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Abstract Unfortunately, the only approved medical treatment
for type 1 diabetes mellitus (DM) is insulin, despite the fact that
tight control cannot be reached without some serious side
effects such as hypoglycemia and weight gain. More and more
importance is now shifted towards developing new drugs that
can reach a better glycemic control with lesser side effects.
Some of these promising drugs are the glucagon-like peptides
1 (GLP-1) and their agonists, which have been FDA approved
for the treatment of type 2 DM. The purpose of this article is to
review all of the relevant literature on the potential role of
GLP-1 in the treatment of type 1 DM. The major source of data
acquisition includedMedline search strategies, using the words
“type 1 diabetes mellitus” and “GLP-1.” Articles published in
the last 20 years were screened. GLP-1 increases insulin secre-
tion in humans with existing beta cells; it also decreases
glucagon secretion, and blunts appetite. Of note, new animal
studies demonstrate a role in beta cell-proliferation and
decreased apoptosis. Because of all the effects mentioned
above, GLP-1 seems to be a promising drug for type 1 DM
treatment, but more studies are still needed before solid con-
clusions can be drawn.
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Introduction

As prevalence of diabetes is increasing worldwide and is
still expected to rise, the urgency to control it and prevent its
various complications have become more important than

ever. This is especially urgent in type 1 DM, where insulin
has been the only option for treatment ever since its discov-
ery in 1921. Unfortunately, this only option has never been
the ideal treatment. For instance, the attempt to achieve a
tight glycemic control, which is necessary to prevent micro-
and macrovascular complications and decrease mortality (as
has been shown bymany studies), might induce side effects as
higher doses of insulin are associated with hypoglycemia and
weight gain. Even the new insulin analogs did not decrease
those side effects.

So it is ideal to introduce a treatment that can control
glycemia without risking hypoglycemia or weight gain.
GLP-1 and its analogues have been shown to improve glyce-
mic control and induce weight loss in type 2 DM and have
been approved by the FDA for its treatment. But do GLP-1
and its analogues have a role in type 1 DM? This review will
focus on the physiology of GLP-1, its role, the wisdom behind
its possible benefit in type 1DM, and all the studies that have
been conducted on GLP-1 and type 1 DM.

Evidence Acquisition

The major source of data acquisition included Medline
search strategies, using the words “type 1 diabetes mellitus,”
and “GLP-1.” Articles published in the last 20 years were
screened.

Discovery and Physiology of GLP-1

GLP-1 belongs to the family of incretins, defined as
peptides secreted by the gut that can stimulate insulin
secretion in response to nutrient intake. This action was
referred to as the incretin effect (ie, the increase in
insulin secretion that occurs after an oral carbohydrate
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load above and beyond that produced by an isoglycemic
intravenous glucose challenge).

The concept behind incretin hormones goes back to the
beginning of the 20th century, when Bayliss and Starling
proposed the presence of a signal secreted by the gut in
response to ingested nutrients to help dispose of the ingested
carbohydrates [1]. Efforts to use incretins in the treatment of
diabetes ensued, but they were prematurely terminated when
3 studies were published that questioned the existence of
incretins [2–4]. It was not until the ability to measure hor-
mones through development of radioimmunoassays (RIA)
in the 1960s that interest in incretins was revived, especially
after noticing that an oral load of glucose stimulated a higher
insulin secretion than the same or even higher intravenous
load [5, 6]. The renewed research led to the isolation of 2
incretin hormones with a strong insulinotropic effect: gastric
inhibitory peptide (GIP) [7–10] and glucagon-like peptides
or GLP-1 and 2 [11–13].

Several studies showed that in type 2 DM there was a
resistance to GIP, so no further efforts were made to study
GIP in the treatment of diabetes [14, 15].

GLP-2 was found to serve as an epithelial growth factor
with cytoprotective properties as well as a suppressor of
intestinal inflammation with no role in glycemic control
[16, 17]. Therefore, research focused on a GLP-1 effect on
glycemic control.

