therapeutic actions of DPP-IV inhibitors. Diabetologia 2005;
48:612-615.

Gentilella R, Bianchi C, Rossi A, Rotella CM. Exenatide: a review
from pharmacology to clinical practice. Diabetes Obes Metab 2009;
11:544-556.

Garber A, Henry R, Ratner R, Garcia-Hernandez PA, Rodriguez-
Pattzi H, Olvera-Alvarez I, et al. Liraglutide versus glimepiride
monotherapy for type 2 diabetes (LEAD-3 mono): a randomised,
52-week, phase III, double-blind, parallel-treatment trial. Lancet
2009; 373:473-481.

Pan CQ, Buxton JM, Yung SL, Tom I, Yang L, Chen H, et al. Design
of along acting peptide functioning as both a glucagon-like peptide-
1 receptor agonist and a glucagon receptor antagonist. J Biol Chem
2006; 281:12506—-12515.

Chen D, Liao J, Li N, Zhou C, Liu Q, Wang G, et al. A nonpeptidic
agonist of glucagon-like peptide-1 receptors with efficacy in diabetic
db/db mice. Proc Natl Acad Sci U S A 2007; 104:943-948.

Knudsen LB, Kiel D, Teng M, Behrens C, Bhumralkar D, Kodra JT,
et al. Small-molecule agonists for the glucagon-like peptide 1 recep-
tor. Proc Natl Acad Sci U S A 2007; 104:937-942.

Flatt PR. Gastric inhibitory polypeptide (GIP) revisited: a new thera-
peutic target for obesity-diabetes? Diabet Med 2008; 25:759-764.

1041



Part 12 Future Directions

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

1042

Miyawaki K, Yamada Y, Ban N, IThara Y, Tsukiyama K, Zhou H,
et al. Inhibtion of gastric inhibitory polypeptide signaling prevents
obesity. Nat Med 2002; 8:738-742.

Hansotia T, Maida A, Flock G, Yamada Y, Tsukiyama K, Seino Y,
et al. Extrapancreatic incretin receptors modulate glucose homeos-
tasis, body weight and energy expenditure. J Clin Invest 2007;
117:143-152.

Gault VA, Irwin N, Green BD, McCluskey JT, Greer B, Bailey CJ,
et al. Chemical ablation of gastric inhibitory polypeptide receptor
action by daily (Pro3)GIP administration improves glucose
tolerance and ameliorates insulin resistance and abnormalities of
islet structure in obesity-related diabetes. Diabetes 2005; 54:
2436-2446.

Irwin N, McClean PL, O’Harte FP, Gault VA, Harriott P, Flatt PR.
Early administration of the glucose-dependent insulinotropic
polypeptide receptor antagonist (Pro3)GIP prevents the develop-
ment of diabetes and related metabolic abnormalities associated
with genetically inherited obesity in ob/ob mice. Diabetologia 2007;
50:1532—-1540.

Tsubamoto Y, Nakamura T, Kinoshita H, et al. A novel low molecu-
lar weight antagonist of glucose-dependent insulinotropic polypep-
tide receptor, SKL-14959, prevents obesity and insulin resistance.
Diabetologia 2008; 51(Suppl 1):S373.

Buchwald H, Estok R, Fahrbach K, Banel D, Jensen MD, Pories W],
et al. Weight and type 2 diabetes after bariatric surgery: systematic
review and meta-analysis. Am J Med 2009; 122:248-256.

Flatt PR. Gastric inhibitory polypeptide (GIP) revisited: a new thera-
peutic target for obesity-diabetes? Diabet Med 2008; 25:759-764.
Flatt PR, Bailey CJ, Green BD. Dipeptidyl peptidase IV (DPP-IV)
and related molecules in type 2 diabetes. Front Biosci 2008;
13:3648-3660.

Ahmad M, Abdel-Watiab YHA, Tate R, Flatt PR, Pyne NJ, Furman
BL. Effect of type sensitive inhibitors on cyclic nucleotide phos-
phodiesterase activity and insulin secretion in the clonal insulin
secreting cell line BRIN-BD11. Br ] Pharmacol 2000; 129:
1228-1234.

Saltiel AR, Kahn CR. Insulin signalling and the regulation of glucose
and lipid metabolism. Nature 2001; 414:799-806.

