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Summary

GLP-1 (glucagon-like peptide-1) is a gut hormone which is released into the blood
stream after feeding. Its main action is to stimulate insulin secretion through
potentiating the insulinotropic action of glucose. The peptide is encoded in the
glucagon gene and expressed mainly in the gut L cells. It exerts its actions
through activating specific receptors of the seven transmembraneous domain-G-
protein-coupled type with 463 amino acids. Its main signalling mechanism is
activation of adenylate cyclase and formation of cyclic AMP. The peptide also
increases the cytoplasmic concentration of Ca2 which is thought to be executed
both through a Na1-dependent uptake of extracellular Ca21 and through release
of Ca21 from intracellular Ca21 stores. GLP-1 also inhibits glucagon secretion and
inhibits gastric emptying and gastric acid and pancreatic exocrine secretion. Its
integrated action on carbohydrate metabolism results in reduction of circulating
glucose, and GLP-1 has therefore been suggested as a therapeutic alternative in
diabetes. Finally, GLP-1 is also expressed in neurons in the hypothalamus, and
may be involved in the regulation of feeding behaviour, since it inhibits food
intake. BioEssays 20:642–651, 1998. r 1998 John Wiley & Sons, Inc.

Introduction
The gut hormone GLP-1 (glucagon-like peptide-1) is pro-
duced in the intestinal endocrine L-cells. It is a C-terminally
amidated 30 amino acid peptide, which is processed from
proglucagon. It is secreted into the blood stream after a meal
intake and it functions as an incretin hormone. The present
day knowledge on GLP-1 is the result of biomedical research
during the last 50 years. Landmark discoveries include the
1948 demonstration of glucagon-like bioactivity in the gut
mucosa(1) and the identification of enteroglucagon cells by
the use of glucagon antisera in the early 1970s.(2) In 1983, the
structure of the glucagon gene was identified(3) and in 1986,
the processing of the proglucagon to various peptides in the
pancreas and the gut was established.(4) It was thereby

demonstrated that the main hormone produced by the entero-
glucagon cells (now called L cells) is GLP-1.(4) In 1987, it was
also shown that GLP-1 is released into the circulation during
food intake and stimulates insulin secretion in humans, and
its function as an incretin factor was established.(5) Further-
more, around 1990, it was demonstrated that GLP-1 inhibits
gastric emptying and gastric acid secretion, and its function
as an enterogastrone factor was suggested.(6) Its signalling
action through activation of adenylate cyclase was demon-
strated in 1987,(7) and in 1992, the specific GLP-1 receptor
was cloned and found to be of the seven transmembraneous
domain G-protein coupled type.(8) A study in 1992 also
opened the possibility of using GLP-1 in the treatment of
diabetes.(9) Finally, in 1996, it was found that GLP-1 inhibits
food intake.(10)

Characterization of the GLP-1 producing
intestinal L cells
The main site of expression of GLP-1 is in the intestinal L
cells,(11) although GLP-1 is also expressed in certain neurons
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in the hypothalamus(12) and in small quantities in the pancre-
atic A cells.(13) Although the existence of glucagon-like sub-
stances in the gut was known since the 1940s,(1) the gut
enteroglucagon cells were identified in the early 1970s by the
use of glucagon antisera.(2) These cells, which now are called
L cells, are distributed in the mucosal lining of the small and
large intestines and are of the open-type endocrine cells with
a characteristic slender apical process with a surface exhibit-
ing microvilli directed towards the lumen of the gut.(11) At the
base of the cell, typically large secretory granules containing
fully processed GLP-1 are located; these granules liberate
the hormone when appropriately activated (Fig. 1). The
density of these cells increases throughout the small intestine
to reach a maximum in the distal ileum. The cells occur also in
the colon, and also here their density is charactestically
increased distally, to reach a maximum in the rectum.(11)

Expression of the GLP-1 encoding gene
GLP-1 is encoded in the glucagon gene which is 9.4 kb in
length, localized to band q36-q37 on chromosome 2 and
consists of six exons and five introns.(14) The sequence of the
glucagon gene was first identified in the hamster(3) and later
demonstrated also in humans.(14,15) It has been shown that it
is the same glucagon gene which is expressed in the
intestinal L cells and in the pancreatic A cells.(16) In a study on
the regulation of the glucagon gene expression on fetal rat
intestinal mucosal cells, it was found that elevation of cyclic
AMP increases the cellular amount of proglucagon mRNA,
suggesting the existence of a cyclic AMP responsive element
in the regulatory region of the intestinal glucagon gene.(17)

However, more studies are required to elucidate which
factors that are of importance for GLP-1 gene expression.

