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Practice points

●● Most patients with type 1 diabetes on exogenous insulin injections do not achieve glycaemic goals

●● Exogenous insulin treatment has limitations including, insulin related weight gain and recurrent hypoglycaemia

●● Evidence suggest insulin microsecretion from functioning ß-cells long after diagnosis of type 1 diabetes

●● Almost all patients with type 1 diabetes have inappropriately high glucagon levels, which contribute to 
hyperglycaemia

●● Reduced insulin sensitivity increases insulin dose requirement 

●● Metformin improves organ sensitivity to insulin and may have a role in enhancing insulin secretion

●● Clinical trials suggest modest benefit in glycaemic control with metformin 

●● There is a possible role for metformin in reducing risk of cardiovascular disease in type 1 diabetes

●● Thiazolidinediones improve organ sensitivity to insulin and may have immunogenic role 

●● Clinical trials with thiazolidinediones suggest small benefit on glycaemic control in type 1 diabetes

●● α-glucosidase inhibitors reduce glucose absorption from gut

●● Small study suggests limited benefit in glycaemic control

●● Clinical trials suggest that amylin analogues have some benefit in controlling post-prandial hyperglycaemia

●● Amylin analogues require frequent dosing with meals reducing clinical utility

●● Treatment targeting GLP-1 receptors aim to stimulate insulin and suppress glucagon levels 

●● Clinical studies on GLP-1 receptor agonists suggest possible benefit on post-prandial hyperglycaemia and overall 
insulin requirement 

●● Small studies suggest a role for GLP-1 agonists in supporting declining graft function in recipients of islet or 
pancreatic transplant

●● DPP-4 inhibitors increase endogenous GLP-1 levels and there is modest benefit on glycaemic control in short term 
studies

●● Leptin probably has a role in glucagon suppression and may be useful in type 1 diabetes patients, but clinical trials 
are needed

●● Immune prevention strategies have used low dose insulin to prevent diabetes in patients at high risk of type 1 
diabetes, with little overall benefit

●● Non-antigen specific immunosuppression may prolong remission from type 1 diabetes but there are concerns over 
toxicity

●● Current research strategies are looking at expanding numbers of regulator T cells as a way of targeting specific auto-
antigens while sparing the remaining immune system.
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Autoimmune destruction of the β cells in the 
islets of Langerhans of the pancreatic islets 
results a life-long dependence on exogenous 
insulin for people with Type 1 diabetes mellitus.

Over the last few decades there have been 
significant advances in insulin replacement 
therapy, leading to the development of both 
short- and long-acting insulin analog prepara-
tions. These insulins allow administration in a 
manner that allows people with Type 1 diabetes 
to more closely mimic physiological insulin pro-
files. Insulin delivery technology has also come 
a long way with the replacement of ampules and 
syringes by ‘pen’ systems and a range of insulin 
pumps including those in which insulin can be 
delivered in response to glucose, measured in 
real-time. Despite these developments, glycemic 
management in patients with Type 1 diabetes 
remains suboptimal. In 2012, only approxi-
mately 20% of people with Type 1 diabetes in a 
UK study had an HbA1C <7.5% (58 mmol/mol) 
[1]. It is becoming increasingly recognized that 
insulin treatment alone may not be sufficient, 
certainly in the long-term, to manage blood glu-
cose levels, leading to an increasing interest in 
additional, non-insulin adjunct, treatments for 
people with Type 1 diabetes.

One of the major limiting factors to achiev-
ing near normal blood glucose levels with exog-
enous insulin replacement is unwanted and 
indeed unpredictable low blood glucose val-
ues or hypoglycemia [2]. Patients with Type 1 
diabetes have around two episodes of sympto-
matic hypoglycemia per week. The incidence of 
severe hypoglycemia, defined as requiring help 
for recovery from a third party, has a prevalence 
of 30–40% per year and an incidence of 1–1.7 
episodes per patient per year [3,4]. The factors 
contributing to hypoglycemia in Type 1 diabetes 
include systemic hyperinsulinemia that fails to 
respond to falling blood glucose, an inability to 
mount an adequate counter-regulatory glucagon 
response, intraislet sympathetic neuropathy, and 

a reduced autonomic response, which in turn 
impairs release of glucose from the liver at low 
blood glucose, delaying recovery [3].

Why might non-insulin adjuncts be of 
benefit to people with Type 1 diabetes?
In every day clinical practice it is clear that some 
people with Type 1 diabetes have more trouble-
some hypoglycemia than others. Interestingly, 
recent evidence suggests insulin deficiency in 
Type 1 diabetes is not absolute, implying residual 
β-cell function, in some subjects [5–7]. In a study 
of patients being treated for Type 1 diabetes for 
more than 50 years more than 67% were found 
to have a random C peptide level >30 pM [6]. 
Using an ultrasensitive assay, further data sug-
gest more than 70% of patients being treated 
for Type 1 diabetes had fasting C peptide more 
than 3.3 pM after a median duration of 30 years 
from diagnosis [7]. There was also an increase in 
C peptide in response to mixed meal in almost 
80% of these patients. Histological sections of 
pancreas tissue from patients treated for Type 
1 diabetes for a long duration of 63 years also 
revealed the presence of surviving β cells [6,8]. 
Persistence of C peptide production has been 
found to have a protective effect on develop-
ment of microvascular complications. Patients 
with some endogenous insulin production also 
have lower rates of hypoglycemia [9]. Therapeutic 
strategies that aim to preserve or even enhance 
β-cell function are likely to be of benefit, there-
fore, in the management of Type 1 diabetes.

