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Summary

The control of blood glucose is a dynamic interplay involving several complex systems. In diabetes
these systems are perturbed, resulting in a disease continuum of progressive decline over many years.
Today, excluding insulin, there are eight classes of anti-diabetic agent which have taken over 60 years
to add to the pharmacy chest. In this review | have examined each of these classes with some bias
towards drug discovery thinking. Based on history, future science here will be strong, progressive
and innovative; the huge test for industry is their response to enormous challenges besetting drug
discovery and successfully turn the drug discovery praxis into affordable, effective and safe

medicines.
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Introduction

Modern drug discovery programmes often start with a hypothesis, based on some prior knowledge,
that modulation of target X in pathway Y will result in a positive therapeutic effect in a particular
disease area. The key to this approach is discovering the right target in the right pathway in the right
tissue which is amenable to specific interaction with a ligand; a target characteristic that has been
referred to as “druggability” (1). This is “target-based” drug discovery and validates drug targets
using molecular genetics techniques (2), though this approach does have its critics (3). Judging by the
huge failure rate, on top of patent expiration (4), this is challenging in practice, more so in complex
diseases where the risks are much higher. Normal glucose homeostasis and the aetiology of type 2
diabetes are highly complex processes so predictably, drug discovery in this area has been slow with
relatively few new entrants to the market in the 60 years since the introduction of today’s first line

drug treatment, metformin.

Maintenance of a normal blood glucose level involves a dynamic interplay between glucose
absorption, glucose production and glucose utilisation. These in turn are controlled by interactions
between circulating hormones (primarily insulin though many others) and the cellular processes
involved in insulin (and other hormone) signalling, glucose uptake and glucose disposal. The
principal tissues involved in this interplay are the liver, brain, skeletal muscle and adipose tissue
which in turn differ in their patterns of substrate utilisation, production and recycling which are
critical to maintaining normal blood glucose levels in the range of 3.8-6.1 mmol/l (68.4 — 109.8
mg/dl). Following a meal, the degree to which blood glucose increases is a function of the amount of
glucose absorbed, the pancreatic insulin secretory response, suppression of hepatic glucose output and
increased glucose uptake by insulin sensitive (skeletal muscle, liver, adipose tissue — 65-70 %) and

insulin insensitive organs (brain, kidney — 30 %) (5,6,7).

Type 2 diabetes is the pathologic consequence of two concurrent and interacting conditions of insulin
resistance and relative insulin deficiency. On the one hand, insulin’s ability to suppress hepatic
glucose output and stimulate glucose uptake and utilisation is impaired (resulting in chronically raised
insulin levels), and on the other hand, the capacity of the pancreatic B-cell to maintain this
hyperinsulinaemic state also begins to fail (8,9). Type 2 diabetic patients are rarely hypoinsulinaemic
when compared to non-diabetic individuals (8). Another twist in the natural history of type 2 diabetes
story is that there is also a degenerative process that affects the normal healthy existence of the
pancreatic B-cell. In alandmark study, it has been shown that after a point, a relatively small decrease

in B-cell mass is all that is required to have profound effects on fasting blood glucose levels (10).

The Diabetes Control and Complications Trial (DCCT) and the UK Prospective Diabetes Study
(UKPDS) have shown us that maintaining blood glucose levels to near normal levels significantly

improves type 2 diabetes and its ensuing complications (11,12,13). The American Diabetes



Association has recommended that treatment should reduce HbALc levels to less than 7 % (14,15).
This is a relaxation of earlier guidelines which recommended reducing HbAlc to 6.5 % or below (16)
as such aggressive treatment was found to be associated at best with no additional cardiovascular
benefit but at worst with increased mortality (17,18). However, in practise, HbAlc of 7 % or above
should initiate treatment regimens. Regulatory guidelines for new drug treatments usually stipulate an
endpoint for a clinically meaningful and statistically significant reduction in HbAlc, usually at least 1
% over placebo with non-inferiority against standard therapy, usually metformin.

There is a challenge that any anti-diabetic drug will face. The natural history of type 2 diabetes
occurs as a continuum of the interplay described above and that occurs over many years. By the time
of diagnosis the disease is already in its mid stages before any drug treatment can be initiated. The
costs of treating diabetes are huge and the drugs bill is a favourite political punch bag. It is of course
true; in the UK the diabetes drugs bill is expensive, in 2010 it was around £2 billion. However, the
cost of hospitalisation as a consequence of diabetes was £8 billion! (Diabetes UK). It is worth noting
that drug treatment with oral anti-diabetic agents may actually reduce the hospitalisation costs (19).

“Type 2 diabetes therapies™ is a topic that is extensively and regularly reviewed. The aim of this
chapter therefore, is to provide an overview of current drug therapy of type 2 diabetes resulting from
research dating back many decades but with a flavour of the type of things that might influence drug
discovery efforts in this area. It will be confined to small molecule drug inventions (though peptide
drugs of the exenatide type are included). “Industrial” drug discovery for type 2 diabetes appears to
have started around the mid-20™ Century and since then 8 broad classes, excluding insulin, of agent

are on the market today. These are presented in the order of their introduction.

Sulfonylureas (first generation)

Insulin secretion from the pancreatic 3-cell occurs in response to an increase in blood glucose levels
after a meal. Briefly, intracellular ATP levels in the pancreatic B-cell increase in response to a rise in
blood glucose levels and this causes closure of an inward rectifying ion channel, the ATP-sensitive
potassium channel (Kate). This depolarises the B-cell plasma membrane, via calcium entry through

L-type (verapamil sensitive) calcium channels, and stimulates insulin exocytosis (20).

Our understanding of the electrophysiology of the Kate channel, now combined with molecular and
genomic insights, allows a comprehensive description of how sulphonylureas work. The Kare
channel is actually a multi-subunit protein complex consisting of four inward rectifying potassium
channels (Kir6.2) that form a pore and four regulatory subunits (21,22). There are two subtypes of
regulatory subunits, SUR1 and SUR2, which differ in their binding affinities for sulphonylureas
(23,24). The SURL regulatory subunit is found in the pancreatic $-cell while SUR2 is found in

cardiac and smooth muscle cells (25).



