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Type 2 diabetes mellitus (T2DM) is rapidly increasing in prevalence and is a major public health problem. It is a progressive disease
which commonly requires multiple pharmacotherapy. Current options for treatment may have undesirable side effects (particularly
weight gain and hypoglycaemia) and contraindications, and little effect on disease progression. Incretin based therapy is one of several
newer therapies to improve glycaemia and is available in two different forms, dipeptidyl peptidase-4 (DPP-4) inhibitors and
glucagon-like peptide-1 (GLP-1) agonists. Use of these agents results in a ‘glucose-dependant’ increase in insulin secretion and
glucagon suppression resulting in improved glycaemia with low incidence of hypoglycaemia. DPP-4 inhibitors are oral drugs which are
weight neutral, while GLP-1 agonists are injected subcutaneously and help promote weight loss while improving glycaemia. GLP-1
agonists have also been shown to increase beta cell mass in rat models. Bariatric surgery is another option for the obese patient with
T2DM, with blood glucose normalizing in over half of the patients following surgery. Other therapies in development for the treatment
of T2DM include sodium-glucose transporter 2 (SGLT-2) inhibitors, glucagon receptor antagonists, glucokinase activators and sirtuins. In
this article, we will review the various existing and emerging treatment options for T2DM.

Introduction

Type 2 diabetes mellitus (T2DM) is a major global public
health problem with an estimated prevalence of 6% (246
million) in 2007 expected to rise to 7.3% (380 million) in
2025 [1]. In the UK, the prevalence of diagnosed diabetes in
2005/2006 was over 2 million [2]. The health, social and
economic burden is great and presents a huge challenge
to healthcare systems worldwide [3–5].

Normal islet function involves increased insulin secre-
tion by the beta cells and reduced glucagon secretion by
the alpha cells in response to hyperglycaemia. In T2DM
there is both reduced insulin secretion and a paradoxical
increase in glucagon following a meal, and the latter
remains high despite hyperglycaemia [6]. T2DM is pro-
gressive and the natural history of the disease process
starts several years before diagnosis with increasing
insulin resistance and beta cell dysfunction. When the
dysfunctional/failing beta cells are not able to cope with
the increasing insulin resistance, plasma glucose starts to
rise and the diagnosis of diabetes can be made (Figure 1).
In clinical practice, however, there is commonly a further
delay in diagnosis of several years [7]. The progressive
nature of the disease results in a gradual increase in gly-
caemia, and a need for incremental therapy with conse-

quent use of combination therapies. Current national and
international guidelines advocate the use of metformin
alongside diet and lifestyle measures as initial pharmaco-
therapy, followed by additional oral therapy and finally
insulin [8, 9]. The problem with this strategy is that an
increment in therapy only follows a worsening of glycae-
mic control (‘waiting for failure’ approach) with no effect
on declining beta cell function (Figure 2). There is also evi-
dence that hyperglycaemia per se has deleterious effects
on beta cell function and insulin action (‘glucotoxicity’).
Early tight glycaemic control in T2DM can result in remis-
sion of T2DM in a proportion of patients, greater preser-
vation of beta cell function and long term benefits from
the point of view of reduced risk of vascular complications
[10, 11].

Currently available anti-diabetes agents have some
clinical limitations as discussed below, and there is a
need for newer therapies with low risk of hypogly-
caemia, and lack of weight gain and ideally which also
improve beta cell function. These newer therapies should
be for use on their own, or in addition to current treat-
ments as combination therapies. The therapies that have
recently become available, and those in development,
appear to tackle some of these issues, and are discussed
below.
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Traditionally available anti-diabetes
agents

The mode of action of these anti-diabetes agents
includes increased insulin secretion – sulphonylureas and
insulin secretagogues (meglitinides), improved insulin
action – metformin and thiazoledinediones (TZDs) and
reduced glucose absorption – alpha glucosidase inhibitors
(acarbose). Unless contraindicated or not tolerated, met-
formin is first line therapy in conjunction with diet and
lifestyle in national and international consensus guidelines
[8, 9]. It acts by reducing hepatic glucose output and
improving peripheral insulin resistance [12]. It is weight

neutral with very low risk of hypoglycaemia [13, 14]. Gas-
trointestinal side effects are common and it is contraindi-
cated because of increased risk of lactic acidosis (0.01 to
0.08 cases per 100 patient-years) in patients with renal,
liver and cardiac impairment [12, 15].