Shulman GI. Cellular mechanisms of insulin resistance. J Clin Invest
2000; 106:171-176.

Kahn SE, HullRL, Utzschneider KM. Mechanisms linking obesity to
insulin resistance and type 2 diabetes. Nature 2006; 444:840—846.
Bailey CJ. Treating insulin resistance: future prospects. Diabetes Vasc
Dis Res 2007; 4:20-31.

Zhang B, Salituro G, Szalkowski D, Li Z, Zhang Y, Royo I, et al.
Discovery of a small molecule insulin mimetic with antidiabetic
activity in mice. Science 1999; 284:974-977.

Li M, Youngren JE, Manchem VP, Kozlowski M, Zhang BB, Maddux
BA, et al. Small molecule insulin receptor activators potentiate
insulin action in insulin resistant cells. Diabetes 2001; 50:
2323-2328.

Le-Roith D. Insulin-like growth factors. N Engl ] Med 1997;
336:633-640.

O’Connell T, Clemmons DR. IGF-1/IGF-binding protein-3 combi-
nation improves insulin resistance by GH-dependent and independ-
ent mechanisms. J Clin Endocrinol Metab 2003; 87:4356—4360.
Manchem VP, Goldfine ID, Kohanski RA, Cristobal CP, Lum RT,
Schow SR, et al. A novel small molecule that directly sensitizes the
insulin receptor in vitro and in vivo. Diabetes 2001; 50:824—830.

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Grunberger G, Qiang X, Li Z, Mathews ST, Sbrissa D, Shisheva A,
et al. Molecular basis for the insulinomimetic effects of C-peptide.
Diabetologia 2001; 44:1247-1257.

Koren S, Fantus IG. Inhibition of the protein tryosine phosphatase
PTPI1B: potential therapy for obesity, insulin resistance and type 2
diabetes mellitus. Clin Endocrinol Metab 2007; 21:621-640.
Elchebly M, Payette P, Michaliszyn E. Increased insulin sensitivity
and obesity resistance in mice lacking the protein tyrosine phos-
phatase-1B gene. Science 1999; 283:1544-1548.

Gum RJ, Gaede LL, Koterski SL, Heindel M, Clampit JE, Zinker BA,
et al. Reduction of protein tyrosine phosphatase 1B increases insu-
lin-dependent signaling in ob/ob mice. Diabetes 2003; 52:21-28.
Zhang ZY, Lee SY. PTP1B inhibitors as potential therapeutics in the
treatment of type 2 diabetes and obesity. Expert Opin Investig Drugs
2003; 12:223-233.

Lund IK, Andersen HS, Iversen LE Olsen OH, Moller KB. Structure-
based design of selective and potent inhibitors of protein tyrosine
phosphatase B. J Biol Chem 2004; 279:24226-24235.

Balkan B, Beeler S, Fan C, Orlowski L, Whitehouse D, Dean D].
Pharmacological inhibition of PTP1B prevents development of diet-
induced obesity and insulin resistance. Diabetes 2005; 54(Suppl
1):618-P.

Morrison CD, White CL, Wang Z, Lee SY, Lawrence DS, Cefalu WT,
et al. Increased hypothalamic PTP1B contributes to leptin resistance
with age. Endocrinology 2007; 148:435-440.

Vercauteren M, Remy E, Devaux C, Dautreaux B, Henry JP, Bauer
E et al. Improvement of peripheral endothelial dysfunction by
protein tyrosine phosphatase inhibitors in heart failure. Circulation
2006; 114:2498-2507.

Ueno N, Inui A, Asakawa A, Takao F, Komatsu Y, Kotani K, et al.
Mosapride, a 5SHT-4 receptor agonist, improves insulin sensitivity
and glycaemic control in patients with type II diabetes mellitus.
Diabetologia 2002; 45:792-797.

Houdali B, Nguyen V, Ammon HP, Haap M, Schechinger W,
Machicao F, et al. Prolonged glucose infusion into conscious rats
inhibits early steps in insulilin signaling and induces translocation
of GLUT4 and protein kinase C in skeletal muscle. Diabetologia
2002; 45:356-368.

He Z, King GL. Protein kinase C beta isoform inhibitors. Circulation
2004; 110:7-9.