It is also becoming increasingly evident that 
insulin resistance plays an important role in the 
‘progression’ of Type 1 diabetes. Improvement 
in insulin sensitivity at around 3 months after 
starting insulin in newly diagnosed Type 1 
patients is likely to contribute to the transient 
remission seen during the ‘honeymoon period’. 
However, as Type 1 diabetes becomes more long-
standing, insulin sensitivity appears to decline. 
Insulin sensitivity has been reported to be at 

Abstract	 Most people with Type 1 diabetes are managed by insulin injections, with 
many not achieving glycemic targets, placing them at an increased risk of complications. The 
reasons behind suboptimal control are numerous but include limitations of insulin therapy. 
People with Type 1 diabetes may have residual β-cell function for many years after diagnosis. 
Almost all have inappropriate glucagon release contributing to poor glycemic control. 
Agents that preserve or enhance β-cell function along with therapies that improve α-cell 
function, glucagon regulation and insulin sensitivity are currently being actively evaluated. 
This review focuses on agents that in combination with insulin are likely to have a beneficial 
role in the prevention and progression of Type 1 diabetes and the optimization of medical 
care.
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Figure 1. Targets for non-insulin treatment in early and late Type 1 diabetes. The targets for non-
insulin adjunct treatment at various points in the time course of Type 1 diabetes. Pancreatic islets 
(red circles: for α cells; blue circles: for β cells) are attacked by the autoimmune process, which may 
be delayed/partially reversed by immunotherapy and also with a possible role for thiazolidinediones 
(TZD) and GLP-1 receptor agonists. Later in diabetes GLP-1 receptor agonists, amylin analogs and 
leptin may work on pancreatic islets to stimulate residual insulin secretion and/or suppress glucagon 
secretion. Roles for TZDs and metformin have been suggested but need to be confirmed in clinical 
trials. Metabolic regulators at other stages of diabetes include, for example, DPP-4 inhibitors, which 
increase endogenous GLP-1 levels, α-glucosidase inhibitors, which reduce carbohydrate absorption, 
and metformin and TZDs, which increase organ sensitivity to insulin. Question marks indicate 
treatments not as firmly established as those without questions marks.
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approximately 60% of that in people without 
diabetes after 10 years of diagnosis of Type 1 
diabetes [10,11]. Treatment aimed at improving 
insulin sensitivity may, therefore, also be ben-
eficial especially in recent onset Type 1 diabetes 
before ‘resistance’ becomes established.

Finally, the role of glucagon in Type 1 dia-
betes has been the focus of renewed attention, 
with elevations in both fasting and postpran-
dial glucagon values. Plasma glucagon levels 
have been found to be raised and to correlate 
with hyperglycemia in patients presenting 
with diabetic ketoacidosis [12]. Suppression of 
glucagon with somatostatin has been reported 
to prevent the development of ketoacidosis in 
patients following withdrawal of insulin treat-
ment [13]. Recent evidence suggests that in Type 
1 diabetes glucagon levels after a mixed meal 
are high as early as the first year of diagnosis 

and is associated with postprandial hyperglyce-
mia [14]. As mentioned before, in people with 
Type 1 diabetes, glucagon levels fail to rise 
during hypoglycemia, thereby impairing recov-
ery. The abnormal glucagon response appears 
to be mainly because of the effect of systemic 
hyperinsulinemia on glucagon secretion work-
ing through central and peripheral mechanisms 
[15,16]. Pharmacological agents capable of regulat-
ing glucagon secretion in a glucose-dependent 
manner may help address inappropriately high 
glucagon after meals and inappropriately low 
levels during hypoglycemia.

The article will now provide an overview of 
how some of these relatively recent metabolic 
observations in Type 1 diabetes may pave the 
way for the use of non-insulin adjuncts as a 
treatment for some people with Type 1 diabetes. 
The possible targets for such interventions are 
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outlined in Figure 1. Immunotherapy for Type 1 
diabetes is another area where there have been 
rapid advances. While we discuss this briefly, 
this topic is beyond the scope of the current 
review.

Metformin
The biguanide, metformin is frequently used as 
first-line therapy in people with Type 2 diabe-
tes. In hepatocytes metformin reduces glucose 
production, induces fatty acid oxidation and 
suppresses expression of lipogenic enzymes. 
Metformin increases insulin-mediated glucose 
uptake in skeletal muscle. Most of these effects 
are mediated through activation and phospho-
rylation of AMPK [17]. AMPK has been found 
to be expressed in both clonal β-cell lines [18] 
and intact islet cells [19], and is hypothesized to 
play a major role in glucose sensing and insulin 
secretion (reviewed in [20]). Metformin work-
ing through AMPK could, therefore, have an 
effect on insulin secretion in Type 1 diabetes, in 
patients with residual β-cell function. It could 
also work via improvements in insulin sensitiv-
ity, which resulted in a reduced insulin require-
ment in early Type 1 diabetes, in two small 
studies [21,22].