The anti-diabetic sulphonylureas stimulate insulin secretion from the pancreatic 3-cells by mimicking
the effect of ATP in the B-cell to block opening of Karp channels (26,27). They are termed insulin

secretagogues.

A first generation sulphonylurea is tolbutamide. Tolbutamide originated from a war-effort search for
antibiotics and the unpleasant side effect of blackouts resulting from hypoglycaemia, while
unacceptable for an antibiotic, turned out to be a new therapeutic approach for the treatment of
diabetes. Tolbutamide, and an analogue, carbutamide, were launched in the mid-1950s (28). Some
studies have suggested that tolbutamide, because of a short duration of action, could have a place
today in the treatment of elderly type 2 diabetics (29). The elderly type 2 diabetic patient is
particularly vulnerable to the consequences of hypoglycaemic episodes that can make them prone to
falls (30) and cardiovascular issues (29). In practice, however, tolbutamide is rarely prescribed today

and carries an FDA warning regarding cardiovascular mortality.

Biguanides

The only representative of this class of anti-diabetic drug remaining in use is metformin. Although
chemically synthesised, metformin is derived from biguanide compounds obtained from the medicinal
plant Galega officinalis (31). It was launched in 1957 as an oral hypo-glycaemic agent. Other

examples in this class were phenformin and buformin.

Metformin is poorly absorbed from the gut (32,33), a process dependent on the plasma membrane
monoamine transporter (34), and large doses (500 mg to 2500 mg per day) are required for efficacy.
The metformin molecule is not metabolised into any other product by the body and is excreted in the
urine as the parent drug with the half-life of elimination of around 5 hours (35). The liver appears to
be the main site of action for metformin and uptake into the liver is also facilitated by transporters,
primarily OCT1 (36) but its pharmacodynamic mechanism of action in the liver has not been fully
elucidated. One wonders how far metformin would have advanced through a modern drug discovery
process based on current experience, yet metformin is probably the most widely prescribed anti-
diabetic agent in the world. The UKPDS showed that metformin out-performed standard therapies,
including sulphonylurea and insulin, on all diabetic endpoints (12). It is now first line therapy in
almost all markets and can be used as monotherapy or in combination (37,38). Indeed, as we shall see
later it has been used in combination with all of the other classes of anti-diabetic drugs because of its
front-line role. Since its use is so widespread in a patient population that may already suffer from
other problems requiring medication, attention needs to be paid to the potential risk for drug-drug
interactions. Its reliance on the action of transporters for absorption and delivery to target organ

means that other agents using these transporters will influence metformin’s activity.

Unlike sulphonylureas, metformin reduces raised blood glucose levels only in the presence of

hyperglycaemia and without stimulating insulin levels (39,40,41). Metformin exerts its anti-diabetic



effect primarily by enhancing the effect of insulin in suppressing gluconeogenesis and thereby
reducing hepatic glucose output (42). Secondarily, metformin increases muscle tissue insulin
sensitivity (43). Information is being gleaned on the pathways involved in the mechanism of action of
metformin but its precise molecular target is still unknown; we do not yet know what it binds to. One
of the first breakthroughs was reported in 2002 (44) which showed that metformin, and the
thiazolidinedione, rosiglitazone, activated AMP-activated protein kinase (AMPK) by two different

mechanisms.

AMPK is a multi-subunit enzyme playing a central role in cellular stress responses through marked
pleiotropic effects on metabolism (45). It initiates cellular cascades to increase fat oxidation,
decreases anabolic pathways in fat metabolism and enhances glucose uptake in order to preserve
cellular energy stores (46). Thus, AMPK orchestrates the flux of fatty acids away from triglyceride
synthesis and into B-oxidation via modulation of many downstream proteins. However, metformin
does not bind to the AMPK complex directly to activate it; AMPK is sensitive to the cellular milieu,
in this case the AMP:ATP intracellular ratio. It is suggested that metformin induces changes in the
AMP:ATP ratio by disrupting normal mitochondrial function by interfering with complex 1 of the
respiratory transport chain (47). This alteration of the energetic state of the cell elicits an effect on
AMPK but independently of a direct interaction with the AMPK molecule. Furthermore, AMPK is
itself up-regulated by other kinases lying upstream, including the LKB1 tumour suppressor protein
kinase (48), which, incidentally, may also be a pathway affected by metformin. A later study
however, has shown that metformin could still inhibit gluconeogenesis in hepatocytes lacking either
AMPK or LKB1, perhaps via a reduction in glucose-6-phosphatase expression. Thus, the precise
molecular target(s) of metformin have yet to be elucidated — somewhat anachronistic in todays “Big
Data” world with emphasis on identifying precise molecular targets even before a drug discovery

project starts.

Another advantage of metformin is that it associated with weight-loss in obese subjects with or
without type 2 diabetes (49). This could be via activation of the oxidative pathways outlined above
which can be thermogenic and increase energy expenditure (50) with an additional effect to reduce

food intake (51) or a combination of both.

A rare side effect of metformin is lactic acidosis. Lactic acidosis has been reported to occur in
patients with or without renal insufficiency (52). Metformin is extensively cleared via the kidneys
(33) so care must be exercised in the elderly or people with a history of kidney disease. The effect of
inhibiting complex 1 of the mitochondrial respiratory chain, while possibly explaining inhibition of
gluconeogenesis from lactate, may also contribute to the rare cases of lactic acidosis (47). Early
competitors to metformin, phenformin and buformin, were more potent and more efficacious but were
eventually withdrawn in the 1970s because of higher incidence of lactic acidosis (31). Metformin can

also cause severe gastrointestinal problems in some patients, possibly via an effect on bile salt



absorption (53), though this can be mitigated to a large extent using a prolonged release formulation
(54). There have been occasional reports of metformin-induced pancreatitis in both with (55) or

without (56) pre-existing renal disease.