Processing of preproglucagon
As a result of translation of the glucagon mRNA, the 180
amino acid preproglucagon sequence is produced, and after
cleavage of an N-terminal signal peptide, the remaining 160
amino acid proglucagon is packaged into secretory granules.
Proglucagon then undergoes a series of posttranslational
modifications, which are different in the gut and the pan-
creas.(4,13) In the L cells, GLP-1 is processed in two steps (Fig.
2): first proglucagon72–108 is formed, which is then truncated
by cleavage of the N-terminal 6 amino acids, removal of the
C-terminal glycine, and amidation of the remaining C-terminal
residue arginine, resulting in proglucagon78–107amide (5GLP-
1), which is the main secretory hormone of the L-cells.
Approximately 20% of GLP-1 secreted from the L cells is,
however, not amidated, but instead secreted as GLP-17–37,
i.e., proglucagon78–108, which exerts identical effects as GLP-
1.(13) Finally, a recent study showed that already at the time of
exocytosis, GLP-1 is metabolized by removal of the two
N-terminal amino acids, yielding GLP-19–36amide, which is a
GLP-1 antagonist.(18) Taking this into account, GLP-1 seems

to be secreted as GLP-17–36amide (, 40%), GLP-19–36amide

(, 40%), and GLP-17–37 (, 20%).
In the pancreatic A cells, the processing of proglucagon is

different than in the L cells. Thus, in these A cells, glucagon is
the main product and GLP-1 is produced only in minimal
amount.(13) The different posttranslational processing of pro-
glucagon in the gut versus in the pancreas implies that
different enzymes responsible for the processing are involved
in the two cell types. Although not finally established, there is
experimental evidence that the enzyme PC2 (proconvertase
2) is involved in the processing of proglucagon in the
pancreatic A cells, whereas PC3 (proconvertase 3) and
probably an additional yet unidentified enzyme are involved in
the processing of proglucagon in the intestinal L cells.(19)

Structure of GLP-1
The amino acid sequence of GLP-1 is identical in all mamma-
lian species examined sofar.(20) It consists of 30 amino acids

Figure 1. Schematic model of an intestinal L cell with its
microvilli protruding into the gut lumen and its close anatomi-
cal relationship with neighboring enterocytes. The L cells are
polarized with secretory granules, containing the processed
proglucagon with GLP-1, located to the base closely to the
blood vessels. The L cells may be activated by absorbed
nutrients (symbolized by glucose) either, although unlikely,
through a direct action on the L cells (via chemoreceptors or
through absorption) or, more likely, indirectly through absorb-
tion by the enterocytes, by GIP or other hormones arriving
through the blood stream, or through nerves within the gut
wall. These nerves might be cholinergic or peptidergic
(stimulatory action on L cells) or adrenergic (inhibitory), Ach
(5acetyl choline), GRP (5gastrin releasing peptide), and NA
(5noradrenaline) represent neurotransmitters.
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with the C-terminal arginine moiety being amidated and 14 of
the 30 amino acids being identical to those in glucagon (Fig.
3). Magnetic resonance imaging technique has shown that
GLP-1 in a micelle takes the form of a two helical structure
(amino acids 7–14 and 18–29, respectively), which is similar
to that of glucagon.(21) Studies on the active site of the
molecule have revealed that both the C-terminal and the
N-terminal ends of the peptide are of importance for activity,
since removal of the N-terminal histidine or the three C-
terminal amino acids results in complete loss of activity.(22)