Vella et al. published a meta-analysis on met-
formin use in Type 1 diabetes, summarizing 
data from five out of nine trials which satisfied 
their criteria of randomized trials with either a 
crossover design or where metformin was com-
pared with placebo or a comparator drug [23]. 
The standardized mean difference (SMD) of 
HbA1C level between metformin-treated and 
metformin-free group was -0.10 (95% CI: 
-0.36–0.15; p = not significant). It has been 
suggested that in most trials the participants 
self-titrated insulin to achieve their usual mean 
glucose explaining similar HbA1C within the 
groups. Despite the comparable HbA1C, there 
was a significant reduction in daily insulin dose 
in the metformin-treated group, with SMD 
between treatment groups of -0.65 (95% CI: 
-0.92 to -0.39 U; p < 0.001). This translated 
into an absolute difference in daily insulin-dose 
requirement of 6.6 U/day. In the randomized 
control trial with largest number of subjects 
there was also a significant reduction of BMI in 
patients treated with metformin (-0.56 kg/m2 
in metformin against placebo; 95% CI: -1.06 
to -0.05) [24].

A major consideration for all glucose-low-
ering therapies is their impact on the risk of 

hypoglycemia. Interestingly, in a small study of 
27 adolescents in over 3 months (starting dose 
500 mg/day increased to 1000 mg/day of met-
formin) there was significant increase in minor 
episodes of hypoglycemia in the metformin-
treated group compared with placebo [25]. In a 
second small study on 24 overweight patients 
with Type 1 diabetes (BMI >25 kg/m2, mean 
29.5 kg/m2 in the metformin group) treated with 
metformin (2000 mg/day) or placebo there was 
significant increase in self-reported biochemical 
hypoglycemia in the metformin-treated group 
[26]. In the meta-analysis by Vella et al. [23] apart 
from these two trials there was no significant 
difference in rates of hypoglycemia in the other 
seven studies analyzed.

One of the major aims of glucose-lowering 
therapy is to reduce the risk of cardiovascu-
lar events. Estimates have suggested a tenfold 
increased risk of cardiovascular disease in 
people with Type 1 diabetes compared with 
age-matched people without diabetes [27]. 
Follow-up of 93% of patients from the DCCT 
trial in the observational Epidemiology Diabetes 
Interventions and Complications trial, revealed 
a 42% (95% CI: 9–63%, p = 0.02) reduced 
risk of cardiovascular events compared with the 
conventional treatment group [28]. Based upon 
reported cardiovascular benefits of metformin 
in Type 2 diabetes, there has recently been an 
interest in whether treatment with metformin 
may have a similar benefit on cardiovascular risk 
reduction in Type 1 diabetes, independent of its 
effect on glycemic control. This question will, to 
some extent, hopefully be answered by the ongo-
ing REMOVAL trial, a Phase III clinical study 
that aims to investigate the effect of metformin 
on common carotid intima-media thickness as a 
surrogate marker for cardiovascular disease [29].

There have been no reports of lactic acidosis 
in the metformin meta-analysis of subjects with 
Type 1 diabetes [24] and no reports of increased 
rates of gastrointestinal adverse effects.

Thiazolidinediones
The thiazolidinediones (including pioglitazone 
and rosiglitazone) are ligands for the peroxi-
some proliferator activated-receptor Y, which 
are nuclear receptors expressed in white and 
brown adipose tissue. Their downstream effects 
include adipogenesis by promoting re-esterifica-
tion of free fatty acid leading to reduced plasma 
free fatty acid levels, therefore, increasing insu-
lin sensitivity. It has been suggested that they 
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may also improve glucose stimulated insulin 
secretion  [30].

There are conflicting data regarding a poten-
tial effect of thiazolidinediones on autoimmunity 
and the progression of diabetes in animal models 
of diabetes. While troglitazone and rosiglitazone 
were found to prevent autoimmune diabetes in 
non-obese diabetic (NOD) mice [31], pioglitazone 
was not found to have any advantage over met-
formin in development of diabetes, although insu-
litis scores tended to be higher in the pioglitazone-
treated group [32]. In a clinical trial in humans, 
GAD antibody-positive patients classified as 
having slowly progressive Type 1 diabetes were 
randomized to receive metformin up to 750 mg/
day or pioglitazone at 45 mg/day [33] for 4 years. 
At the end of intervention, however, a significantly 
larger proportion of patients in the pioglitazone 
group were found to become insulin dependent.

In 15 patients with newly diagnosed Type 1 
diabetes (mean age: 11.7 years) randomized to 
receive either pioglitazone at 30 to 45 mg/day or 
placebo for 24 weeks [34], peak C peptide levels 
following a mixed meal test was similar between 
the groups at baseline and there was no signifi-
cant difference in peak levels between pioglita-
zone treatment and placebo groups. The authors 
concluded, therefore, that pioglitazone did not 
preserve β-cell function.

Finally in a larger study of 60 patients with 
Type 1 diabetes, randomly assigned to receive 
placebo or pioglitazone, 30 mg/day for 6 months 
[35], a decrease in mean HbA1C with pioglita-
zone was significantly greater than with placebo 
(-0.22 + 0.29 and -0.06 + 0.49; p = 0.03). More 
patients achieved HbA1C <7% with pioglitazone 
compared with placebo, although the change 
was not significant in either group. There was 
no significant difference in change of postpran-
dial blood glucose, fasting blood glucose, insulin 
requirement and BMI. In addition, there was no 
significant difference in the rate of hypoglyce-
mia between pioglitazone and placebo groups, 
and there was no report of fluid retention in any 
participant.