An aspect of drug discovery that has been gaining prominence over the last decade or so is the search
for new indications for old (in this case very old) drugs in a drug discovery paradigm called
“repurposing” (57). The potentially positive effects of metformin in cancer, polycystic ovary
syndrome and non-alcohol fatty liver disease are in themselves well-reviewed areas (58,59,60).

Sulphonylureas (second generation)

This group is represented by the drugs glibenclamide (glyburide), gliclizide and glimepiride.
Glibenclamide was approved by the FDA in 1984. These agents are still used but predominantly as
second-line add-on after metformin. As a drug class they have been extensively reviewed and meta-
analysis of clinical trial data reveals that they lower HbAlc by around 1.5 % (61). Hypoglycaemia is a
common issue with these agents but that’s hardly surprising since their mechanism of action is
independent of any glucose-sensing remaining in the B-cell or the prevailing blood glucose levels.
The liability for hypoglycaemia seems to be greater for glyburide than the others. Weight-gain is

another common unwanted effect of this class of oral anti-diabetic agent.

The second generation sulphonylureas are metabolised in the liver via the cytochrome P450 system
and eliminated via the kidneys. The biotransformation of glyburide in the liver results in the
production of active metabolites (62) which will be particularly troublesome in patents with renal

insufficiency. No active metabolites of gliclizide and glimeripiride have been identified.

When drugs have been in clinical use for so long and in so many patients, any lurking skeletons in the
cupboard usually make themselves known. Drug discovery efforts are inconveniently, and frequently,

hampered by two major causes of attrition; failure in efficacy, failure in safety or both (63).

Failure in efficacy

Although the meta-analysis reassures us that they are effective in lowering HbAlc, both as
monotherapy or on top of other agents, the issue with sulphonylureas with regards to efficacy is
durability. In other words, while reasonable efficacy is seen at the start of treatment, it declines with
continued use (64,65) in a phenomenon called “secondary failure”. Secondary failure in response to
sulphonylurea appears to be specific as long term treatment with sulphonylureas can selectively
reduce the insulin secretory response to an acute dose of another sulphonylurea but not to glucagon
(66). The exact mechanism is not known though sulphonylureas appear to induce [3-cell apoptosis in

cultured human islets (67).



Failure in Safety

The other issue for the sulphonylureas is the increased risk of cardiovascular side effects, an issue that
has been debated since the 1970s. The sulphonylurea glyburide was shown to have a greater risk of
cardiovascular mortality than metformin (68) in a study that raised the question about the manner in
which blood glucose can be safely reduced. Since then several studies, using metformin as a
comparator, have reported that a number second generation sulphonylureas share this cardiovascular
risk (64,65). There also appears to be differences between different sulphonylureas on the degree of
risk (67). Increased cardiovascular risk with these agents is probably beyond doubt now and has
serious implications for developing economies that rely on cheap drugs (69) as preferred treatments.

The increased cardiovascular risk is probably due to the interaction with cardiac Karp channels (70).
In patients with already increased risk of cardiovascular disease sulphonylureas acting on cardiac
Kate could mask ST-segment elevation causing opportunities for life-saving interventions to be
missed (71).

Thiazolidinediones

The thiazolidinediones troglitazone, rosiglitazone and pioglitazone were launched in the late 1990s.
They exert their anti-diabetic effects principally by alleviating insulin resistance. Unlike metformin,
whose main site of action is the liver and secondarily skeletal muscle, the thiazolidinediones act
primarily on adipose tissue and secondarily skeletal muscle. The molecular mechanism of the
thiazolidinediones is activation of the nuclear hormone receptor, Peroxisome Proliferator Activated
Receptor-y (PPAR-y). There are a number of classes of PPAR (72) and all appear to be involved in
the regulation of metabolism, for example PPAR-a activates pathways for fatty acid oxidation (73).
The thiazolidinediones mentioned above were not a result of rational drug design based on knowledge
of their molecular target but rather through the observation that certain drugs, fibrates, originally
developed for dyslipidaemia and acting via PPAR-a, lowered blood glucose levels but through a
different, then unknown, mechanism. They were well into their clinical development when PPAR-y
was identified as their primary molecular target; the thiazolidinediones were identified by what we
now call phenotypic screening, the precursor methodology to target-based approaches. However,

almost from the start, they were beset with problems.

Troglitazone, which was approved in 1997, was shown to be efficacious as monotherapy or in
combination with sulphonylureas or metformin (74). But there were early signs of trouble, even in
clinical trials there were indications of the hepatotoxicity (75) that eventually led to its withdrawal
from the UK market in 1997 and the US market in 2000. The background to this story and the
reasons for the almost immediate withdrawal by GlaxoSmithKline in the UK and its persistence on

the US and Japanese markets is sobering reading and underlies how different companies have very



different attitudes to patient safety risk (76). The other thiazolidinediones, rosiglitazone and

pioglitazone did not share this particular liability.

Rosiglitazone and pioglitazone are efficacious, they lower HbAlc by between 1.0 and 1.5 % over
placebo control in monotherapy trials (65). They did however cause fluid retention and an increase in
body weight (77). The thiazolidinediones also lower elevated free fatty acids, particularly in
combination with metformin (78,79). This is good and has the potential to reduce lipotoxicity which
is thought to be a mechanism contributing to 3-cell dysfunction in type 2 diabetes (80,81). Long
term-treatment of fa/fa rats with rosiglitazone, using either prevention or intervention protocols, has
hugely beneficial effects on islet morphology (82). Together these sets of results suggest that the
thiazolidinediones could have had the potential for improving -cell health. Sadly, we will never

know for sure as further calamity overtook this class of agent.