Clarke M, Dodson PM. PKC inhibition and diabetic microvascular
complications. Clin Endocrinol Metab 2007; 21:573-586.

Cai D, Yuan M, Frantz DE, Melendez PA, Hansen L, Lee ], et al.
Local and systemic insulin resistance resulting from hepatic activa-
tion of IKK-beta and NF-KB. Nat Med 2005; 11:183—190.

Arkan MC, Hevener AL, Greten FR, Maeda S, Li ZW, Long JM,
et al. IKK-beta links inflammation to obesity-induced insulin
resistance. Nat Med 2005; 11:191-198.

Yuan M, Konstantopoulos N, Lee ], Hansen L, Li ZW, Karin M,
et al. Reversal of obesity- and diet-induced insulin resistance with
salicylates or targeted disruption of IkkB. Science 2001;
293:1673-1677.

Kaneto H, Nakatani Y, Miyatsuka T, Kawamori D, Matsuoka TA,
Matsuhisa M, et al. Possible novel therapy for diabetes with cell-
permeable JNK-inhibitory peptide. Nat Med 2004, 10:1128-1132.
Gual P, Gremeaux T, Gonzalez T, Le Marchand-Brustel Y, Tanti JF.
MAP kinases and mTOR mediate insulin-induced phosphorylation
of Insulin Receptor Substrate-1 on serine residues 307, 612 and 632.
Diabetologia 2003; 46:1532—1542.



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

Dong H, Maddox BA, Altomonte J, Meseck M, Accili D, Terkeltaub
R, et al. Increased hepatic levels of the insulin receptor inhibitor,
PC-1/NNP1, induce insulin resistance and glucose intolerance.
Diabetes 2005; 54:367—372.

Tanigouchi CM, Emanuelli B, Kahn CR. Critical nodes in signalling
pathways: insights into insulin action. Nat Rev Mol Cell Biol 2006;
7:85-96.

White ME. IRS proteins and the common path to diabetes. Am |
Physiol 2002; 283:E413-422.

Bates SH, Jones RB, Bailey CJ. Insulin-like effect of pinitol. Br J
Pharmacol 2000; 130:1944—-1948.

Kim HJ, Ku B, Lee J, Lee SK, Kim Y, Park K. The effects of pinitol
on glycaemic control and adipokine levels in type 2 diabetes patients.
Diabetologia 2006; 49(Suppl 1):Abs 0857.

Brautigan DL, Brown M, Grindrod S, Chinigo G, Kruszewski A,
Lukasik SM, et al. Allosteric activation of protein phosphatase 2C by
D-chiro-inositol-galactosamine, a putative mediator mimetic of
insulin action. Biochemistry 2005; 44:11067-11073.

Butler M, McKay RA, Popoff IJ, Gaarde WA, Witchell D, Murray
SE, et al. Specific inhibition of PTEN expression reverses hypergly-
caemia in diabetic mice. Diabetes 2002; 51:1028—-1034.

Komazawa N, Matsuda M, Kondoh G, Mizunoya W, Iwaki M,
Takagi T, et al. Enhanced insulin sensitivity, energy expenditure and
thermogenesis in adipose-specific Pten suppression in mice. Nat
Med 2004; 10:1208-1215.

Beguinot F. PTEN: targeting the search for novel insulin sensitizers
provides new insight into obesity research. Diabetologia 2007;
50:247-249.

Clement S, Krause U, Tanti JF, Behrends J, Pesesse X, Sasaki T,
et al. The lipid phosphatase SHIP2 controls insulin sensitivity.
Nature 2001; 409:92-97.

Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity
to insulin resistance and type 2 diabetes. Nature 2006; 444:840—
846.

Antuna-Puente B, Feve B, Fellahi S, Bastard P. Adipokines: the
missing link between insulin resistance and obesity. Diabetes Metab
2008; 34:2-11.

Billyard T, McTernan P, Kumar S. Potential therapies based
on antidiabetic peptides. Clin Endocrinol Metab 2007; 21:641—
655.

Sul HS. Resistin/ADFS/FIZZ3 in obesity and diabetes. Trends
Endocrinol Metab 2004; 15:247-249.