On balance, therefore, while the thiazolidin-
ediones may exert a small benefit on glycemic 
control, in some subjects, there is little evidence 
in humans for a benefit on the consequences of 
autoimmunity.

α-glucosidase inhibitors
α-glucosidase inhibitors inhibit absorption of 
carbohydrates from the gut by competitive and 

reversible inhibition of α-glucosidase enzyme, 
which breaks down carbohydrates into glu-
cose [36]. As this effect is independent of the 
pancreatic islet, there is reason to believe that 
they could have an effect in people with Type 
1 diabetes.

In a small study, eleven patients with Type 
1 diabetes undergoing intensive insulin treat-
ment were treated with miglitol, 50 mg three-
times daily [37]. At the end of the treatment 
period there was significant improvement in 
mean HbA1C (7.4% pre-treatment to 6.9% at 
12 weeks; p = 0.009), BMI (from 20.8 kg/m2 
pre-treatment to 20.4 kg/m2 at 12 weeks; p = 
0.005) and total daily insulin dose (from 36.2 
units pretreatment to 33.8 units at week 12; p 
= 0.012). The patients went on to have a meal 
tolerance test before and after treatment. A sig-
nificant improvement in 60 and 120 min glucose 
at 12 week was also accompanied by an increase 
in active GLP-1 at 120 min leading the authors 
to speculate that this was indirect evidence of 
enhanced endogenous incretin hormone levels.

Although this one small study suggests a 
glycemic benefit of α-glucosidase inhibition in 
Type 1 diabetes, further studies are required to 
confirm these findings.

Amylin analogs
Amylin or islet amyloid polypeptide is a 37 
amino acid peptide that is cosecreted with 
insulin in response to nutrient stimulation and 
binds to several receptors with high affinity 
[38]. Endogenous amylin is predisposed to form 
amyloid deposits, which is hypothesized to play 
a role in β-cell destruction in Type 2 diabetes 
[39,40]. Pramlintide is a synthetic peptide that 
shares most of the pharmacokinetic and phar-
macodynamic properties of amylin, without the 
tendency to accumulate. Amylin has been found 
to restore glycogen content in liver [41], inhibit 
glucagon in rats [42] and has binding sites on 
rodent β-cells [43] with possible effect on insulin 
secretion. It also slows gastric emptying [44].

Pramlintide infusion has been shown to 
reduce post-meal glycemia in patients with Type 
1 diabetes [45]. Although pramlintide infusion 
has been reported to have no effect on peripheral 
insulin sensitivity during euglycemia it has been 
associated with a significantly higher counter-
regulatory hormone response during hypoglyce-
mia [46]. This did not appear, however, to have 
a clinical impact with respect to recovery from 
hypoglycemia.
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A role for a reduction in postprandial glu-
cose is further supported by a study in which 
pramlintide was added to usual insulin treat-
ment for 14 days. This resulted in blunting of 
glucose levels after a standard meal compared 
with placebo [47]. In the same study there was 
however significant nausea in the group treated 
with pramlintide (300 μg before meals). In a 
further study, patients were randomized to 
either placebo or three doses of pramlintide 
with their usual insulin for 2 weeks [48]. At the 
end of treatment there was significant reduction 
in AUC of glucose following a standard meal 
with the higher dose of pramlintide (30 μg four-
times a day). The study was too short to report 
changes in HbA1C, but mean 24 h glucose level 
post-treatment was significantly reduced in the 
intermediate dose group only. Other studies 
have reported improvement in fructosamine 
levels with pramlintide [49,50]. In a more recent 
study Type 1 diabetes patients on insulin pump 
treatment were assessed with continuous glu-
cose monitoring after 4 weeks of treatment with 
pramlintide with usual insulin [51]. Following 
treatment, subjects had significantly more read-
ings in the euglycemic range with a concomitant 
reduction in prandial insulin dose. They also 
reported significant reduction in postprandial 
glucose and glucagon excursion.

In a 52-week double-blind, placebo control 
trial by Whitehouse et al. patients were rand-
omized to either placebo or pramlintide [52]. 
There was a significant reduction in HbA1C 
(0.67% with pramlintide, 0.16% with placebo; 
p < 0.0001). Increases in daily insulin doses were 
significantly less in the pramlintide group com-
pared with placebo. Also patients on pramlintide 
were reported to lose weight, while patients on 
placebo gained weight. In an open-label exten-
sion to the study, patients originally randomized 
to pramlintide were reported to have regained 
weight after 65 weeks.

The short-term studies reported higher inci-
dence of gastrointestinal symptoms in the pram-
lintide-treated groups. Rates of hypoglycemia 
were generally high in the study participants and 
not significantly different between groups [48,49]. 
A high withdrawal rate for side effects, including 
nausea, vomiting and sinusitis, with pramlintide 
is well reported [52,53]. Although generally gas-
trointestinal side effects seem to settle within 
a few weeks. In the longer trials there appear 
to be higher rates of patient withdrawal due to 
hypoglycemia [52].

Pramlintide is licensed for use with insulin 
in patients with Type 1 diabetes in the USA. It 
remains, however, a subcutaneous injection that 
needs to be administered at every meal, with lit-
tle additional apparent benefit for people already 
on multiple insulin injections.