GLP-1 is secreted mainly from intestinal L-cells, located in
the distal ileum, colon, and rectum, whereas a small quantity is
secreted by alpha cells along with glucagon. GLP-1, GLP-2,
and glucagon derive from the cleavage of a common precursor
molecule called preproglucagon.

GLP-1 secretion is regulated mainly by ingestion of
nutrients, specifically carbohydrates and fat [mainly mono-
unsaturated long chain fats) [18, 19]. Proteins and amino
acids have no effect on GLP-1 secretion. Other regulators of
GLP-1 secretion are neuroendocrine modulators: somatos-
tatin, insulin and atropine are inhibitors [20–22], whereas
vagal input, epinephrine and beta-agonists are stimulators
[23, 24].

Due to enzymatic degradation by dipeptidyl peptidase
4 (DPP 4) and renal clearance, GLP-1 has a very short
half-life of around 2 minutes. This motivated the synthesis
of analogues that were resistant to DPP4 action, such as
exendin-4, a 39 amino acid peptide isolated from the saliva
of the venomous lizard Heloderma suspectum or Gila
monster [25].

GLP-1 exerts its effects through its interaction with the
GLP-1 receptor (GLP-1R), a member of the seven-
transmembrane G-coupled receptor family which is mainly
expressed in pancreatic islets, kidney, heart and brain. The
main effects of GLP-1 are stimulation of insulin secretion
and inhibition of glucagon secretion (both of which are
glucose-dependent), delayed gastric emptying, appetite

reduction, and induction of satiety. Advanced and recent
studies have implicated GLP-1 on increased beta-cell pro-
liferation and differentiation and decreased apoptosis. This
effect will be further detailed later in this review.

Pathophysiology of Type 1 DM

Type 1 DM is a condition of absolute insulin deficiency
secondary to auto-immune (both T- and B-lymphocyte medi-
ated) destruction of pancreatic beta cells [26]. It becomes
manifest when the number of beta cells fall below a thresh-
old necessary for the secretion of adequate insulin to main-
tain normal glucose tolerance [26]. At the time of diagnosis,
patients with type 1 DM still have a remnant of 20 %–30 %
capacity of insulin secretion (honeymoon period), which
means that there is still a potentially expandable beta-cell
mass [27]. However, the autoimmune destruction continues
and this reserve will continue to shrink until around only
10 % capacity is present at 5 years of diagnosis [28]. All this
means that the beta-cell injury starts well before the appear-
ance of diabetes, and a drug that can decrease beta-cell
apoptosis and increase beta-cell proliferation and differentia-
tion, if started early enough, may at least delay the occur-
rence of diabetes. Several anti-immune drugs such as anti-
CD3, potential vaccines, and biological drugs were studied
and used for this purpose, but they showed no major benefit,
and they had several side effects. So efforts are shifted to
GLP-1 analogues in this area, and studies done in this filed
will be detailed later in the review.

Besides insulin deficiency, another essential abnormality
in type 1 DM is the abnormal suppression of glucagon in
response to hyperglycemia, which can lead to worsening of
postprandial hyperglycemia [29]. Since GLP-1 can suppress
glucagon secretion in a glucose-dependent manner, a possi-
ble added effect on insulin treatment can be expected, which
can lead to lower postprandial hyperglycemia and maybe
lower doses of insulin needed.

Only a few studies have addressed the secretion of GLP-1
under physiologic conditions in patients with type 1 DM, with
controversial and ambiguous results. In patients predisposed
to having type 1 DM (ie, positive islet cell antibodies, normal
fasting, but elevated 2 hours OGTT glucose) there was an
impaired first-phase insulin response, lack of glucagon sup-
pression, and an impaired incretin effect, but with normal
plasma levels of GLP-1 [30]. In another study, done on 16
patients with long-standing diabetes, fasting GLP-1 concen-
trations did not differ from those of normal subjects, but the
GLP-1 secretion in response to a mixed meal was absent [31].
In contrast, Vilsbol et al showed that the fasting GLP-1 level
was lower in subjects with C-peptide negative type 1 DM than
in normal controls, whereas they had a normal postprandial
GLP-1 response comparedwith normal controls [32]. A recent