Sulphonylureas cause glucose independent closure of
the ATP-sensitive K-channels and release of insulin by
binding to the SUR1 receptor on pancreatic beta cells.
Insulin secretagogues (meglitinides, e.g. nateglinide and
repaglinide) work by a similar mechanism to the sulpho-
nylureas on beta cells but are partially glucose dependent
and have a quicker onset and shorter duration of action
[16]. Weight gain and hypoglycaemia are the main side
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Figure 1
Changing physiology and clinical complications in the natural history of type 2 diabetes. Data extrapolated. Adapted from: Holman RR. Diabetes Res Clin
Pract 1998; 40 (Suppl.): S21–5 [162]; Ramlo-Halsted BA, Edelman SV. Prim Care 1999; 26: 771–89 [163]; Nathan DM. N Engl J Med 2002; 347: 1342–9 [164]
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Figure 2
Current therapeutic implications of progressively declining beta-cell function and change in HbA1c in type 2 diabetes. Heine RJ et al. BMJ 2006; 333: 1200–4
[165]
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effects of both sulphonylureas and meglitinides [17, 18],
and they need to be used with caution in patients at risk of
hypoglycaemia including the elderly and in the context of
renal failure [9].

TZDs (pioglitazone and rosiglitazone) are peroxisome
proliferator activated receptor-g (PPAR-g) agonists that
improve peripheral insulin sensitivity by increasing periph-
eral adipose tissue lipogenesis and reducing hepatic fat
content and hepatic glucose production [19]. Their main
side effects are fluid retention and weight gain, more
so when used in combination with insulin. A possible
increased risk of myocardial infarction and cardiovascular
risk was suggested by a meta-analysis for rosiglitazone
[20], but was not confirmed by a recent cardiovascular
endpoint study (RECORD) [21]. Also, an increased risk of
fracture and heart failure has been found with both
rosiglitazone and pioglitazone [22,23].TZDs can be used as
third line therapy as per NICE guidance, or second line in
patients at risk of hypoglycaemia instead of sulphony-
lureas [9].

Acarbose is an alpha glucosidase inhibitor in the intes-
tinal brush border that prevents breakdown of complex
carbohydrates to monosaccharides and reduces postpran-
dial hyperglycaemia [24]. Gastrointestinal side effects are
very common and this has prevented wide use [25]. Insulin
treatment can be very effective in improving glycaemic
control, but the side effects of hypoglycaemia and weight
gain reduce its attraction.

Incretins and incretin based
therapy

The ‘incretin effect’ was described following the observa-
tion that oral glucose produced a greater insulin response
than equivalent intravenous glucose [26]. In healthy indi-
viduals, 50–70% of the insulin response to a meal is due to
secretion of gut related incretin hormones [27]. In patients
with T2DM, the incretin effect is reduced, with a lower
insulin secretion in response to oral glucose [28].

Glucose-dependant insulotropic polypeptide (GIP) was
the first incretin to be discovered, but glucagon like
peptide-1 (GLP-1) seems to have a more major role in the
incretin effect [29]. GLP-1 is secreted from the L cells in
the ileum minutes after food ingestion, suggesting the
involvement of neural or endocrine factors rather than
direct stimulation [30]. GLP-1 decreases beta cell workload,
hence the demand for insulin secretion, by several pancre-
atic and extra-pancreatic effects. It slows gastric emptying,
reducing peak nutrient absorption and insulin demand
(beta cell workload) [31]. GLP-1 also decreases postpran-
dial glucagon secretion from pancreatic alpha cells, which
helps to maintain the counter regulatory balance between
insulin and glucagon, and this has an indirect benefit on
beta cell workload,since decreased glucagon secretion will

produce decreased postprandial hepatic glucose output
[32]. Finally, the direct effect of GLP-1 on the central
nervous system results in increased satiety and a reduction
of food intake, which in turn reduces beta cell workload
[33].

In addition to glucose-dependant stimulation of beta
cells, GLP-1 has been shown to stimulate beta cell prolif-
eration in animal models and suppress glucagon release
by alpha cells, as well as increasing insulin gene transcrip-
tion and all steps of insulin biosynthesis [29, 34–36]. In
T2DM, GIP concentrations are either normal or increased,
while GLP-1 concentrations are usually reduced which
makes GLP-1 a more attractive target for therapeutic
development [37, 38]. During a 4 h infusion of GLP-1 (7–36
amide) in fasting patients with poorly controlled T2DM,
plasma glucose normalized with significantly increased
insulin and reduced glucagon concentrations. When
glucose concentrations normalized, both insulin and
glucagon returned to baseline values with stable blood
glucose despite continued GLP-1 infusion emphasizing
the ‘glucose sensitive’ nature of this molecule [39].