Incretin-based treatment
Incretin hormones including GLP-1 and glu-
cose-dependent insulinotropic polypeptide 
(GIP) are secreted from enteral cells in response 
to nutrients and influence glucose-mediated 
insulin, glucagon and somatostatin secretion. 
They also have a role in glucose sensing and dis-
posal. Biological action of endogenous GLP-1 
also extends to the brain, heart, liver, blood 
vessels, and the immune system and inflam-
mation (reviewed in detail in [54]). Endogenous 
incretin hormones have a half-life of 2–3 min 
being cleaved by a ubiquitous protease enzyme, 
DPP-4 [55].

Incretin receptor signalling is potentiated 
by either using injectable receptor agonists, 
which are structurally homologous to human 
GLP-1, or by using oral inhibitors of DPP-4, 
which increase levels of endogenous incretin 
hormones. Although there have been reports of 
reduced GLP-1 secretion in some people with 
Type 2 diabetes, it is now generally considered 
that GLP-1 activity is largely maintained [56]. 
The use of GLP-1 receptor agonists does not 
attempt to replace an incretin deficiency but via 
supra-physiological doses, regulate insulin and 
glucagon secretion, in a way that lowers blood 
glucose in a glucose-dependent manner. GLP-1 
agonists and DPP-4 inhibitors are routinely used 
in patients with Type 2 diabetes [57]. GLP-1 ago-
nists and DPP-4 inhibitors are routinely used in 
patients with Type 2 diabetes [58] and evidence 
from preclinical and some preliminary clinical 
trials in small numbers of patients suggest that 
augmenting GLP-1 signaling will have simi-
lar effect on insulin and glucagon secretion in 
patients with Type 1 diabetes, as well.

GLP-1 receptor agonists
The trials examining effect of GLP-1 receptor 
agonists in rodent models of Type 1 diabetes 
are summarized in Table 1. GLP-1 receptor ago-
nists have been found to improve glucose toler-
ance and insulin response in NOD mice [59–61]. 
Although in some animal studies with exendin-4 
there was increase in β-cell mass, reduced β-cell 
apoptosis and increase in insulin +ve cells in 
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ducts [59–60], this was not confirmed in other 
studies [61]. When synthetic GLP-1(7–36) amide 
was used with gastrin there was a reduction of 
insulin autoantibodies and β-cells in the treated 
mice appeared to be protected from apoptosis. 
Co-treatment of exendin-4 with immunother-
apy resulted in high rates of remission of diabetes 
in new onset diabetes in NOD mice [60,62].

The clinical trials using GLP-1 receptor ago-
nists in Type 1 diabetes patients are outlined in 
Table 2. In the early 90s the effect of intravenous 
infusion of synthetic GLP-1(7–36) amide was 
tested in patients with Type 1 diabetes [63]. Eight 
patients with Type 1 diabetes with undetect-
able C peptide were infused with GLP-1(7–36) 
amide or saline alongside a closed-loop insulin 
infusion system to maintain blood glucose levels 
at 4–5 mM under basal conditions and 6–7 mM 
for postprandial. GLP-1(7–36) infusion reduced 
postprandial glycemic excursion and increased 
glucose utilization with less exogenous insulin 
being required to maintain target glucose lev-
els, compared to saline control. Other signifi-
cant changes reported with the GLP-1(7–36) 
infusion were an increase in free insulin levels 
with suppression of glucagon and somatostatin 
release.

In subjects with residual C-peptide levels 
(post-meal), a GLP-1(7–36) amide infusion to 
achieve supra-physiologic plasma levels, after a 
mixed meal resulted in reduced postprandial 

hyperglycemia but no change in C peptide 
response [70]. Plasma glucagon and pancreatic 
polypeptide levels were, however, suppressed 
with the GLP-1. The effects disappeared as soon 
as the infusion was stopped and the changes were 
attributed to the acute effect of GLP-1 on gastric 
emptying, rather than a direct effect C-peptide 
release. Further studies support an effect on 
glucagon suppression rather than a direct effect 
on the β-cell [64,65]. Following on from these 
studies with intravenous GLP1, the effects of 
subcutaneous GLP-1 agonists co-administered 
with insulin have been evaluated in people 
with Type 1 diabetes. Table 2 summarizes the 
clinical trials in Type 1 diabetes with different 
preparations of GLP-1 agonists.

In the trials where patients were treated with 
GLP-1 agonists for short duration (less than 4 
weeks), exenatide or liraglutide reduced glucose 
excursion following a mixed meal [66–69]. A week-
long treatment with liraglutide, on patients hav-
ing continuous glucose monitoring, was found to 
significantly reduce time spent with high glucose 
after breakfast and overall glycemic variability 
[68]. This effect appears to be independent of 
residual endogenous C peptide production [69].

Some [66,69], but not all [67] studies suggest that 
improvements in postprandial glucose excur-
sions are associated with an accompanying sup-
pression of postprandial glucagon although this 
may, in part, be dose dependent [67]. The other 

Table 1. Trials on rodent models of Type 1 diabetes with GLP-1 agonists including combination therapy.

Agent tested 
 

Mouse model 
(age)

β-cell related outcomes Other outcomes Ref. 