Two very controversial meta-analyses suggested that rosiglitazone increased risk of myocardial
infarction (83,84). The resulting public outcry and media storm (85) condemned the drug and led to
its withdrawal by the company in 2007 even though an FDA advisory committee didn’t think that
there was sufficient evidence to actually call for its withdrawal (86). The methodologies in the meta-
analyses have been subsequently questioned and other studies did not find the increased risk of
myocardial infarction, and perhaps even a positive finding for rosiglitazone (87,88). This controversy
seriously knocked the confidence of patients and physicians but it is sad to note that the manufacturer
no-longer invests in in-house diabetes drug discovery research. In late 2013, after reviewing the data
of Rosiglitazone Evaluated for Cardiovascular Outcomes and Regulation of Glycemia in Diabetes
(RECORD) trial (89), the FDA removed marketing restrictions on rosiglitazone but the patent on

rosiglitazone had expired in 2012.

But the pain did not end there. Pioglitazone sparked some further concern surrounding increased risk
of bladder cancer (90). Thiazolidinediones are is also associated with fractures, particularly in
postmenopausal women (91) and macular oedema (92) which appears to be reversible on

discontinuation of therapy (93).

Thiazolidinediones are available in their generic form but really only as third line therapies.

a-Glucosidase Inhibitors

Carbohydrates constitute a large proportion of our energy intake, especially for those of us living in
the Western world. Worryingly, over the last 50 years or so the proportion of refined sugars entering
our diet has also increased dramatically (94,95) as we consume more and more processed foods. The
majority of the carbohydrate consumed in food is polysaccharide in the form of starch or

oligosaccharides such as sucrose.



Monosaccharides, such as glucose, are readily absorbed through the intestinal epithelium via the
sodium-dependent glucose co-transporter-1 (SGLT1) (96). Oligosaccharides and polysaccharides are
not readily absorbed and have to be broken down to monosaccharides first. Starch is broken down
into smaller oligosaccharides by a-amylase in the small intestine. The resulting oligomers (or dietary
oligomers) are further broken down by a membrane-bound enzyme family into (primarily) glucose,
galactose and fructose (97) which can then be transported through the gut epithelia and on into the
blood stream. These latter enzymes reside in the brush border of the small intestine and are the o-

glucosidases (formally known as the maltases) and they hydrolyse O-linked glycosidic bonds (98).

As mentioned in the introduction with regards to a potential drug discovery programme, a clear
hypothesis presents itself here; sugar consumption is increasing and so is type 2 diabetes. In the
absence of restraint from ourselves or moderation of added sugars to processed foods by
manufacturers, inhibition of a-glucosidases by drugs will reduce absorption of dietary sugar and the
hypothesis assumes that this will improve glycaemic control, and this is essentially what has
happened. The a-glucosidase inhibitors, acarbose, voglibose and miglitol are pseudo-carbohydrates
and were launched between 1994 and 1996. Acarbose and voglibose are poorly absorbed and are
consequently excreted in the faeces (99) while miglitol is fully absorbed and excreted as parent
compound by the kidneys (100).

Acarbose has been shown to be an effective monotherapy where diet modification is insufficient to
control fasting plasma glucose. A marked reduction in postprandial hyperglycaemia was reported in
one study where a 0.65 % reduction in HbAlc after 24 weeks treatment was observed (101). The
efficacy of acarbose is reasonable compared to other oral anti-diabetic agents such as metformin and
gliclizide (102,103). a-glucosidase inhibitors may also be useful in reducing insulin requirement of
type 1 diabetic patients (104). Side effects of the a-glucosidase inhibitors are, unsurprisingly, mainly

gastrointestinal; diarrhoea, flatulence and abdominal distension (meteorism).

The a-glucosidase inhibitors also appear to have a positive effect on disease markers of
cardiovascular dysfunction (105), an effect that may be related to the suppression of postprandial
hyperglycaemia seen with these agents. Postprandial hyperglycaemia is associated with oxidative
stress (106) and oxidative stress is linked to vascular endothelial dysfunction (107,108). Thus the a-
glucosidase inhibitors have the potential of being a useful add-on treatment to existing anti-diabetic
agents to improve postprandial hyperglycaemia and perhaps could confer benefits with regard to

cardiovascular function.

Meglitinides
The insulin response to glucose occurs in two phases; an immediate early phase increase within
minutes and a later, more prolonged increase over 2-3 hours. The biphasic nature of the insulin

response is more discernible in response to intravenous administration of glucose but the episodic



nature of the insulin response to prandial glucose is less clearly defined (109). The liver is an
important target organ for the early phase insulin response, where insulin acts to suppress hepatic
glucose output (110,111).

In type 2 diabetes there is a loss of the early insulin response to a meal and this may be a marker for
impairment at the level of the 3-cell (112,113). Thus, restoring the first phase insulin response is an
important therapeutic goal (114). An early proof of concept to this idea was shown in newly
diagnosed type 2 diabetics; insulin was infused to mimic the first phase insulin response and resulted
in a marked reduction in elevated post prandial glucose excursions (115). Thus, the hypothesis that
drugs that restore first phase insulin response will produce an important beneficial therapeutic effect

was a clear “go” signal for project work.

The meglitinides are short-acting insulin secretagogues that are readily absorbed from the
gastrointestinal tract (116). This makes them a much more suitable option than infusing insulin.
Examples of these agents are repaglinide and nateglinide launched in 1997 and 2000 respectively.
Like the sulphonylureas the meglitinides reduce the probability of Kare channel opening in -cells to
depolarise the cell by allowing calcium influx through L-type calcium channels (117). Repaglinide
and nateglinide also bind competitively to the SURL sulphonylurea receptor with Ki of 100 and 240
nM respectively compared to 2.3 nM for glibenclamide (118). Furthermore, nateglinide differs from

repaglinide in that it dissociates from the SUR1 receptor very rapidly (118).