Secretion of GLP-1
In the intestinal L-cells, GLP-1 is stored in the secretory
granules, and released into the blood stream when the cells
are activated. The most important stimulus for secretion of
GLP-1 is ingestion of a mixed meal, which increases circulat-
ing GLP-1 within 15 minutes.(5) Also oral ingestion of glucose
releases GLP-1.(5,23,24) The stimulus for secretion seems to
be nutrients reaching the small intestine, since the secretion
of GLP-1 correlates to the gastric emptying rate.(24) Although
L cells are equipped with luminally directed chemosensors, a
study demonstrating that nonabsorbable sugars (sucrose
and 2-deoxy-glucose) do not stimulate GLP-1 secretion from
the perfused dog ileum suggests that nutrients need to be
absorbed to stimulate GLP-1 secretion.(25) Since glucose
absorption is executed by the sodium-glucose-cotransporter
(SGLT-1), it is of interest that this transporter does not seem
to exist in the L-cells, but only in the neighbouring entero-
cytes.(26) Hence, it is possible that the main stimulus for

GLP-1 secretion is a paracrine activation by neighboring
enterocytes after absorption of nutrients.

Also hormones and neurotransmitters affect GLP-1 secre-
tion from the intestine. Thus, it has been shown in rat L cells,
that GLP-1 secretion is stimulated by GIP (gastric inhibitory
polypeptide), GRP (gastrin releasing peptide), and the musca-
rinic agonist, bethanechol, but inhibited by somatostatin.(27)

Furthermore, in the pig ileum, GLP-1 secretion is stimulated
by GRP, substance P and neurokinin A, whereas the secre-
tion is inhibited by adrenergic nerve activation.(13) Hence,
whereas the main regulator of GLP-1 secretion is nutrient
absorption, the secretion seems to be modulated by stimula-
tory and inhibitory influences by other gut hormones and by
the enteric nervous system. However, more studies are
required to establish the integrated action of various factors
on GLP-1 secretion.

Circulation of GLP-1
The fasting circulatory level of GLP-1 is approximately 5–15
pmol/l, and this level is increased to approximately 20–30
pmol/l after ingestion of a meal.(5,23,24) Following its secretion
into the blood, GLP-1 is rapidly and extensively removed from
the circulation. Two main routes of elimination of GLP-1 have
been described. A first route is enzymatic removal of the two
N-terminal amino acids (histidine and alanin), yielding des-
His1-Ala2-GLP-1 or GLP-19–36amide, by the enzyme dipeptidyl
peptidase IV (DPPIV).(28) A second route of elimination is
through extraction by the kidney, implying that subjects with
kidney failure have elevated circulating levels of GLP-1.(29) A

Figure 2. Processing of the proglucagon
molecule.(13) Proglucagon contains 7 dibasic
pairs of amino acids which are preferential
sites for cleavage during the processing, as
indicated by numbered amino acids. The
processing of the promolecule is different in
the intestinal L cells (shown above the proglu-
cagon sequence) versus in the pancreatic A
cells (shown below the proglucagon se-
quence). In the L cells, the proglucagon1–69

(5PG1–69) sequence is finally secreted as
glicentin (60–80%), GRPP (glicentin related
polypeptide; 20–40%), and oxyntomodulin
(20–40%), whereas the PG78–108 sequence is
secreted as GLP-1 (5GLP-17–36amide; 80%, of
which half is rapidly, probably already at the
time of exocytosis, metabolized to GLP-
19–36amide) and GLP-17–37 (20%, not shown in
Fig.). Red arrows show secreted products
from the gut. In the A cells, GRPP, glucagon,
and IP-1 (intervening peptide 1) are secreted,
and of the MPGF sequence, <70% is se-
creted as MPGF, <25% as GLP-1, <5% as
GLP-17–37, and <30% as GLP-2.
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theoretical possibility for a third route of elimination of GLP-1
from the circulation is inactivation at the site of its receptors.
However, whether such receptor-linked inactivation signifi-
cantly contributes to the elimination of GLP-1 from the
circulation is at present not known. The efficient removal of
GLP-1 from the circulation results in a short circulating time of
the peptide. Thus, the calculated half life after intravenous
administration of GLP-1 has been found to be as short as 4
minutes.(5)

The optimal antisera to be used for radioimmunoassay
determination of GLP-1 have been discussed by Holst.(13)

C-terminally directed assays, which are the most common,
measure both GLP-1 and the metabolite GLP-19–36amide,
whereas N-terminally directed assays measure specifically
the biologically active GLP-1. If an assay uses two antisera
measuring both the C- and N-terminal portions of the peptide,
both the secretory rate of GLP-1 as well as the biological
active form of GLP-1 will be determined.