Exendin-4 NOD (4 week) Increased β-cell mass, insulin content. 
Improved glucose tolerance. Reduced 
insulitis scores

Delay in onset of diabetes 
Increase in CD4+, CD8+ T cells 
in lymph nodes, reduction in 
CD4+CD25+Foxp3+regulatory T cells in 
thymus

[58] 

Synthetic human 
GLP1(7–36) amide ± 
gastrin

NOD (6–8 week) Combination treatment restored 
normoglycemia in diabetic mice, increased 
pancreatic insulin content, β-cell mass, 
insulin positive cells in duct, reduced β-cell 
apoptosis 

Combination treatment reduced insulin 
autoantibodies, and combination treated 
recipient mice protected β-cells from 
apoptosis in syngenic islet grafts 

[59] 
 

Exendin-4 ± anti-CD3 
monoclonal antibody

NOD (new onset 
diabetes)

Exendin-4 treatment improved glucose 
tolerance and insulin response in anti-CD3 
treated group (with exendin-4 there was no 
difference in rates of β-cell area, proliferation 
or apoptosis)

Combination treatment group had higher 
rate of remission compared with either 
treatment alone: the correction with 
exendin-4 was most prominent when 
glucose level was less than 19.4 mM. 

[62] 

Exendin-4 ± CFA NOD (new onset 
diabetes)

Combination treatment resulted in increased 
insulin content and islet cells stained for 
insulin  

Combination treatment resulted in higher 
rate of remission in significantly higher 
percentage of mice, compared with CFA 
alone.  

[61]

+: Coadministration; CFA: Complete Freund’s adjuvant; NOD: Non-obese diabetic.
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factor contributing to suppression of postpran-
dial glycemic excursion with GLP-1 agonists is 
slowing of gastric emptying [67,69], which appear 
to be more pronounced with the shorter acting 
GLP-1 agonists. More recent, longer duration 
studies also appear to demonstrate a glycemic 
benefit of GLP-1 agonists in people with Type 1 
diabetes [67,71,72]. Improved glycemic control also 
appears to be associated with reduced insulin 
requirements. As would be expected, because 
of the glucose-dependent mode of action, no 
increases in rates of hypoglycemia have been 
reported with GLP-1 agonist therapy.

The relative contribution of residual β-cell 
function has also been evaluated in studies in 
Type 1 diabetes. In a 4-week trial a significant 
improvement in HbA1C was observed when 
liraglutide was coprescribed with insulin in 10 C 
peptide positive and 9 C peptide negative people 
with Type 1 diabetes [71]. There was a significant 
reduction in insulin requirement in the groups 
treated with liraglutide, and there was a greater 
reduction in the C peptide-positive subjects. C 
peptide-positive patients also spent less time in 
hypoglycemia assessed by continuous glucose 
monitoring at the end of the treatment period. 
At the end of the treatment period, less insulin 
was required at the time of a standard mixed 
meal and glucagon levels were elevated during 
exercise. There was no significant difference 
between glucose levels during exercise before 
and after treatment. This suggests that the 
glucagon static effect of liraglutide also appears 
to be glucose dependent, and does not increase 
the risk of exercise-induced hypoglycemia when 
used with insulin. As might be expected, most 
patients in this trial did report gastrointestinal 
side effects, including nausea and abdominal 
distension. Patients on liraglutide also lost 
weight (mean weight -2.3 + 0.3 kg) compared 
with insulin (mean weight +0.2 + 0.3 kg). The 
potentially beneficial effect on weight has been 
confirmed in a further study of 27 obese Type 
1 diabetes patients treated with liraglutide for 
180 + 14 days [69].

There is currently a sense of optimism sur-
rounding the potential benefit of GLP-1 ago-
nists as insulin adjuncts in people with Type 
1 diabetes, with respect to improvements 
in blood glucose control, reduced insulin 
doses, low rates of hypoglycemia and poten-
tially weight loss. Results on ongoing studies 
are eagerly awaited (NCT01787916 [73] and 
ISRCTN00290196 [74]).

GLP-1 receptor agonists in Type 1 diabetes 
post-transplant
Another potential application of GLP-1 treat-
ment in Type 1 diabetics has been to support 
declining graft function after islet or pancreas 
allograft. Transplanted islets have been found 
to retain their ability to respond to GLP-1 [75]. 
Following islet transplantation although insulin 
response to meals is partially restored, postpran-
dial hyperglucagonemia seems to persist [76,77]. 
In a series of prospective but nonrandomized, 
single-arm studies on a small number of subjects 
GLP-1 agonist treatment has been found to have 
some role in reducing insulin requirement [76–80]. 
In all of the published studies, exenatide is the 
GLP-1 agonist used. Its effect in suboptimal 
graft function seems to be short lived and tends 
to wear off after prolonged treatment. There is 
uncertainty about whether GLP-1 suppresses 
postprandial glucagon, but the effects correlate 
with a number of functioning islets and dose of 
GLP-1 agonist, making tolerability an important 
consideration. Further well-designed studies are 
needed in this area.

DPP 4 inhibitors
The DPP-4 inhibitors are oral tablets that inhibit 
the DPP-4 enzyme, and increases endogenous 
GLP-1 levels by delaying their degradation. 
Their efficacy is modest compared with GLP-1 
agonists.