Clinical experience, either as monotherapy or in combination, show that this class of anti-diabetic
agent are effective, particularly with respect to meal time glucose excursions. For example, in a
double-blind, placebo-controlled study, repaglinide (0.5-1.0 mg) taken at meal times improved
glycaemic control and reduced HbAlc by 1.14 % after 4 weeks of dosing without a significant effect
on body weight (119). This study also highlighted the flexibility of these agents; repaglinide has a
rapid onset of action and short duration and has utility where meal patterns may change from day to
day. Ina 16-week head to head trial, repaglinide and nateglinide were compared as monotherapies in
type 2 diabetic patients (120). While both agents has similar effects on post-prandial glucose
excursions, repaglinide was more effective at reducing HbA1c and fasting plasma glucose though it
did induce more weight gain than nateglinide. While repaglinide and nateglinide both block the Kare
channel, their mode of interaction with the regulatory subunit, SUR1, differs (121) which may partly
explain their therapeutic differences. Similarly, repaglinide was shown to be slightly more effective

that the sulphonylurea, glipizide (122).

The meglitinides are unlikely to be a first-line drug therapy; as the majority of patients will be on
metformin, however, where metformin is contraindicated these agents may be used (123) but there are
guestions with regard durability of effect and long term usefulness as monotherapy (124).

Meglitinides may still be a useful add-on therapy in subjects where their diabetes is still hard to

10



control despite diet, exercise and metformin treatment. In such a case, addition of repaglinide resulted
in better control compared to metformin (or repaglinide) monotherapy (125). Weight gain was

reported as was a greater incidence of mild to moderate hypoglycaemic incidents.

The rapid onset and short duration of action of the meglitinides seems to confer advantages over the
second generation sulphonylureas with respect to post prandial glucose control and their
pharmacokinetic properties allows flexibility with respect to meal patterns. As we saw with the a-
glucosidase inhibitors, this property will have other beneficial effects, particularly on cardiovascular
risk, and this does seem to be the case for repaglinide compared to the sulphonylureas (126).

Incretins

GLP-1 mimetics

The discovery of the polypeptide hormones, glucose-dependent insulinotropic polypeptide (GIP) and
glucagon-like peptide-1 (GLP-1) followed from the well-known observation that oral, but not
intravenous, administration of glucose enhanced insulin secretion from pancreatic 3-cells (127).
These are the incretin hormones and both GIP and GLP-1 are major contributors to meal-induced
insulin secretion (128). GIP is secreted from duodenal K-cells while GLP-1 is secreted from L-cells
located further down the gastrointestinal tract at the distal ileum and colon (129). Glucose sensing by
SGLT1 plays a crucial role in the stimulus-secretion coupling in L-cells (130). GLP-1 reduces the
secretion of glucagon from pancreatic a-cells to reduce glycogenolysis while GIP increases glucagon
secretion. In the blood stream both GIP and GLP-1 are rapidly inactivated by N-terminal cleavage of
2 amino acids by dipeptidyl peptidase IV (DPPIV). Within the 2-4 minutes that the incretins are
active, they interact with GIP receptors and GLP-1 g-protein coupled receptors on the pancreatic -

cell to affect an increase in CAMP and ultimately insulin secretion (131,132,133).

The biology of GIP and GLP-1 has been well documented and the reader is referred to a
comprehensive review where their biology has been compared and contrasted (134). The first
objective for a therapeutic agent activating the incretin pathway will be to have an active half-life for
considerably longer than the 2 minutes enjoyed by GLP-1. This goal spurned a great deal of
industrial activity to screen and identify a small molecule agent to activate the GLP-1 receptor.
Agonists are harder than antagonists to identify and Class-B GPCRs are notoriously resistant to drug
discovery efforts. This is because of a large and complex N-terminal domain that appears to shield
the extracellular binding face of the receptor; to activate the receptor peptide ligands have to bind to
both the N-terminal domain and to the active site (135). Since the GLP-1 receptor is a Class-B GPCR
and an agonist is the therapeutic modality, the odds were stacked against small molecule discovery
efforts from the start. Small molecule approaches have been traditionally preferred because they, in
the main, are oral therapies. There have been many attempts to identify small molecule activators of

the GLP-1 receptor using the shotgun approach of high throughput screening. It is likely that millions
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of compounds from a variety of libraries from several companies were screened to largely no avail.
However, there are some examples of small molecule agonists of the GLP-1 receptor (136).
Molecules of interest, arising from research in China, are substituted cyclobutane compounds which
appear to avoid the barriers to small molecule activation of the GLP-1 receptor. The lead compound,
designated Boc5, appears to exert GLP-1 agonistic effects in animal models of diabetes (137,138).
Sadly, these are non-druggable molecules (136), meaning that there is little or no scope for
optimisation, but they at least encourage us that a small molecule approach is not as improbable as we
originally believed.

However, in the present world, the main therapeutic GLP-1 agonists are all peptidic, and therefore
require injection. Analogues of GLP-1, such as exenatide which was approved in 2005 and liraglutide
which was approved in 2010 were the results of the effort to find longer acting GLP-1s. Unlike the
very short half-life of native GLP-1, exenatide has a half-life of around 2.5 hours (139) which still
necessitates multiple daily doses. Liraglutide, a fatty acid derivative of GLP-1, was approved in 2010
and displays a much longer half —life as a result of this modification (140). The HbAlc lowering of
GLP-1 mimetics is related to half-life and a longer-acting version of exenatide was introduced which

allowed for once weekly dosing (141).

The anti-diabetic effects of exenatide and liraglutide have been extensively reviewed (142) and have
been shown to be effective treatments in trials either as monotherapy or in combination; in real-world
medicine they are more likely to be given in combination. It is possible that liraglutide outperforms
exenatide with respect to HbAlc (143) but that the effect is marginal and the longer-acting version of
exenatide may mitigate this difference. These agents have some interesting side properties that are
beneficial — in future these additional properties (over and above HbAlc lowering) will determine the
commercial success of any agent for the treatment for type 2 diabetes. Exenatide has been shown to
lower body weight, most likely mediated by a central effect on appetite (144,145). This may be very
useful in the treatment of hyperphagic obesity of hypothalamic origin (146,147). Given the
experience with the thiazolidinediones and sulphonylureas this is a desirable add-on effect in drug

discovery programmes.