Characterization of GLP-1 receptors
The first demonstration of GLP-1 receptors were performed in
membranes from insulin producing RINm5F cells, where
iodinated GLP-1 is bound to a single class of binding sites
and selectively displaced by GLP-1.(30) Later work character-
ized the receptor molecule by isolating cDNA clones from a
rat pancreatic islet library by expression cloning strategy.(8) It
was thereby demonstrated that the GLP-1 receptor consists
of 463 amino acids and belongs to the superfamily of seven
transmembraneous spanning G-protein-coupled receptors,
which also includes receptors for glucagon, GIP, VIP (vasoac-
tive intestinal polypeptide), secretin, PACAP (pituitary adenyl-
ate cyclase activating polypeptide), and PTH (parathyroid
hormone).(8) However, these other peptides do not bind to the
GLP-1 receptors, which therefore are specific for the peptide.
Interestingly, two peptides isolated from the venom of a Gila
monster, the Heloderma suspectum, called exendin-4 and
exendin-(9–39), exhibit high homology to GLP-1, and have
been shown to bind to the GLP-1 receptors with high
affinity.(31) Since exendin-4 is a agonist and exendin-(9–39)

an antagonist to GLP-1 at the receptors,(31) these peptides
are tools for examining the functional role of GLP-1.

In the seven transmembraneous domain type of recep-
tors, the extracellular surface (i.e., the extracellular N-
terminal end and the exterior portion of the seven transmem-
braneous domains) is of importance for binding of the ligand,
i.e., for the specificity of the receptors, whereas the intracellu-
lar surface of the receptor is of importance for recognition and
activation of G-proteins which are of importance for further
signalling mechanisms.(32) Following synthesis, the receptor
is finally localized in the membrane, and after ligand-receptor
interaction, GLP-1 is internalized into the cells.(33)

Identical GLP-1 receptors as in rat islets have been cloned
from human islets,(31) and, the receptor is also expressed in
the hypothalamus.(34) Expression is also evident in the lung
and likely to occur in the liver, in skeletal muscles and in the
kidney, although final evidence for this has yet to be pre-
sented.(20) In humans, the GLP-1 receptor gene is localized to
the long arm of chromosome 6.(35) Alteration in receptor
expression might be one mode to the regulation of GLP-1
activity. One study in cultured rat islets has thereby shown
that expression of the GLP-1 receptor is inhibited by dexa-
methasone and slightly increased by glucose, whereas eleva-
tion of cyclic AMP appears to be without effect.(36) In contrast,
other studies in insulin producing RINm5F cells have shown
that agents raising cyclic AMP reduces GLP-1 receptor
expression, which would suggest a desensitization mecha-
nism.(20) Hence, more studies are required to establish the
regulation of GLP-1 receptor expression.

Effects of GLP-1
GLP-1 exerts a number of actions when administered experi-
mentally in different systems. Its main function is related to
regulation of islet function, regulation of gastric motility and
gastric acid and pancreatic enzyme secretion, and regulation
of food intake.

Stimulation of insulin secretion
GLP-1 potently stimulates insulin secretion in vivo and in vitro
in a variety of species including humans(5,37–41) and stimulates

Figure 3. Amino acid sequence of GLP-1.
Amino acids surrounded by red line are ho-
mologous to glucagon.
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proinsulin gene expression and synthesis.(7) The insulinotro-
pic action is glucose dependent, and requires a glucose
threshold of approximately 3 mmol/l.(13,41) This implies that
the insulinotropic action of GLP-1 is self-limiting, since after
reduction of circulating glucose by the raising insulin concen-
tration, the insulin secretory response of GLP-1 vanishes.
Since stimulation of insulin secretion and gene expression is
seen also in isolated islets and in insulin producing cells,(7,39)

the action is explained by a direct effect on the islet B cells,
which are known to express the GLP-1 receptors.(8,31) Further-
more, in parallel with its stimulation of insulin secretion,
GLP-1 stimulates also the secretion of IAPP (islet amyloid
polypeptide), which is expressed together with insulin in the B
cell granules.(42)