Curr Diab Rep (2012) 12:560–567 561



study that measured the activity of the DPP4 enzyme in
patients with type 1 DM, type 2 DM, and normal controls
showed that compared with type 2 DM and controls, patients
with type 1 DM had a higher DDP4 enzymatic activity both in
the fasting state and 60 and 180 min after a meal. Correlation
was neither detected between the fasting plasma glucose nor
between the HbA(1 C) and the DPP-4 values in any of the
groups studied which suggests that it is not the hyperglycemia,
rather the type of diabetes which determinates the serumDPP-
4 enzymatic activity. This could lead to lower GLP-1 levels,
thus affecting glucose control in type 1 DM. Therefore, GLP-1
agonists that are resistant to DPP4 may be able to compensate
for this deficit [33•]. Despite the controversy and the need for
further studies on the GLP-1 effect in type 1 DM, GLP-1 and
its agonists have been studied in patients with type 1 DM.

GLP-1 Effect on Glycemic Control in Type 1 DM

Effect on Fasting Glucose Levels

Since any beneficial effect of GLP-1 in type 1 DM was
postulated to occur mainly through the modulation of post-
prandial hyperglycemia, very few studies have examined its
effect on fasting hyperglycemia. In one of these studies, a
continuous infusion of GLP-1 at a dose of 1.2 pmol/kg/min
resulted in reduction of fasting hyperglycemia from 13.4 to
10 mmol/L and a 50 % reduction in glucagon concentration,
though it should be noted that participants had an induced
fasting hyperglycemia and hyperglucagonemia by halving
their night-time dose of intermediate insulin [34]. In con-
trast, in another study where patients were well insulinized
and had no fasting hyperglycemia, GLP-1 infusion had no
effect on insulin or on glucagon levels, and glucose levels
remained stable at 8 mmol/L in both GLP-1 and saline infu-
sion [35]. In view of the scarcity of the available studies and
their contradictory results, more studies are still needed to test
the effect of GLP-1 on fasting hyperglycemia in patients with
type 1 DM.

Effect on Postprandial Hyperglycemia

Several studies have been done on the effect of GLP-1 on
postprandial hyperglycemia with the majority showing
beneficial effect.

In a study by Gutniak et al [36], postprandial hyperglyce-
mia excursions were significantly improved when GLP-1
infusions were combined with insulin infusions than when
insulin infusions were given alone; although this finding
suggested an improvement in insulin sensitivity, delayed gas-
tric emptying was not taken into account. In 8 subjects with
type 1 DM and residual C-peptide secretion, the continuous
infusion of 1.2 pmol/kg/min of GLP-1 after a mixed meal

almost abolished increments of plasma glucose. This was
mostly explained by delayed gastric emptying and decreased
glucagon secretion [37]. In another study on persons with type
1 DM and a wide range of residual insulin secretion conducted
by the same investigators, a subcutaneous injection of
0.63μg/kg of GLP-1 administered beforemeals with the usual
dose of insulin led to a decrease in postprandial glucose and
human pancreatic polypeptide (HPP). However, in this study,
glucagon and C-peptide levels did not differ from control,
highlighting delayed gastric emptying as a mechanism to
explain the effect of GLP-1 on postprandial hyperglycemia
[38]. In another study conducted on subjects with type 1 DM
and no residual endogenous insulin secretion (negative C-
peptide), 0.63 μg/kg of GLP-1 subcutaneously in addition to
their dose of insulin was administered first before breakfast
and lunch (8-hour study) and then before each meal for 5 days
(5 day study). In the 8-hour study there was a decrease in the
area under the curve (AUC) for plasma glucose, a decrease in
human pancreatic polypeptide (a marker of afferent vagal
activity) and glucagon. In the 5-day study, there was no effect
on fasting glucose levels when compared with placebo, but
there was a significant decrease in postprandial increments.
There were no episodes of hypoglycemia and no change in
insulin dosages. Thus the effect was mainly attributed to
delayed gastric emptying and decreased glucagon secretion
[39]. In another study performed by the same authors, this
time using 0.03 μg/kg of exendin-4 given 15 min before each
meal to persons with type 1 DM and negative C-peptide
secretion, there was again a reduction in the postprandial gly-
cemic excursions to levels comparable to those of normal
subjects; there were also reductions in plasma HPP, glucagon,
and acetaminophen levels (used as a marker for gastric empty-
ing), whereas insulin levels were not affected. These findings
again favor a main mechanism of delayed gastric emptying and
decreased glucagon secretion [39].