Circulating concentrations of native GLP-1 and GIP
decrease rapidly after secretion because of rapid inactiva-
tion, mainly by dipeptidyl peptidase-4 (DPP-4) [40]. Native
GLP-1 as a treatment would therefore need to be infused
continuously and is therefore of limited clinical utility.
There are two alternative approaches to restore the GLP-1
response. One is to protect GLP-1 from inactivation by
DPP-4, and the other is to develop GLP-1 receptor agonists
that are resistant to DPP-4 and can mimic native GLP-1.
Both of these strategies have been introduced into clinical
practice with the development of DPP-4 inhibitors and
GLP-1 receptor agonists, respectively. Both classes of drug
are described as incretin-based therapies and various
drugs of these classes are described in detail below.

DPP-4 inhibitors

Sitagliptin is an orally available potent reversible inhibitor
of DPP-4 that has a bioavailability of 87%, and is excreted
mainly unchanged in the urine [41–43].The recommended
dose of sitagliptin is 100 mg once daily, and the use of
sitagliptin (Januvia) 100 mg was approved by the FDA in
October 2006 for use as monotherapy and as add-on
therapy to sulphonylureas metformin, pioglitazone or
rosiglitazone [44]. Sitagliptin-metformin fixed dose combi-
nation (Janumet) was approved at the same time [44]. The
EMEA approved its use in March 2007 and has recently
modified its recommendations to include its use as mono-
therapy, dual therapy, triple therapy or use in combination
with insulin [45]. Sitagliptin is actively secreted in the
tubules with the help of transporter proteins including
human organic anion transporter-3 (hoat-3), and renal
impairment results in a reduced excretion of sitagliptin, so
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it is recommended that the dose be reduced to 50% in
moderate and 25% in severe renal impairment or end
stage renal disease on dialysis [46]. However, the EMEA or
FDA do not recommend the use of sitagliptin in people
with moderate or severe renal impairment [44, 45].

Sitagliptin was largely weight neutral across most
studies, and reduced HbA1c by 0.5% to 0.9% as mono-
therapy, or as add-on therapy to metformin, glimepiride,
pioglitazone, glimepiride-metformin combination, insulin
or insulin-metformin combination therapy, and it showed
non-inferiority when compared with glipizide (5 mg to
20 mg) and rosiglitazone (8 mg) [47–55]. Hypoglycaemia
was comparable with placebo in most studies, but there
was an increased risk of hypoglycaemia when combined
with sulphonylureas or insulin, although the rate of severe
hypoglycaemia was low [49,54].Fixed dose combination of
sitagliptin with metformin allows dual therapy for T2DM
with potential for improved compliance, and no weight
gain. Sitagliptin is generally well tolerated with few side
effects. There have been recent post-marketing reports of
anaphylaxis, angioedema and rashes, including Stevens-
Johnson syndrome, as well as pancreatitis in patients
treated with sitagliptin. Although a causal link to the drug
has not been established, the FDA has recently inserted a
new warning about pancreatitis with sitagliptin [44]. Sita-
gliptin undergoes limited oxidative metabolism by cyto-
chrome P450, although it does not induce or inhibit it.This
leaves potential for drug–drug interaction, although
studies to date have not shown significant drug interac-
tions [56].

Vildagliptin is another potent orally available DPP-4
inhibitor that is metabolized to metabolically inactive
components, the main one of which is LAY151, a carboxylic
acid metabolite [57]. There was no significant difference in
vildagliptin AUC in normal renal function compared with
mild, moderate and severe renal impairment [58]. The rec-
ommended dose of vildagliptin is 50 mg twice daily and
vildagliptin (Galvus) has had an approval letter from the
FDA but they have asked for further safety data regarding
skin lesions and kidney impairment that were seen in
animal studies before obtaining a license. In Europe, the
EMEA has given a licence for vildagliptin (Galvus) and
Eucreas (vildagliptin-metformin combination) for use of
vildagliptin along with metformin, sulphonylureas or a TZD
in September 2007, but it is not licensed as monotherapy
or for use with insulin [59].