The insulinotropic action of GLP-1 seems to be one of its
main physiological function. Hence, GLP-1 is thought to act
as a socalled incretin, which is defined as a gut hormone
released during food intake and potentiating glucose-
stimulated insulin secretion. Several gastrointestinal hor-
mones have during the recent decades been suggested to be
important incretins. Evidence that GLP-1 is, perhaps in
conjunction with GIP, the main incretin is that its potentiating
action on glucose-stimulated insulin secretion is exerted at
circulating concentrations which occur postprandially,(5) that
the GLP-1 receptor antagonist, exendin9–39, inhibits insulin
secretion following intestinal glucose administration in rats,(43)

and that GLP-1 receptor knock-out mice have glucose intoler-
ance after oral glucose.(44)

Effects on other islet hormones
GLP-1 also inhibits glucagon secretion(5,9,38,40,45) and stimu-
lates somatostatin secretion,(20,45) but is without influence on
the secretion of PP (pancreatic polypeptide).(46) The inhibitory
influence on glucagon secretion was previously thought to be
indirectly mediated, since glucagon producing cells were
thought not to express GLP-1 receptors.(47) However, recent
studies have demonstrated expression of GLP-1 receptors
also in glucagon secreting A cells.(48) It is therefore possible
that the inhibition by GLP-1 of glucagon is executed both
through a direct action on the A cells and indirectly through
the release of insulin, since insulin inhibits glucagon secre-
tion. It is also possible that GLP-1 inhibits glucagon secretion
through an indirect action mediated by somatostatin secre-
tion, since insulin somatostatin secreting cells express GLP-1
receptors.(49)

Effects on carbohydrate metabolism
GLP-1 has been shown to reduce circulating glucose in both
humans and animals.(43,50) This might be due to the increased
insulin/glucagon ratio (due to stimulation of insulin secretion
and inhibition of glucagon secretion), which would inhibit liver
glucose production and thereby reduce the circulating levels
of glucose. Glucose kinetic studies with tracer technique have

also demonstrated both in humans(51) and rats(40) that GLP-1
reduces hepatic glucose production. Consequently, after
preventing the islet actions of GLP-1 by means of somatosta-
tin, it has also been shown that the inhibition of liver glucose
delivery is prevented.(51) However, a peripheral, islet-
independent, mechanism might still contribute to the glucose
reducing effect of GLP-1, since it has been shown that GLP-1
increases the insulin-independent glucose-dependent glu-
cose uptake, the socalled glucose effectiveness, which oc-
curs without any effect on insulin sensitivity(52) and an in-
creased clearance of glucose induced by GLP-1 has been
inferred from results of the glucose tracer studies, the
molecular mechanism of which is not known at present.(51) On
the other hand, insulin sensitivity seems not to be altered by
GLP-1 as verified by studies with the euglycemic, hyperinsu-
linemic clamp technique in both healthy subjects and in
subjects with diabetes.(53,54) Therefore, GLP-1 seems to
reduce circulating glucose mainly by increasing the circulat-
ing insulin to glucagon ratio, although contribution by periph-
eral, insulin-independent, mechanisms can not be excluded.

Inhibition of gastric emptying and gastric acid and
pancreatic exocrine secretion
GLP-1 has been demonstrated to inhibit gastric emptying and
to inhibit gastric acid and pancreatic enzyme secretion both
basally and after stimulation by mixed meal and pentagastrin
in humans.(6,55) It has been argued that these effects are
centrally mediated, since GLP-1 does not affect gastric acid
secretion in vagotomized subjects.(56) Since these effects are
exerted at levels of GLP-1 which circulate postprandially,(6,55)

it has been argued that GLP-1 physiologically functions as an
enterogastrone mediating the socalled ileal brake, i.e., the
endocrine inhibition of secretion and motility in the proximal
gastrointestinal tract and pancreas which is induced by
nutrients in the ileum.(57) However, more studies are required
to examine the potential role of GLP-1 as an enterogastrone.