Kadowski T, Yamauchi T. Adiponectin and adiponectin receptors.
Endocr Rev 2005; 26:439-451.

Berndt J, Kloting N, Kralisch S, Kovacs P, Fasshauer M, Schén MR,
et al. Plasma visfatin concentrations and fat-depot specific mRNA
expression in humans. Diabetes 2005; 54:2911-2916.

Graham TE, Yang Q, Bluher M, Hammarstedt A, Ciaraldi TP,
Henry RR, et al. Retinal binding protein 4 and insulin resistance in
lean, obese and diabetic subjects. N Engl ] Med 2006; 354:
2552-2563.

Hida K, Wada J, Eguchi ], Zhang H, Baba M, Seida A, et al. Visceral
adipose tissue-derived serine protease inhibitor: a unique insulin
sensitizing adipocytokine in obesity. Proc Natl Acad Sci U S A 2005;
102:10610-10615.

Yang RZ, Lee MJ, Hu H, Pray J, Wu HB, Hansen BC, et al
Identification of omentin as a novel depot-specific adipokine in
human adipose tissue: possible role in modulating insulin action.
Am ] Physiol 2006; 290:E1253-1261.

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Future Drug Treatment for Type 2 Diabetes Chapter 60

Pijl H, Ohashi S, Matsuda M, Miyazaki Y, Mahankali A, Kumar V,
et al. Bromocriptine: a novel approach to the treatment of type 2
diabetes. Diabetes Care 2000; 23:1154-1161.

Cincotta AM, Meier AH, Cincotta M. Bromocriptine improves gly-
caemic control and serum lipid profile in obese type 2 diabetic
subjects: a new approach in the treatment of diabetes. Expert Opin
Investig Drugs 1999; 8:1683—-1707.

Das UN. Is angiotensin II an endogenous pro-inflammatory mole-
cule? Med Sci Monit 2005; 11:RA155-162.

Day C. Traditional plant treatments for diabetes mellitus. Acta Chim
Ther 2000; 26:131-150.

Reed MJ, Meszaros K, Entes L], Claypool MD, Pinkett JG, Brignetti
D, et al. Effect of masoprocol on carbohydrate and lipid metabolism
in a rat model of type II diabetes. Diabetologia 1999; 42:102-106.
Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in vivo
evidence. Nat Rev 2006; 5:493-506.

Lagouge M, Argmann C, Gerhart-Hines Z, Mexiane H, Lerin C,
Daussin F et al. Resveratrol improves mitochondrial function and
protects against metabolic diseases by activating SIRT1 and PGC-1
alpha. Cell 2006; 127:1109-1122.

Coletta DK, Bates SH, Jones RB, Bailey CJ. The sibutramine metabo-
lite M2 improves muscle glucose uptake and reduces hepatic glucose
output: preliminary data. Diabetes Vasc Dis Res 2006; 3:186—188.
Scheen AJ, Finer N, Hollander P, Jensen MD, Van Gaal LF. Efficacy
and tolerability of rimonabant in overweight or obese patients with
type 2 diabetes: a randomized controlled study. Lancet 2006;
368:1660-1672.

Desvergne B, Michalik L, Wahli W. Transcriptional regulation of
metabolism. Physiol Rev 2006; 86:465-514.

Gross B, Staels B. PPAR agonists: multimodal drugs for the treat-
ment of type 2 diabetes. Clin Endocrinol Metab 2007; 21:687-710.
Allen T, Zhang F, Moodle SA, Clemens LE, Smith A, Gregoire F,
et al. Halofenate is a selective peroxisome proliferators-activated
receptor g modulator with antidiabetic activity. Diabetes 2006;
55:2523-2533.

Puigserver P, Spegelman BM. Peroxisome proliferators-activated
receptor-gamma coactivator la (PGC-1a): transcriptional coactiva-
tor and metabolic regulator. Endocr Rev 2003; 24:78-90.

Conlon D. Goodbye glitazars? Br ] Diabetes Vasc Dis 2006;
6:135-137.

Evans RM, Barish GD, Wang YX. PPARs and the complex journey
to obesity. Nat Med 2004; 10:1-7.