The animal studies using DPP-4 inhibitors 
are summarized in Table 3. DPP-4 inhibitors 
were found to reverse new-onset diabetes and 
reduce islet inflammation in streptozocin-treated 
mice [81]. Long-term treatment with DPP-4 
inhibitors improved fasting, postprandial and 
overall glycemic control in animal models of 
Type 1 diabetes [81,82]. Human pancreatic tissue 
from non-diabetic donors has been studied fol-
lowing implantation in NOD mice with severe 
combined immunodeficiency, and treated with 
DPP-4 inhibitors and proton pump inhibitors 
to raise endogenous GLP-1 and gastrin levels 
[83]. The result was an expansion of functioning 
β-cell mass in treated mice. The effect of DPP-4 
inhibitor treatment was studied in streptozocin-
treated mice following islet transplantation [84]. 
There was no effect on glycemic control, but 
an improvement in graft survival in the treated 
group.

The clinical trials with DPP-4 inhibitors in 
Type 1 diabetes are summarized in Table 4. In 
a prospective crossover trial, effect of 4 weeks 
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of treatment with vildagliptin on postprandial 
glucose and glucagon was studied in 12 Type 1 
diabetics on insulin pump [85]. After a standard 
breakfast, lower areas under curves for glucose 
and glucagon were observed. The fasting blood 
glucose was also lower when on vildagliptin. In 
a second prospective crossover trial 28 C peptide 
negative people with Type 1 diabetes were treated 
with vildagliptin in addition to usual insulin 
treatment for 4 weeks [86]. Although the insulin 
requirement did not change, a lower HbA1C was 
observed after treatment. Subjects had a stand-
ard breakfast meal and a hypoglycemic clamp 
at end of each 4-week treatment period. A sup-
pression of postprandial glucagon was observed 
with vildagliptin. There was similar increase in 
levels of counter-regulatory hormones, including 
glucagon, cortisol, epinephrine, norepinephrine 
and pancreatic polypeptide during hypoglycemic 
clamp in both vildagliptin and placebo groups.

In a 4-week placebo controlled crossover trial 
sitagliptin was not found to have any advantage 
over placebo in changing insulin requirement or 
HbA1C [87]. There was also no change in glucose 
variability with continuous glucose monitoring. 

In another double-blind, randomized, placebo 
controlled trial on 141 subjects, 16 weeks treat-
ment with sitagliptin did not have any effect on 
glucagon response after mixed meal or insulin 
requirement [88]. The HbA1C, which was sig-
nificantly lower in the sitagliptin group at the 
end of a 4-week run-in, remained so at the end-
of-treatment period. The HbA1C did not change 
significantly at the end of 16-week treatment in 
either the placebo or the sitagliptin group. In the 
studies with sitagliptin, there was no difference 
in rates of hypoglycemia or weight versus placebo.

It would appear therefore that on balance, that 
although some short-term studies have suggested 
a potential benefit for DPP 4 inhibition as a non-
insulin adjunct, this has not been confirmed in 
longer duration studies.

Leptin
Leptin is an adipokine that has a central and 
peripheral role in energy homeostasis. Increasing 
leptin level at the hypothalamus has been found 
to reduce fasting and postprandial blood glucose 
level in insulin-deficient rodent models [89,90]. 
The strategies used for increasing leptin centrally, 

Table 3. Trials using DPP-4 inhibition in animal models of Type 1 diabetes. 

Agent tested  Mouse model β-cell-related outcomes Other outcomes Ref.

DPP-4 inhibitor: 
NVP-DPP728 for 2, 
4 and 6 weeks

NOD mice (new onset 
diabetes) 

Increase in pancreatic insulin content, insulin+ 
and BrdU+ cells in the treated mice 

Diabetes was reversed in treated mice: 
57% (2 weeks treatment), 74% (4 weeks 
treatment), 73% (6 weeks treatment) 
Insulitis was reduced and percentage 
of CD4+CD25+FoxP3+ regulatory T 
cells increased in treated NOD mice in 
remission

[82] 

DPP-4 inhibitor: 
DP IV inhibitor 
(P32/98) for 7 
weeks

STZ treated Wistar rats   Improvement in fasting BG, plasma 
fructosamine levels in treated group 
OGTT: reduced plasma glucose with increased 
plasma insulin after oral glucose in treated 
group. 
Increased pancreatic insulin content and 
increased first phase insulin secretion during 
pancreas perfusion in treated group.

Treated rats gained weight compared 
with untreated controls  

[83]

DPP-4 inhibitor + 
PPI for 16 weeks 
after implantation

Human pancreatic cells 
implanted in NOD-scid 
mice 

IVGTT: Higher human C peptide response and 
STZ induced hyperglycemia was prevented 
better in in treated miceInsulin content and 
insulin+ cells increased in treated mice

  [84]

Diet containing 
Sitagliptin for 5 
weeks

STZ-treated mice 
after mouse islet 
transplantation 

IPGTT: no difference in fasting and post IPGTT 
glucose levels at end of treatmentIslet graft 
function and survival was better in sitagliptin-
fed mice – as assessed by PET scanning for 
functional islet mass and glucose stimulated 
insulin secretion assessed at intermediate time 
points in both groups.

Plasma glucagon levels were 
suppressed in Sitagliptin fed group 
from second to fourth weekSitagliptin-
fed mice had lower oral intake but there 
was no significant difference in weight.