Vildagliptin is well tolerated and largely weight
neutral, and has been shown to reduce HbA1c by 0.44 to
1.4% as monotherapy or add-on to metformin, glime-
piride, pioglitazone or insulin with a side effect profile
comparable with placebo, low incidence of hypoglycae-
mia and no clinically significant drug interactions [60–69].
There were similar initial reductions in HbA1c with both
vildagliptin and rosiglitazone, but the effect was more
sustained at 2 years for rosiglitazone compared with vilda-
gliptin [67]. Animal studies have reported cases of skin

rash or blisters [58]. Vildagliptin is metabolized mainly in
the liver to inactive metabolites, and there have been rare
cases reported of hepatitis so liver function monitoring is
recommended with discontinuation if AST or ALT rises to
more than three times the upper limit of normal. There is
a potential for use of vildagliptin in renal impairment as
most of it is metabolized in the liver, but current guide-
lines do not recommend its use in moderate or severe
renal impairment [59].

Saxagliptin is another orally available once daily DPP-4
inhibitor that has a higher specificity for DPP-4 than DPP-8
or DPP-9 and a higher potency than sitagliptin or vildaglip-
tin for DPP-4 inhibition [70].Saxagliptin is metabolized into
an active metabolite (BMS-51089) by the cytochrome P450
CYP3A4/5 enzyme, and the metabolite has two fold less
potency than the parent molecule. Part of saxagliptin is
renally excreted, and there is a modest increase in AUC of
saxagliptin and its active metabolite in moderate and
severe renal impairment [71]. There is a less than two fold
increase in saxagliptin or its metabolite in any grade of
hepatic impairment [72]. Saxagliptin (Onglyza) was
approved by the FDA in July 2009 and by the EMEA in
October 2009 for use as add-on therapy to metformin, sul-
phonylureas or TZDs, but not as monotherapy, triple
therapy or for use with insulin [73].

Saxagliptin is largely weight neutral, generally well tol-
erated and has a favourable side effect profile with a low
incidence of hypoglycaemia. Common side effects include
headache, upper respiratory tract infection and urinary
tract infection. It has been shown to reduce HbA1c by
0.62% to 0.83% as monotherapy as well as add-on therapy
to metformin, sulphonylureas and TZDs [74–79]. Use in
moderate or severe renal impairment or severe hepatic
impairment is not recommended, and use in moderate
hepatic impairment is advised with caution [73]. Keto-
conazole is a potent inhibitor and diltiazem a moderate
inhibitor of CYP3A4/5, and they both affect the plasma
concentration of saxagliptin [80, 81]. Therefore, caution is
advised when using drugs that affect the CYP3A4/5
enzyme.

Other DPP-4 inhibitors in development include aloglip-
tin (Takeda) which has recently completed phase 3 trials,
and has shown significant HbA1c reductions as mono-
therapy, and in combination with metformin, glyburide
(glibenclamide), pioglitazone and insulin [82–86]. In June
2009, the FDA requested further data, especially related to
cardiovascular outcomes so new phase 3 trials are under-
way with an aim to resubmit for approval in 2 years time.
Linagliptin (Boehringer Ingelheim) is currently undergoing
phase 3 clinical trials, and phase 3 trials have been sus-
pended for denagliptin (GlaxoSmithKline).

Sitagliptin, vildagliptin and saxagliptin have already
been approved for use, with a number of other DPP-4
inhibitors in development. Their main advantage is that
they are oral preparations and are weight neutral with a
low risk of hypoglycaemia.
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GLP-1 agonists