Cha BS, Ciaraldi TP, Carter L. Peroxisome proliferators-activated
receptor (PPAR) y and retinoid x receptor (RXR) agonists have
complimentary effects on glucose and lipid metabolism in human
skeletal muscle. Diabetologia 2001; 44:444-452.

Houstis N, Rosen ED, Lander ES. Reactive oxygen species have a
causal role in multiple forms of insulin resistance. Nature 2006;
440:944-948.

Heart Protection Study Collaborative Group. MRC/BHF heart pro-
tection study of antioxidant vitamin supplementation in 20,536
high-risk individuals: a randonised placebo-controlled trial. Lancet
2002; 360:23-33.

Mathieu C, Gysemans C, Giulletti A, Bouillon R. Vitamin D and
diabetes. Diabetologia 2005; 48:1247-1257.

Bakker SJL, Hoogeveen EK, Nijpels G, Kostense PJ, Dekker JM, Gans
RO, et al. The association of dietary fibres with glucose tolerance is
partly explained by concomitant intake of thiamine: the Hoorn
study. Diabetologia 1998; 41:1168-1175.

1043



Part

115

116

117

118

119

120

121

122

123

12 Future Directions

Bailey CJ. New pharmacological approaches to glycemic control.
Diabetes Revs 1999; 7:94—113.

American Diabetes Association. Magnesium supplementation in the
treatment of diabetes. Diabetes Care 1992; 15:1065—-1067.

Martin ], Wang ZQ, Zhang XH, Wachtel D, Volaufova ], Matthews
DE, et al. Chromium picolinate supplementation attenuates body
weight gain and increases insulin sensitivity in subjects with type 2
diabetes. Diabetes Care 2006; 29:1826—1832.

Tsiani E, Fantus IG. Vanadium compounds: biological actions and
potential as pharmacological agents. Trends Endocrinol Metab 1997;
8:51-58.

Marti L, Abella A, Carpene C, Palacin M, Testar X, Zorzano A.
Combined treatment with benylamine and low dosages of vanadate
enhances glucose tolerance and reduces hyperglycemia in streptozo-
tocin-induced diabetic rats. Diabetes 2001; 50:2061-2068.

Flatt PR, Swanston-Flatt SK, Bailey CJ. Glucagon antiserum: a tool
to investigate the role of circulating glucagon in obese hyperglycae-
mic (ob/ob) mice. Biochem Soc Trans 1979; 7:911-913.

Bailey CJ. New pharmacological approaches to glycaemic control.
Diabetes Rev 1999; 7:94-113.

Peterson KF, Sullivan JT. Effects of a novel glucagon receptor antag-
onist (Bay 27-9955) on glucagon-stimulated glucose production in
humans. Diabetologia 2001; 44:2018-2024.

Rivera N, Everett-Grueter CA, Edgerton DS, Rodewald T, Neal DW,
Nishimura E, et al. A novel glucagon receptor antagonist, NNC 15-
0926, blunts hepatic glucose production in the conscious dog.
J Pharmacol Exp Ther 2007; 321:743-752.

124 Van Poelje PD, Potter SC, Liu S, et al. Glucagon action is a major

125

126

127

128

129

130

131

1044

determinant of hyperglycemia in animal models of type 2 diabetes.
Diabetes 2008; 57(Suppl 1):A406, 1444-P.

Parker JC, McPherson RK, Andrews KM, Levy CB, Dubins JS, Chin
JE, et al. Effects of skyrin, a receptor-selective glucagon antagonist,
in rat and human hepatocytes. Diabetes 2000; 49:2079-2086.

Link JT, Sorensen B, Patel J, Grynfarb M, Goos-Nilsson A, Wang J,
et al. Antidiabetic activity of passive nonsteroidal glucocorticoid
receptor modulators. ] Med Chem 2005; 48:5295-5304.

Jacobson PB, von Geldern TW, Ohman L, Osterland M, Wang J,
Zinker B, et al. Hepatic glucocorticoid antagonism is sufficient to
reduce elevated hepatic glucose output and improve glucose control
in animal models of type 2 diabetes. | Pharmacol Exp Ther 2005;
314:191-200.

Stewart PM, Krozowski ZS. 11B-hydroxysteroid dehydrogenase.
Vitam Horm 1999; 57:249-324.