In a recent double-blind randomized controlled study con-
ducted on 8 adolescent volunteers with type 1 DM and neg-
ative C-peptide, treatment with 2 doses (1.25 and 1.5 μg) of
the GLP-1 analogue exenatide (a derivative of exendin-4) pre-
meals resulted in lower postprandial glucose excursions and
greater delays in gastric emptying when compared with insu-
lin monotherapy, but failed to suppress glucagon secretion
[40••]. In another study, 9 C-peptide negative participants with
type 1 DM received concomitant infusions of arginine and 1.2
pmol/kg/min of GLP-1 or saline. The active infusion caused a
significant decrease in glucagon levels as well as a decreased
arginine-stimulated glucagon release. Only 1 subject showed
increased C-peptide levels, presumably due to induction of
endogenous insulin secretion [41•].

In summary, it appears that GLP-1 and its agonists have a
favorable effect on postprandial hyperglycemia with no
major hypoglycemia, driven mainly by delayed gastric emp-
tying but also by decreased glucagon secretion. Limitations
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of all the studies are mainly the short period of time and the
small number of participants. Bigger and longer-term stud-
ies are still needed.

Effect on Insulin Resistance

Since GLP-1R is found in rat muscle, fat, and liver [42–44], it
was postulated that GLP-1 can influence peripheral glucose
uptake. In vitro studies have shown that GLP-1 can increase
glucose uptake in each of these tissues [45, 46]. Whether this
can be observed in vivo and in humans is still controversial.
The previously mentioned study done by Gutniak et al. [36]
showed increased glucose uptake but did not account for the
observed delay in gastric emptying. A more recent study
showed no effect on peripheral glucose uptake [47]. A study
done by Vella et al [48] that examined the effect of GLP-1 on
splanchnic glucose uptake showed that there was no differ-
ence in total glucose uptake in the first 3 hours after infusion,
but this was higher after the fourth hour, whereas splanchnic
glucose uptake was lower in GLP-1 infused patients. The
authors concluded that GLP-1 increases total body uptake in
a time-dependent manner in people with type 1 DM through
unknownmechanisms.More recently, the same authors exam-
ined the effect of both GLP-1 and exendin-4 in healthy non-
obese volunteers using hyperinsulinemic-euglycemic clamps,
but this time they concluded that neither GLP-1 nor exendin-4
have insulinomimetic effect [49].

In conclusion, it is still not clear whether GLP-1 has any
direct effect on glucose uptake and insulin sensitivity.

GLP-1 Effect on Pancreatic Β-Cells in Type 1 DM

Sine type 1 DM is an autoimmune disease with persistent
destruction of beta cells that leads to absolute insulin defi-
ciency, most efforts in the field of treatment are focused
toward identification of drugs that can stop or delay this
process, or that can induce beta-cell proliferation or differ-
entiation. GLP-1 is one of these promising drugs.Most studies
done on type 2 DM and nondiabetic models of rodents have
generally concluded that GLP-1 treatment increases beta-cell
mass mainly through enhanced beta-cell proliferation, inhib-
ition of beta-cell apoptosis, and induction of differentiation of
new beta cells from pancreatic duct cells [35, 50–54]. More-
over GLP-1 seems to have an effect on beta-cell function,
since GLP-1R-deficient mice were found to have fasting
hyperglycemia and impaired insulin secretion in response to
parenteral glucose [55]. Recent studies in vitro [56] and in
humans [57] suggest that GLP-1 levels play a role in beta-cell
function not only by stimulating insulin secretion but also by
increasing insulin biosynthesis (by enhancing proinsulin gene
transcription [58]) and stimulation of the transcription of other
beta-cell genes, such as glucokinase and GLUT2 glucose