Exenatide is a synthetic version of exendin-4, a salivary
protein found in the Gila monster, with 53% homology
with native human GLP-1 but is resistant to the action of
DPP-4 [87, 88]. Exenatide (Byetta) was initially licensed by
the FDA in April 2005 and the EMEA in November 2006 for
use as add-on to metformin and/or sulphonylureas. In
December 2006 the FDA modified its licence to include use
with TZDs with or without metformin [89, 90]. It is recom-
mended as a subcutaneous injection at a dose of 5 mg
twice daily for 4 weeks followed by 10 mg twice daily. The
main side effects are nausea and vomiting, which is why
the drug is initially given at the lower dose. On post mar-
keting surveillance, 30 cases of pancreatitis were reported
in patients on exenatide in 2007 and, in 2008, six cases of
haemorrhagic or necrotizing pancreatitis were reported.
Cases of patients sometimes requiring haemodialysis and
renal transplantation have also been reported.The FDA has
therefore changed the labelling on the drug to warn about
the possibility of pancreatitis, so caution must be exercised
particularly in patients at high risk, e.g. those with a history
of gall stones, alcoholism and marked hypertriglycer-
idaemia [90]. The primary route of degradation and elimi-
nation of exenatide is renal [91], and there is a 13, 36 and
84% reduction in clearance of exenatide in patients with
mild, moderate and end stage renal disease, respectively,
compared with subjects with normal renal function [92].
The FDA has inserted a warning advising against use in
severe renal impairment and end stage renal disease, and
for use with caution in patients with moderate renal
impairment or renal transplantation [90]. Antibody forma-
tion has been noted in around 40% of patients taking
exenatide, and a study of patients re-exposed to exenatide
showed no increase in adverse effects or hypersensitivity
reactions in antibody positive subjects but data regarding
efficacy were inconclusive [93].

Exenatide has been shown to improve glycaemia by
around 1.0%, result in a weight reduction of 1.6 kg to
2.8 kg, and with low rates of hypoglycaemia as shown in
the three AMIGO trials (AC2993 Diabetes Management for
Improving Glucose Outcomes) where exenatide was used
for 30 weeks as add-on to metformin and/or sulphony-
lureas [94–96]. This improvement was maintained in the
open labelled 82 weeks and 3 years extension trials [97,98].
It has also been shown to result in weight loss and improve
glycaemia when used as monotherapy [99] and with TZDs
[100]. Although not licensed, when used with insulin, it has
been shown to allow reduction of insulin dose require-
ments with weight loss [101–104]. It has also been shown
to be non-inferior to insulin glargine in terms of HbA1c
reduction in a 16 weeks double-blind crossover study, with
the added benefit of weight loss with exenatide [105]. Pre-
clinical studies have shown that exenatide improves beta
cell mass and function [106–110]. It has also been shown to

improve surrogate markers of beta cell function deter-
mined by HOMA-B after 28 days [111].

Liraglutide is a synthetic analogue of human GLP-1 with
97% homology but is resistant to the action of the enzyme
DPP-4. Liraglutide (Victoza) has recently been approved by
the FDA in January 2010 for use as second line therapy, as
monotherapy or as add-on therapy to oral antidiabetes
agents [112],while the EMEA approved its use in June 2009,
as add-on therapy to metformin and/or sulphonylureas,
and TZDs with or without metformin [113]. It is recom-
mended as a subcutaneous once daily injection of 0.6,1.2 or
1.8 mg, starting at a lower dose to reduce nausea and vom-
iting. There was no significant effect of renal or hepatic
impairment on the safety or side effect profile of liraglutide
[114, 115]. The formation of anti-liraglutide antibodies is
reported to be low, in 9.3% to 12.7% of patients, with no
reported loss of drug activity or efficacy due to this [116].

The phase III LEAD studies (Liraglutide Effect and
Action in Diabetes) were designed to investigate the effi-
cacy of liraglutide at each step in the treatment continuum
from monotherapy to combination with two oral antidia-
betes drugs, and comparison with insulin glargine (LEAD 5)
and head to head with exenatide (LEAD 6) [117–122]. The
LEAD trials showed a reduction in HbA1c of around 1.0%
when added to metformin or sulphonylurea monotherapy
or combination therapy, a greater reduction of HbA1c than
rosiglitazone at doses of 1.2 and 1.8 mg, and a greater
reduction in HbA1c than insulin glargine at doses of
1.8 mg. LEAD 6 showed a greater reduction in HbA1c with
liraglutide than exenatide with similar weight loss. Lira-
glutide 1.8 mg was used which is not the common dose
anticipated to be used in standard practice, whereas 10 mg
of exenatide is the standard dose. Weight loss of 0.2 kg to
2.8 kg in the LEAD trials was seen with liraglutide in com-
parison with weight gain with sulphonylureas, insulin and
TZDs. Preclinical studies have shown that liraglutide
increases beta cell mass and inhibits apoptosis [123, 124], It
also improves surrogate markers of beta cell function
determined by HOMA-B and proinsulin to insulin ratio in
patients with T2DM [125].

GLP-1 agonists in development
Exenatide LAR (Eli Lilly) is a once weekly preparation of
exenatide and is showing promising results. Exenatide LAR
2 mg has been shown to be generally well tolerated and
results in significantly greater improvements in glycaemia
compared with exenatide 10 mg twice daily, with no
increased risk of hypoglycaemia, and with similar weight
loss in a 30 weeks trial [126].