B-cell decompensation (148) and declining B-cell mass (10) are key morbidities in the type 2 diabetes
continuum.  Therapeutic agents that could reverse this decline in B-cell mass would be game
changers as this would result in the in vivo generation of new pB-cells. As we have seen, the
thiazolidinedione drug class may have had this ability via an attenuation of lipotoxicity, but the world
will never really know. However, the general idea of reversing the decline in B-cell mass is
generating plenty of interest as a biological effect area in its own right with the realisation that the
pancreas is actually flexible enough to generate new B-cells either by replication or by neogenesis
(149).
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It seems that drugs acting via the incretin system appear to have very interesting effects on p-cell
biology with the finding that GLP-1 mimetics appear to improve measures of 3-cell function (150) or
responsiveness (151) in diabetic patients. However, this sort of finding does not imply the effects are
due to neogenesis which is currently impossible to measure in living patients. Experimental data from
animals (152) and from isolated human islets (153) suggests that this is an area indeed worthy of
continued study especially in the clinical setting. In another twist to the biology of GLP-1 mimetics,
exenatide has been shown to reduce -cell apoptosis in neonatal rat or human isolated islet
preparations (154,155), one of the destructive influences on pB-cells in type 2 diabetes (156). Sadly,
since B-cell depletion by apoptosis is a process that occurs over many years it is hard to envisage a
viable clinical study protocol designed to confirm that an anti-apoptotic effect contributes to
improvements in 3-cell function or mass. As we have seen before (10), after a certain point, only a
small reduction in $-cell mass results in overt hyperglycaemia. Conversely, perhaps only a small
increase in B-cell mass could delay the switch-over to overt, insulin requiring diabetes. However,
expansion of 3-cell mass in mice may be different and perhaps more amenable than in human islets as
the difference in islet structure, and perhaps behaviour, between the two species is marked
(157,158,159).

Despite the promise of some very interesting pharmacology with regards to glycaemic control, weight
loss and perhaps B-cell mass , a potentially very serious safety concern has been flagged and this has
been hotly debated; acute pancreatitis and pancreatic cancer. If probable expansion of 3-cell number

is due to a proliferative effect, could this occur in other cell types?

Pancreatitis was reported as a potential risk by the FDA in late 2006 and has been subsequently
confirmed in many studies (160). This article summarises these reports and offers a plausible
mechanism for this side effect. Briefly, GLP-1 receptors are present in pancreatic duct cells (161) and
following chronic stimulation of these receptors during treatment with GLP-1 mimetics the duct cells
may proliferate and block pancreatic ducts leading to pancreatitis and ultimately pancreatic cancer
(160). The degree of risk posed by these agents has been challenged on the basis that the data neither
proves nor disproves the hypothesis that the acute pancreatitis progresses to malignant disease (162).
Nevertheless, diabetes is itself a risk factor for pancreatitis (163) and extreme care must therefore be

taken if agents have the potential to superimpose risk where there is already vulnerability.

DPPIV Inhibitors
An alternative strategy to the very challenging approach of producing Class-B GPCR agonists is to
extend the half-life of the endogenous hormones; this has been achieved by inhibiting the DPPIV

enzyme. This is generally an easier option for the drug hunter and pharmaceutical industry.
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DPPIV is a 766 amino acid glycoprotein and is well conserved across species, which is very useful
from a drug discovery perspective to reduce the number of screens required. It is a serine protease, so
called due to the presence of a serine residue in a catalytic triad comprising serine-624, aspartic acid-
702 and histidine-734. As a serine protease DPPIV removes a dipeptide from the N-terminus of
peptide hormones of around 30 amino acids in length and recognises its substrates via amino acid
motifs. For DPPIV, peptides which have proline or alanine as the penultimate amino acid are
favoured substrates (i.e. NoH-x-Pro-). Although well conserved across species, DPPIV lacks
similarity to the classical serine proteases such as chymotrypsin (164). However, there are other
peptidases that favour the N2H-x-Pro- motif, DPPVIII and DPPIX, where inhibition of these enzymes,
as an off-target effect, could result in severe adverse effects (165).

DPPIV is a Type 2 cell surface protein in terms of its spatial arrangement; most of the heavily
glycosylated molecule is exposed to the extracellular space and is anchored to the cell membrane by
virtue of a transmembrane helix anchor (166). A soluble form of DPPIV, which lacks the anchor, was
discovered in human plasma (167). In the context of its therapeutic role its most important substrates
are GIP and GLP-1. However, neuropeptide Y (NPY), peptide Y, Substance P and chemokines
such as RANTES are also substrates; indeed we have found that DPPIV inhibition enhances the
antilipolytic activity of NPY in human adipose tissue (168). The crystal structure of DPPIV was
solved in 2003 (169) and subsequently many structures have been published co-crystallising DPPIV
with small molecule ligands and peptides (170). This is a hugely valuable resource in drug discovery

as it increases confidence and facilitates rational drug design.

Therapeutic inhibitors of DPPIV fall broadly into three types: Reversible substrate analogues (no
example on market), covalently bound substrate analogues such as vildagliptin and saxagliptin and
reversible non-peptidic heterocycles such as sitagliptin (171). The development path for launch of
sitagliptin is worthy of mention. Sitaglitptin (MK-0431) was nominated as the lead candidate for
development in January 2002 and by only 2006 was approved by the FDA and by the EMEA the
following year, this was a spectacular achievement for Merck and was an example to the industry of
what clear planning and crisp decision making looks like. Sitagliptin was the first DPPIV inhibitor to

market.