transporters [59]. GLP-1 also increases the capacity of
individual beta cells to respond to glucose; this ability to
activate glucose-insensitive cells has been called induction
of glucose competence [60].

Several recent animal studies have tested the effect of GLP-
1 on rodent models of type 1 DM such as the non-obese
diabetic (NOD) mouse, which spontaneously develops auto-
immune diabetes similar to human autoimmune DM [61].

In a study done on 8-week-old female NOD mice, human
GLP-1 was administered for 4–8 weeks subcutaneously.
Those mice showed increased beta-cell mass (both through
proliferation of preexisting islet beta cells and through dif-
ferentiation of pancreatic duct cells into beta cells) as well as
a 54.2 % decrease in the relative number of apoptotic cells.
This was associated with a transient decrease in an insulitis
score, improved glucose tolerance tests, and a delayed onset
of diabetes. Mice that were treated for 8 weeks did not
develop diabetes compared with a 60 % diabetes incidence
in control animals [62].

In another study, exendin-4 was given to 4-week old NOD
prediabetic mice. Diabetes onset was delayed from age 21 to
29 weeks, and treatment was associated with lower insulitis
scores, and increases in beta-cell mass and islet number com-
pared with controls [63].

Three-week combination therapy with gastrin and GLP-1
restored normoglycemia in diabetic NOD mice, an effect that
was not seen with either agent alone (CITE). There was also
increased pancreatic insulin content, beta-cell mass (ascribed
to pancreatic duct differentiation rather than islet beta-cell
proliferation), and insulin-positive cells in pancreatic ducts,
as well as decreased beta-cell apoptosis and insulin antibodies
[64]. The latter finding suggests that combination of gastrin
and GLP-1 alters the autoimmune response through yet
unknown mechanisms.

Given the reported decline in beta-cell function after the first
year of a single course of anti-CD3 in human studies (CITE),
the authors reasoned that a major determinant of the successful
response to treatment is the extent of beta-cell function at
diagnosis. Hence, GLP-1 (which stimulates beta-cell prolifer-
ation and inhibits apoptosis in rodents) was combined with
several immunomodulators in many studies, to search for any
potential additive effect. In one of these studies, new-onset
diabetic NODmice were treated with the monoclonal antibody
anti-CD3 in addition to daily injections of exendin-4 and
compared with those treated with anti-CD3 alone or exendin-
4 alone. Mice that were treated with the combination showed a
higher remission rate (44 %) than exendin-4 alone (0 %) or
anti-CD3 alone (37 %). This was associated with increased
pancreatic insulin content and recovery of residual islets that
was only seen in mice with residual functional beta-cell mass
upon initiation of treatment (glucose level <350 mg/dL). In
contrast exendin-4 alone had no effect the immune reaction,
nor on beta-cell mass [65].
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Exendin-4 was also combined with the immunomodula-
tor lisofylline (LSF), a blocker of T cell activation and
cytokine production. This study also showed control of
hyperglycemia that was completely absent with either drug
alone [66].

Another combination with the immunosuppressant anti-
lymphocyte serum (ALS) in NOD overtly diabetic mice led
to complete remission in 23 out of 26 mice treated vs 6 out of
15 treated with ALS alone and 0 remission in those treated
with exendin alone. Beta-cell mass was not measured directly
in this study [67].

Combination of exendin-4 with anti-interferon-γmonoclo-
nal antibody in Bio-breeding rats (another animal model of
type 1 DM) led to increases in beta-cell proliferation at higher
rates than either drug alone whereas exendin-4 alone induced
a notable decrease in beta-cell apoptosis that was not modified
by the combination [68••].