Tomlinson JW, Stewart PM. Modulation og glucocoricoid action
and the treatment of type 2 diabetes. Clin Endocrinol Metab 2007
21:607-619.

Coleman DL. Hypoglycaemic action of the aetiocholanolones in
mice. In: Bailey CJ, Flatt PR, eds. New Antidiabetic Drugs. London:
Smith-Gordon, 1990: 191-196.

Perrini S, Natalicchio A, Laviola L, Belsanti G, Montrone C,
Cignarelli A, et al. Dehydroepandrosterone stimulates glucose
uptake in human and murine adipocytes by inducing GLUT1 and
GLUT4 translocation to the plasma membrane. Diabetes 2004;
53:41-52.

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

Hardie DG. The AMP-activated protein kinase cascade: the
key sensor of cellular energy status. Endocrinology 2003; 144:
5179-5183.

Motoshima H, Goldstein BJ, Igata I, Araki E. AMPK and cell prolif-
eration: AMPK as a therapeutic target for atherosclerosis and cancer.
J Physiol 2006; 574:63-71.

Schimmack G, DeFronzo RA, Musi N. AMP-activated protein
kinase: role in metabolism and therapeutic implications. Diabetes
Obes Metab 2006; 8:591-602.

Pold R, Jensen LS, Jessen N, Buhl ES, Schmitz O, Flyvbjerg A, et al.
Long-term AICAR administration and exercise prevents diabetes in
ZDF rats. Diabetes 2005; 54:928-934.

Iglesias MA, Furler SM, Cooney GJ, Kraegen EW, Ye JM. AMP-
activated protein kinase activation by AICAR increases both muscle
fatty acid and glucose uptake in white muscle of insulin-resistant
rats in vivo. Diabetes 2004; 53:1649—1654.

Henriksen EJ, Kinnick TR, Teachey MK, O’Keefe MP, Ring D,
Johnson KW, et al. Modulation of muscle insulin resistance by selec-
tive inhibition of GSK3 in Zucker diabetic fatty rats. Am ] Physiol
Endocrinol Metab 2003; 284:E892-900.

Ring DB, Johnson KW, Henrisen EJ, Nuss JM, Goff D, Kinnick TR,
et al. Selective glycogen synthase kinase inhibitors potentiate insulin
activation of glucose transport and utilization in vitro and in vivo.
Diabetes 2003; 52:588-595.

Agius L. New hepatic targets for glycaemic control in diabetes. Clin
Endocrinol Metab 2007; 21:587—605.

Treadway JL, Mendys P, Hoover DJ. Glycogen phosphorylase inhibi-
tors for treatment of type 2 diabetes mellitus. Expert Opin Investig
Drugs 20015 10:439-454.

Bergans N, Stalmans W, Goldmann S, Vanstapel F. Molecular mode
of inhibition of glycogenolysis in rat liver by the dihydropyridine
derivative BAY R3401. Diabetes 2000; 49:1419-1426.

McGarry JD. Dysregulation of fatty acid metabolism in the etiology
of type 2 diabetes. Diabetes 2002; 51:7-18.

Kanai Y, Lee WS, You G, Brown D, Hediger MA. The human kidney
low affinity Na™-glucose transporter SGLT2. ] Clin Invest 1994;
93:397—-404.

Ehrenkranz JRL, Lewis NG, Kahn CR, Roth J. Phlorizin: a review.
Diabetes Metab 2005; 21:31-38.

Jabbour SA, Goldstein BJ. Sodium glucose co-transporter 2 inhibi-
tors: blocking renal tubular reabsorption of glucose to improve
glycaemic control in patients with diabetes. Int J Clin Pract 2008;
62:1279-1284.

Lavu S, Boss O, Elliott PJ, Lambert PD. Sirtuins: novel therapeutic
targets to treat age-associated diseases. Nat Rev Drug Discov 2008;
7:841-853.

Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Norriega L, Milne
JC, et al. AMPK regulates energy expenditure by modulating NAD+
metabolism and SIRT1 activity. Nature 2009; 458:1056—1060.
Milne JC, Lambert PD, Schenk S, Carney DP, Smith JJ, Gagne D],
et al. Small molecule activators of SIRT1 as therapeutics for the
treatment of type 2 diabetes. Nature 2007; 450:712-716.