Taspoglutide (Roche and Ipsen), albiglutide (Glaxo-
Smithkline) and lixisenatide (Sanofi Aventis) are other
GLP-1 agonists that are undergoing phase III trials.

There are therefore a number of GLP-1 agonists in
development. The newer agents are subcutaneous injec-
tions that can be given less frequently (e.g. once weekly)
and result in a ‘glucose dependent’ lowering of blood
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glucose that results in a low risk of hypoglycaemia while
also reducing weight.They have shown an improvement in
beta cell function and mass in animal models, and there is
the potential that they may influence disease progression
in humans but this needs to be tested.

Bariatric surgery

Obesity is strongly associated with diabetes [116]. Diet,
lifestyle and medical management have limited efficacy in
promoting significant weight loss [127]. Surgery is increas-
ingly seen as a durable option for weight loss with bariatric
surgery numbers in the USA increasing from >13 000 in
1998 to >72 000 in 2002 and >100 000 in 2003 [128]. Lap-
aroscopic Roux-en-Y gastric bypass (LRYGB) and laparo-
scopic adjustable gastric banding (LAGB) are the most
common bariatric procedures performed worldwide.
Gastric bypass and gastric banding result in an average
weight loss of 45 kg (60% excess body weight) and 32 kg
(46% excess body weight loss), respectively [129], with
very low complication rates [130]. General complications
related to surgery are thromboembolism, gallstones
related to weight loss, incisional hernia, gastrointestinal
bleeding and wound related problems [131]. Band slip-
page and erosion through the stomach wall are complica-
tions specific to gastric banding and are surgical
emergencies, and have been reported in 1–5% of patients
[131]. Gastric bypass can be complicated by problems with
the anastamoses including stricturing, leakage,bleeding or
internal hernia, in addition to long term vitamin and
mineral deficiencies [132, 133]. It is also necessary to be
aware of altered drug absorption following bariatric
surgery. A recent systematic review has highlighted that a
third of drugs have reduced absorption following gastric
bypass, and although there is little evidence of reduced
drug absorption after gastric banding, there is reduced
gastric mixing and drug disintegration so use of liquid or
soluble medications may be desirable [134]. Weight loss
following bariatric surgery is maintained even after 10
years with reduction in mortality and morbidity [135, 136].
Bariatric surgery slows the progression of impaired
glucose tolerance to diabetes [137], and facilitates the
remission of diabetes in approximately 80% of subjects
following LRYGB and approximately 57% following LAGB
[129]. The improvement of glycaemia following LRYGB
appears to be independent of and precedes weight loss
within days following surgery [137]. Resolution of T2DM
following bariatric surgery is less common in older patients
and those with a longer duration of diabetes [135]. NICE
has recommended bariatric surgery as an option for
people with BMI >40 kg m–2 or for those with a BMI of
35–40 kg m–2 and a co-morbidity such as diabetes or
hypertension [138]. Bariatric surgery is emerging as a
promising therapy for T2DM associated with obesity, but
there is a need for randomized controlled trials comparing

medical vs. surgical treatment as well as studies on the
effect of bariatric surgery on the macro and microvascular
complications of T2DM.

SGLT2 inhibitors

The transport of glucose into epithelial cells is mediated
by an active co-transport system, the sodium glucose
co-transporter (SGLT). SGLT mediates renal tubular glucose
reabsorption in humans, and SGLT2 is the isoform that
appears to be a better target for therapy, and is exclusively
expressed in renal proximal tubules so that therapies tar-
geting SLGT2 ought not to affect other tissues [139]. Selec-
tive inhibition of SGLT2 increases urinary glucose excretion
by inhibiting renal glucose reabsorption [140]. There
are several products currently in development which
show promising results of which sergliflozin (Kissei
Pharmaceuticals/GlaxoSmithKline) and dapagliflozin
(Bristol-Myers Squibb and AstraZeneca) are in advanced
clinical trials.