This drug class has been extensively reviewed for example: (165,172,173,174,175). All marketed
DPP-1V inhibitors show augmentation of GIP and GLP-1 levels and produce broadly similar
reductions in HbAlc of around -1 — 1.5 %, close to that produced by metformin. However, metformin
is superior with respect to fasting plasma glucose levels. DPP-1V inhibitors have a low risk for
hypoglycaemia in monotherapy and are weight neutral. All DPPIV inhibitors can be given with other
oral hypoglycaemic agents and as the diabetes advances they can be given with insulin in the late
stages of the disease where perhaps combination with metformin fails to produce the desired level of

glucose control (176).
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As expected for agents working in a common pathway, similar effects of DPP-IV inhibitors to GLP-1
mimetics on B-cell biology have been reported. Clinical studies in type 2 diabetics also show an
apparently beneficial effect on the 3-cell when using the insulin: proinsulin ratio as a surrogate of -
cell function (177,178,179). Animal studies, where 3-cell mass can be measured directly, show that
DPP-1V inhibition preserves (perhaps increases) -cell mass (180). Also not surprising is that acute
pancreatitis, and the same associated issues, has also been reported with the DPP-IV inhibitors in
some (181,182) but not all (183) studies. While there are no reports of improved cardiovascular
outcomes, DPP-IV inhibitors as a class, with perhaps the exception of sitagliptin, appear to be

relatively free from major adverse cardiovascular events (184).

Where there are agents with different modalities acting in the same pathway comparison is inevitable.
In one study comparing outcomes of GLP-1 receptor agonists and DPP-1V outcomes the conclusion
was that the GLP-1 receptor agonists were superior in terms of HBA1c and body weight reduction
(185). They also conclude, quite diplomatically that since DPP-1V inhibitors can be taken orally
rather than by injection and where overweight is not a medical issue, DPP-1V inhibitors may be
preferred. Nevertheless it does indicate that there is useful flexibility in treatment options.

SGLT2 inhibitors

The SGLT2 inhibitors are the latest oral anti-hyperglycaemic agents to be approved and launched.
Their rationale is based on the hypothesis that increasing glucosuria will facilitate glycaemic control
by removing glucose from the blood. In healthy individuals, plasma glucose levels are maintained
between 3.8 — 6.1 mmol/l (68.4 — 109.8 mg/dl). All plasma glucose is filtered freely through the
glomerulus and into the proximal convoluted tubule yet less than 1 % of this glucose enters the loop
of Henle, it is virtually all reabsorbed into the circulation. Glucose is a highly polar molecule; it will
not diffuse across biological membranes on its own and a sodium-potassium ATPase is required to
power a sodium concentration gradient that provides the drive to transport glucose across the
membrane via a sodium-glucose co-transporter. There is a family of renal sodium-glucose transporters

and their molecular biology and biochemistry are very well reviewed (186,187).

The highly industrialised process of glucose reabsorption from the tubular lumen occurs in the earlier
part of the proximal convoluted tubule where over 80% of all the glucose is reabsorbed (186). It is
mediated by a high capacity, low affinity sodium-glucose co-transporter (SGLT2) present in the
luminal brush border membrane. Further along the proximal tubule there is a low capacity, high
affinity sodium-glucose co-transporter (SGLT1) which accounts for the remaining glucose removal.
Although SGLT2 and SGLT1 differ in their capacities and affinities they both operate via a common
mechanism (188). SGLT2 was cloned in 1992 (189) and is expressed at very high levels in the early

proximal tubule (190) very suggestive of a bulk transport role.
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Over the course of 24 hours the kidneys of a normal individual will have reabsorbed over 160 grams
of glucose (191) which equates to “energy conservation” of the order of 2560 kJ (600 kCal) per day.
This degree of reabsorption is well within the maximum renal absorptive capacity for a normal
individual and gives the system resilience. However, when plasma glucose levels exceed 10.0 mmol/Il

(180.0 mg/dl), as seen in diabetes, glucose starts appearing in the urine - glucosuria.

Before significant investment is committed to initiating and progressing drug discovery programmes
various levels of comfort are required. The highest level is of course when a first-in-class drug is
successfully launched; but then it really should be too late for anyone else to follow because of the
decade long lead time. Commonly in drug discovery projects, some form of human target validation
is sought early in the projects lifetime, perhaps even before a formal investment decision. For SGLT2
there was luck in two respects. Firstly, a form of human target validation presented itself in the form
of loss of function mutations (human gene knock-outs if you will) that exist and result in glucosuria
(192,193). Secondly, there was a competitive inhibitor that has been known to science since the mid-
1880s: phlorizin, a naturally occurring dihydrochalcone glucoside found in the bark of pear, apple and
cherry trees. In a study conducted in the 1930s phlorizin was reported to promote glucosuria and
reduce plasma glucose levels in humans (194). In a reversal of the normal linear process, fifty years
elapse in order to find a study in animals where phlorizin was shown to ameliorate hyperglycaemia
and, interestingly, improve insulin sensitivity in partially pancreatectomised diabetic rats (195).
Phlorizin was subsequently found to be a competitive inhibitor of SGLT2 with a Ki of around 220 nM

(187). For a project start-up this is ‘gold dust’!

However, phlorizin has a number of issues: 1) it is poorly absorbed, 2) it is non-selective with regard
to other SGLTs, 3) it is poorly bioavailable, and it needs to get to its target, and 4) has unpleasant
gastric side effects probably due to point 2). These are all features that can be fixed by a decent
medicinal chemistry approach and indeed the currently approved SGLT2 inhibitors used phlorizin as a
molecular starting point. Early attempts were not so successful since they, like phlorizin itself, were
O-linked glycosides and very prone to rapid metabolism (196). This was solved by changing the O-
linked bond to a C-glucosidic bond to yield canagliflozin (197), dapagliflozin (198) and empagliflozin
(199) which gained FDA approval in the order cited here between late 2013 and autumn of 2014. The
structural parameters in order to mass-produce SGLT2 inhibitors are well defined (200) as evidenced
by these approvals occurring in rapid succession with yet others waiting in the wings (201,202). This
may well be a drug class where the “me-too” criticism may well resurface. Differentiation will then

be a challenge to get a decent return on investment and additional benefit to the patient.