Inhibition of food intake
A third proposed physiological function of GLP-1 is its central
action to inhibit food intake. Background for this hypothesis is
that GLP-1 is expressed in neurons in the brain.(12) These
nerves originate in the brain stem, mainly in the solitary tract,
where they receive afferent information from the gatrointesti-
nal tract, and they project on the hypothalamus.(13,20) Further-
more, GLP-1 receptors have been localized to these areas in
the hypothalamus, mainly to nuclei of importance for the
regulation of food intake.(13,20,34) Moreover, GLP-1 inhibits
food intake when administered in the third cerebral ventricle
in rats,(10,58) and this action is inhibited by the GLP-1 receptor
antagonist, exendin9–39.(58) It may therefore be hypothesized
that afferent nerves activated by food intake liberate neuro-
nal, central, GLP-1 to inhibit food intake. The mechanisms
responsible for the activation of these afferent nerves are not
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known and more studies are also required to examine the
mechanism of this action of GLP-1, considering the complex
nature of the regulation of food intake. Whether also enteral
GLP-1 is involved in this process by activating the afferent
nerves liberating central GLP-1 is an intriguing possibility. It
should be emphasised that it is not entirely excluded that also
circulating GLP-1 might have central effects, since central
GLP-1 receptors are localized also in the area postrema and
in the subfornical organ at locations which are accessible
from the systemic circulation.(59)

Physiology of GLP-1
Figure 4 presents a proposed model of integrated GLP-1
physiology. The model suggests that enteral GLP-1 is re-
leased from the gut and from hypothalamic nuclei following
food digestion. GLP-1 then exerts a variety of effects. First, it
contributes to the postprandial insulin secretion (incretin) and
the inhibition of gastric emptying and gastric acid secretion
seen late after food intake (enterogastrone). Furthermore,
GLP-1 also stimulates somatostatin secretion and inhibits
glucagon secretion. Finally, mainly through central neuronal,
GLP-1 inhibits food intake. The model suggests that GLP-1 is
an important gut hormone adapting the organism to the
ingested food: it is responding to food digestion and functions
as an incretin to help storing the ingested nutrients, as an
enterogastrone to inhibit proximal processes digesting the
food, and as part of the gut-brain axis to inhibit food intake.

To study the physiology of GLP-1, mice with a targeted
disruption of the GLP-1 receptor gene were generated.(44) It
was found that blood glucose levels were elevated after oral
glucose ingestion, consistent with the function of GLP-1 as an
incretin. It was interestingly also demonstrated that the
glucose tolerance after intraperitoneal administration of glu-
cose was impaired, suggesting that GLP-1 might be involved
also in the regulation of insulin secretion independent from
food digestion. In contrast, although the GLP-1 receptor
disrupted mice did not respond with reduction in food intake
following central GLP-1 administration, they had a normal
baseline food intake and body weight, suggesting that the
food intake is redundantly regulated by a variety of factors
and therefore that the GLP-1 receptors are not of vital
importance for regulation of food intake.(44)

Signal transduction of GLP-1
The signalling mechanisms induced by activation of the
GLP-1 receptors have been most deeply characterized in
insulin producing cells. Under normal conditions, the main
insulin secretagogue is glucose and several transduction
mechanisms are involved in insulin secretion stimulated by
glucose. First, glucose is metabolised which increases the
cytosolic ratio of ATP/ADP. This depolarises the plasma

membrane through closure of ATP-regulated K1-channels,
which causes opening of voltage-sensitive Ca21-channels
and uptake of extracellular Ca21 to raise the cytosolic concen-
tration of Ca21. Second, glucose induces phosphoinositide
hydrolysis, which yields production of diacyl glycerol, activat-
ing protein kinase C, and inositol-1,4,5-trisphophate (IP3),
liberating Ca21 from intracellular storage sites. Finally, glu-
cose activates adenylate cyclase, which yields production of
cyclic AMP and activation of protein kinase A. These second
messengers (cytosolic Ca21, protein kinase C, and protein
kinase A) then activate the exocytotic machinery which
releases insulin.