[85]

BG: Blood glucose; BrdU:Bromodeoxyuridine; IPGTT: Intraperitoneal glucose tolerance test; IVGTT: Intravenous glucose tolerance test; NOD: Non-obese diabetic; OGTT: Oral 
glucose tolerance test; PPI: Proton-pump inhibitor; scid: Severe combined immunodeficiency; STZ: Streptozocin.
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without increasing peripheral levels, include 
intracerebroventricular injections [89] and induc-
ing leptin transgene expression using recom-
binant adeno-associated virus vector encoding 
leptin [90]. High central leptin did not affect fast-
ing insulin levels, but was found to significantly 
reduce postprandial insulin level [89,90]. Insulin 
sensitivity and glucose disposal was found to be 
enhanced in the leptin-treated group, suggesting 
a novel signaling mediated through the hypo-
thalamus, acting through appetite-dependent 
and -independent signaling [91].

Increasing peripheral levels of leptin has also 
been investigated. In a study in NOD mice, lep-
tin alone and alongside insulin reduced HbA1C 
and glycemic variability by suppressing glucagon 
levels [92]. Low plasma levels of leptin have been 
reported at diagnosis in Type 1 diabetes, with 
restoration of physiologic levels within 3–5 days 
of treatment [93]. Intensive insulin treatment in 
patients with Type 1 diabetes has been found to 
be associated with higher plasma level of leptin 
independent of BMI [94]. It is however unclear 
whether insulin treatment stimulates leptin 
secretion [95,96], or indeed if there is a clinical 
benefit of restoring peripheral leptin levels in the 
insulin-treated Type 1 diabetic patient. Currently 
a Phase I trial is underway to test the effect of 
merteleptin, a synthetic analog of leptin, in Type 
1 diabetes [97].

Immunotherapy
In Type 1 diabetes β-cell death is a result of 
autoreactive T cells and other mononuclear cells 
infiltrating islets [98]. Autoantibodies, especially 
insulin specific, appear several years before clini-
cal diagnosis making preventive strategies pos-
sible [99,100].

Secondary immune-prevention strategies 
induce regulatory T cells by exposing mucosa 
to low doses of insulin. Inhibitory cytokines 
from Tregs inhibit autoreactive T cells. Trials 
[101,102,103] so far have shown only modest ben-
efit. Pre-POINT is an on-going Phase I study in 
children at high genetic risk of Type 1 diabetes, 
to assess whether mucosal insulin can prevent 
development of autoantibodies [104]. Vaccination 
with GAD – alum to induce immune tolerance 
to GAD-65 – is being tested in clinical trials 
described in [105].

Nonantigen-specif ic immunosuppression 
has been widely tested with only limited suc-
cess and often results in unsurmountable side 
effects. While clinical benefit with cyclosporin Ta
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A [106,107] and rituximab [108] was only transient, 
mycophenolate [109] or IL-1 based treatment like 
canakinumab or anakinra [110] was not useful. 
Treatment with etanercept resulted in only mod-
est improvement in insulin requirement [111,112]. 
Co-treatment with antithymocyte globulin and 
prednisolone had to be terminated prematurely 
for thrombocytopenia [113]. The AIDA study is 
currently investigating anti-IL-1 therapy in newly 
diagnosed Type 1 diabetes [114]. More recently 
there has been increased interest in autoanti-
gen-specific strategies that spare the rest of the 
immune system, and are expected to have a bet-
ter side-effect profile. Examples of such strategies 
include using Diapep277 [115] and expanding the 
pool of Foxp3-expressing Treg cells. These are 
beyond the scope of this review and the interested 
reader is directed to [116].

Conclusion
Insulin therapy in Type 1 diabetes is essential 
for the majority of our patients. While some 
achieve adequate glycemic control, many do 
not. Although an increasing number of people 
with suboptimally controlled Type 1 diabetes are 
referred for insulin pump therapy and even β-cell 
replacement therapy in form of islet or whole 
organ pancreas transplantation, there are still 
large numbers struggling on basal bolus therapy. 
The recent observations on persistence of insu-
lin microsecretion long after diagnosis, and the 
appreciation that diabetes is a bihormonal disor-
der of not just abnormal insulin but also gluca-
gon secretion, has generated renewed interest in 
the role of non-insulin adjunct therapies. While 
none seem likely to replace insulin, some of these 
therapies may have potential benefits when used 
alongside insulin including, improved glycemic 
control, less hypoglycemia, a beneficial effect on 
weight management and hopefully a reduction 
in long-term complications.

Future perspective 
Management of patients with Type 1 diabetes is 
likely to become increasingly reliant on non-insu-
lin adjunctive therapies in addition to usual insu-
lin. The strategies described in this review focus 
mainly on the metabolic management to achieve 
glycemic goals. Glucagon is likely to play a cen-
tral role in addition to insulin [117], as therapies 
aimed at reducing fasting and postprandial gluca-
gon level like incretin based therapies are now 
being routinely tested in patients with Type 1 dia-
betes. GLP-1-based treatment is likely to become 
available for patients with Type 1 diabetes in the 
future. Glucagon itself is being used alongside 
insulin in bihormonal ‘bionic’ pumps [118] and 
may be preferred over the current insulin-only 
pumps. Strategies to increase insulin sensitivity 
of peripheral organs such as metformin and leptin 
are more likely to be of benefit in the insulin-
resistant Type 1 patients. Exciting advances are 
also being made with immunotherapy in pro-
longing remission in newly diagnosed Type 1 
diabetics. Autoantigen-specific therapies have 
far fewer side effects and are likely to become 
available for routine use.
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