Although on the market for a relatively short time there have been several reviews of the SGLT2
inhibitors in diabetes (199,201,202,203,204). As a class they appear to have good pharmacokinetic
properties (205,206) and access their molecular target from the luminal side of the proximal tubule
(207). They are well tolerated (205,208) and reduce HbA1c by the usual 1 % or so over placebo
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(199,197,203). They also appear to be good, perhaps excellent, add-on therapy to metformin,
glimeperide, sitagliptin and insulin (203,204).

Given that all of the energy contained in glucose is not recycled following SGLT2 inhibition, weight
loss is perhaps not surprising (209,210) and could even be a useful add-on to problematic agents like

sulphonylureas where weight gain is a concern (211).

One potentially serious issue that needs careful monitoring is the increased risk of urinary tract
infections and an increase incidence has been reported for all members of this class (205,208). In an
analysis of the literature sponsored by one of the manufacturers they could not find a definitive dose
relationship between SGLT2 inhibitors and urinary tract infection (212). Of course, the infection risk
may well be real, just not related to the dose of drug, it boils down to a question of the integrity of
protocol design. Despite this, there has not yet been sufficient time to lapse given the years that
diabetic patients will be on their treatments, and given the track record of other classes of drugs when
they get into clinical practice, careful monitoring of safety and durability is essential.

There are early signs of additional cardiovascular benefit in this class — a major boon for an oral anti
diabetes therapy - the use of these agents as add-on therapy to metformin and the results of large
cardiovascular outcomes trials, DECLARE TIMI-58 for dapagliflozon (213) and EMPA-REG for

empagliflozin (214) are eagerly awaited.

An increasingly important challenge for pharmaceutical companies is to demonstrate that their new
drug is cost effective, especially where tax-payers money is involved. Although not mentioned for the
previous drug classes, these agents were launched at a time where costs of medicines have never been
higher on the agenda of the funders and is worth commenting on. Despite a very optimistic cost
benefit analysis performed by the manufacturer, it does seem that these agents do have some modest
cost benefits when modelled using more stringent methods, particularly when compared to
sulphonylureas, pioglitazone and DPP-1V inhibitors (215). In subjects with uncontrolled diabetes cost
savings may be indirect. A retrospective study in such patients from India showed that in “real world
clinical practice” there was a compensatory reduction in the amount of insulin required by these

patients (216).

Where are we now?

In this chapter | have attempted to outline the 8 classes of antidiabetic drugs in the chronological order
of their appearance as medicines since the 1950s from a drug discovery perspective; so quite a narrow
perspective. What is evident is that these agents are the result of research and development activities
performed in pharmaceutical companies using knowledge originating from academic research. In
future this paradigm will have to remain the norm. However, pipeline attrition in this disease area is
high, numerous publications have appeared on new drug targets optimistically predicting a novel

approach only to ultimately end in failure, with Stearoyl-CoA Desaturase-1 (SCD-1) (217), 11pB-
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hydroxysteroid dehydrogenase-1 (113-HSD-1) (218) and Diacylglycerol acyl transferase-1 (DGAT-1)
(219), being relatively recent examples. Nevertheless, potential future targets for type 2 diabetes are
reviewed frequently (220,221,222,223) showing that science can deliver new ideas. In particular, a
class of GPCRs, the fatty acid receptors, seem to be very interesting in this therapeutic area (221).

However, for there to be a real future for anti-diabetes drug development there needs to be a vibrant
pharmaceutical industry with the ability to invest in, or facilitate, the whole journey. Today the costs
involved in bringing a drug to market are enormous and appear to have risen hugely over the past
decade or so. A report published in 2011 suggests that the cost is between 0.3 and 0.9 billion dollars
per drug (224). However, this analysis does not seem to account for the global costs involved which
includes the potentially debilitating costs of failure which have caused serious productivity issues in
the industry (225). An article in Forbes (226) using a rather simplistic but useful calculation where
total research and development expenditure over a 10 year period was divided by the number of
product launches over the same period. This revealed a truly shocking reality — drug discovery in the
pharmaceutical industry as we know it today is unsustainable. The numbers suggest that the giants
with greatest loss of productivity are spending in excess of $10bn per drug launch. The industry has
been forced to undergo change, often traumatic as many ex-employees will testify, and there is also
the risk of retrenching effort away from the high risk high cost endeavours such as chronic diseases to

areas where risk can more comfortably be predicted and managed.

Apart from cost the next challenge is return on investment, what can new drugs be reasonably sold
for? New modalities such as antibody therapeutics seem to hold many possibilities not dreamed of by
small molecule mind-set that | was involved in when | started my career in the 1970s, but they are
very expensive which could render them unaffordable no matter how good they are, particularly in the
developing economies where future need will be greatest. Then there is the developing sophistication
of users and prescribers who will demand more than just HbAlc lowering; weight loss and improved
cardiovascular outcomes have been seen with agents though this was probably a result of serendipity,
this is much harder to design in from the beginning. Disease reversal may also be a demand if -cell
biology delivers. Also, new drugs are going to have to be very safe, probably the hardest thing of all
as nasty surprises are often revealed post-launch as drugs are prescribed to much larger numbers of
patients and the thiazolidinedione story and the more recent potential pancreatitis issue with the
incretin agents and urinary tract infection risk with the SGLT2 inhibitors are heightening awareness.
Highly effective, safe and affordable drugs are still urgently needed and type 2 diabetes is | believe
still an unmet medical need despite six decades of drug discovery research. The prospects are not

impossible but the probability is hard to predict.
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