Sergliflozin has been shown to be well tolerated at
doses of 50–500 mg for 14 days in healthy human subjects
and patients with T2DM, and to increase urinary glucose
excretion in a dose dependant manner with low risk of
hypoglycaemia [141, 142]. Dapagliflozin as a single daily
dose, has been shown to reduce HbA1c, fasting and post
prandial plasma glucose as well as reduce weight com-
pared with placebo when used as add-on therapy to met-
formin alone (at doses of 2.5 mg to 10 mg daily) or as
add-on therapy to a combination of insulin and oral
antidiabetes agents (at doses of 10 mg and 20 mg) [143,
144]. Side effects including hypoglycaemia and urinary
tract infections were comparable across all groups includ-
ing placebo, although the group on 20 mg dapagliflozin
had an increased rate of genital infections (principally
vaginal thrush) compared with placebo [143, 144].

Glucagon receptor antagonists

Glucagon is produced by alpha cells in the pancreas and
increases hepatic glucose production, and thus increases
blood glucose particularly postprandially. Antagonizing
the glucagon receptor or immunoneutralization of
glucogon reduces hepatic glucose overproduction and in
turn leads to improved glycaemic control in diabetic
animal models [145–147]. A number of glucagon receptor
antagonists have been identified and have been shown to
reduce the glucose rise seen with exogenous glucagon
administration in healthy and diabetic animals [148–151]
as well as healthy humans [152].These agents may provide
a further group of medications targeting post prandial
glucose.
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Glucokinase activators

Glucokinase is a glucose-sensing enzyme found in the liver
and pancreas. Activation of this enzyme promotes hepatic
glucose uptake and pancreatic insulin secretion [153]. It is
therefore is an ideal target for diabetic therapy, and should
produce only glucose dependent effects and reduce the
potential for hypoglycaemia [153]. A number of glucoki-
nase activators are currently in development, and with
promising preclinical data, some of them have advanced
into human clinical trials [154, 155].

Sirtuins

Sirtuins are enzymes that seem to be implicated in many
diseases associated with advancing age, such as athero-
sclerosis and T2DM, and were discovered during research
into lifestyle and ageing [156]. Sirtuin activation seems to
mimic the effect of dietary restriction [157] and leads to
multiple metabolic improvements including enhanced
glucose utilization, improved insulin sensitivity and
increased exercise tolerance [158–160]. Resveratrol, found
in red wine and grapes is an example of a naturally occur-
ring sirtuin activator, and improves the survival of obese
mice fed a high calorie diet compared with normal mice
[161], and is one of compounds in this class that is under
development.

Conclusion

Improved glucose control long term is needed to reduce
vascular complications. Convenient, effective and well tol-
erated therapies that can be given early in the course of
the disease are needed. All of the traditionally available
anti-diabetes agents have a place in the management of
diabetes reducing the HbA1c by 0.5 to 2%. Insulin is still
required when there is significant beta cell failure, and
when treatment with oral or injectable therapy fails or is
contraindicated. A combination of side effects, contraindi-

cations and lack of effect on disease progression or beta
cell failure highlight the need for newer therapies. Single
drugs are usually not sufficient to maintain glycaemic
control with disease progression, and there is a need to
combine several treatments. Combination of the tradition-
ally available anti-diabetes agents is common in current
practice, and the newer agents can be used in combination
with various agents including insulin. The potential pros
and cons of diabetes therapies are compared in Table 1.

Incretin based therapies have been in use for a few
years, and NICE has recently updated their guidelines
to include these drugs. DPP-4 inhibitors are particularly
recommended second line to metformin if there is signifi-
cant risk of hypoglycaemia and also third line. GLP-1 ago-
nists are recommended as an option in patients with T2DM
and severe obesity (BMI >35 kg m–2),or in patients with BMI
�35 kg m–2 where therapy with insulin would have signifi-
cant occupational implications or weight loss would
benefit other significant obesity-related co-morbidities [9].
Incretin based therapy improves glycaemic control with
good tolerability, beneficial effects on weight and low risk
of hypoglycaemia. They are therefore attractive options in
the treatment of T2DM. GLP-1 also preserves human islet
morphology in vitro with preliminary evidence for
improved beta-cell function. GLP-1 agonists are given by
injection, and have side effects including nausea. Long
term safety data for incretin based therapy is obviously not
yet as extensive as for the traditionally available anti-
diabetes agents so caution must be exercised. Bariatric
surgery is a durable option for weight loss, and
is associated with reduced insulin concentrations and
improved insulin resistance with increased remission of
T2DM. Other newer therapies including SGLT2 inhibitors,
glucagon receptor antagonists, glucokinase activators and
sirtuins are also showing promising results in clinical trials.
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