In a very recent study designed to investigate whether the
local production of GLP-1 in the intestine can differentiate
intestinal stem cells into insulin-producing cells, a recombi-
nant adenovirus expressing GLP-1 (rAd-GLP-1) injected
was intra-intestinally into diabetic mice. The injected mice
showed intestinal insulin mRNA expression, insulin and
glucagon-positive cells in the intestine, and significantly
increased serum insulin but not glucagon. This was associ-
ated with a significant reduction in blood glucose levels and
improved glucose tolerance. Expression of transcription
factors related to beta-cell differentiation was detected in
the intestine at 2 weeks after injection [69••]. This study is
particularly relevant, since islet transplantation has proven
to be hard and limited by scarcity of donors: thus, an alter-
native would be to induce differentiation of stem cells (such as
pancreatic duct cells, or possibly intestinal cells) into insulin-
secreting cells.

These animal studies have several limitations; first,
inaccurate interpretation of data can result from the use
of an antibody that only recognizes the amidated form of
GLP-1, which is predominant in humans but not rodents
[70]; second, animal studies cannot be extrapolated to
humans because rodent beta cells have around 5- to 10-
fold higher capacity for replication after partial pancrea-
tectomy [71], and third, there are several major differences in
both innate and adaptive immunity between rodents and
humans [72].

Potential mechanisms explaining the effect of GLP-1
on the beta-cell mass are still poorly defined. It seems
that several transduction pathways are involved, but the
critical step seems to be the activation of the pancreatic
and duodenal homeobox factor-1 by GLP-1. PDX-1 is
an important transcription factor for pancreas develop-
ment and beta-cell survival, and it has been shown that
GLP-1 directly stimulates the expression of PDX-1
homeodomain protein in mice, and that it is essential

for many of its proliferative and cytoprotective effects
[73, 74].

Effect of GLP-1 on Islet Function After Islet Cell
Transplantation in Patients with Type 1 DM

Given the beneficial effects of GLP-1 on beta-cell prolifer-
ation and decreased apoptosis in rodents, it was reasonable
to test possible benefits after islet cell transplantation. Ani-
mal studies were very promising. Exendin-4 was able to
promote revascularization and the formation of insulin-
producing cells in mice transplanted with fetal islet cell
clusters [75]. In streptozocin-induced NOD mice, human
islet cells were transplanted under the renal capsule. Combi-
nation of GLP-1 and gastrin improved correction of hyper-
glycemia, increased insulin content in human cell grafts and
increased plasma level of C-peptide [73].

Some human studies have also shown promise. Six-
teen patients with islet allograft dysfunction requiring
exogenous insulin received exendin-4 for approximately
7 months. Three of the 16 patients were able to dis-
continue insulin and overall need for insulin was sig-
nificantly decreased by about 27 %. Unfortunately, beta-
cell function was not tested at the end of treatment [76].
In another study, 3-month treatment with exendin-4 led
to increased insulin secretion and decreased insulin needs
by about 40 % in 11 of 12 patients after islet transplantation,
but this effectwas only transient and disappeared after 1month
[77]. In 5 subjects with type 1 DM treated with islet cells
transplantation and exenatide, there was no need for exoge-
nous insulin during and 18-month follow-up compared with
only 1out of 5 subjects with type 1 DM who did not receive
exenatide [78].

Conclusions

GLP-1 and its agonists seem to have a promising and benefi-
cial effect in patients with type 1 DM. GLP-1 regulates glu-
cose mainly by both delaying gastric emptying and decreasing
glucagon secretion, and in rodents it has proliferative and anti-
apoptotic effects on beta-cell mass that are independent of
glucose control. Of course these latter effects need to be
studied more in humans, but if proven to be beneficial,
GLP-1 could delay the onset of type 1 DM, especially if
started early enough, when residual beta-cell function is still
present. In addition further long-term larger studies on the
effect of GLP- 1 after islet cell transplantation are still needed.
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