Figure 4. Model for physiology of GLP-1, GLP-1 is released
from the gut and hypothalamic neurons following food diges-
tion (red arrows). GLP-1 then exerts three main functions:
stimulation of insulin secretion (➀, incretin action), inhibition
of food digestion (➁, i.e., gastric motility, gastric acid secre-
tion, and pancreatic enzyme secretion, enterogastrone ac-
tion), and inhibition of food intake (➂), In addition, GLP-1
stimulates somatostatin (➃) and inhibits glucagon secretion,
the latter effect both through a direct action on the pancreatic
A cells (➄) and indirectly through insulin and somatostatin
(➅). As a net effect, GLP-1 influenoes carbohydrate metabo-
lism and energy storage with a pronounced action to lower
circulating glucose.
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GLP-1 stimulates insulin secretion by potentiating the
insulinotropic action of glucose, implying that the action of
GLP-1 is glucose-dependent.(13,41) Hence, glucose is permis-
sive for the insulinotropic action of GLP-1, which is explained
by GLP-1 potentiating the efficiency of the signaling pathways
initiated by glucose. Several of the pathways initiated by
glucose have thereby been shown to be potentiated by
GLP-1. A main signaling mechanism initiated by GLP-1
receptors is activation of adenylate cyclase which induces
formation of cyclic AMP.(7,22) This in turn activates protein
kinase A, which therefore is thought to be of major importance
for the insulinotropic action of GLP-1. This has been verified
by studies showing that pharmacological inhibition of protein
kinase A activity impairs the insulinotropic action of GLP-1.(60)

However, GLP-1 has also been shown to increase the
cytosolic concentration of Ca21.(61,62) This action is largely
inhibited by omission of extracellular Ca21 from the medium
or by introducing specific inhibitors of the plasma membrane
Ca21 channels, showing that the raised cytosolic Ca21 by
GLP-1 is mediated by opening of Ca21 channels and uptake
of extracellular Ca21. This action might be mediated by cyclic
AMP activating a nonselective cation channel causing depo-
larisation through uptake of Na1.(60) Consequently, omission
of Na1 from the extracellular medium abolishes both the
increase in cytosolic Ca2 and the stimulation of insulin
secretion induced by GLP-1.(61) In addition, GLP-1 has been
suggested to promote the closure of the ATP-regulated
K1-channels by glucose.(63) The mechanism underlying this
effect is still not established. The increase in cytosolic Ca21

induced by GLP-1 has also been shown to be due to
liberation of Ca21 from intracellular stores through a Ca21-
induced Ca21 liberation; through the raised cytosolic Ca21 a
further raise is induced by release of Ca21 from the intracellu-
lar stores by a process inhibited by ryanodine.(64) It should be
emphasised that the signalling action of GLP-1 differs be-
tween different experimental systems, mainly explained by
the use of different insulin producing cells.(62) Interpretations
therefore have to be undertaken cautiously.

In contrast to these actions on adenylate cyclase and
Ca21-channels, GLP-1 does not seem to induce phosphoino-
sitide hydrolysis or to potentiate cellular glucose metabolism
or glucose utilization.(39,65) Figure 5 shows a proposed model
of signalling mechanisms for the potentiating action by GLP-1
on insulin secretion in insulin producing cells, suggesting 1)
that GLP-1 activates adenylate cyclase to form cyclic AMP,
which activates protein kinase A and enhances the uptake of
extracellular Ca21; 2) that the increased cytosolic Ca21

further liberates Ca21 through a Ca21-induced Ca21-libera-
tion; 3) that Na1 uptake is of importance for Ca21 uptake, and
4) that the increased cytosolic Ca21 in conjunction with the
activated protein kinase A stimulates the translocation and
exocytosis of insulin-containing secretory granules.

Pathophysiology of GLP-1

Diabetes
Since GLP-1 is a main incretin factor and a potent insulinotro-
pic hormone, it could be speculated that GLP-1 is involved in
the pathogenesis of type 2 diabetes, the hallmark of which is
islet dysfunction with impaired insulin secretion. However, the
increase in circulating GLP-1 following oral glucose intake is
not altered in subjects with impaired glucose tolerance, which
precedes the development of diabetes.(23) Furthermore, the
insulinotropic action of GLP-1 is preserved in diabetes.(53,66)

These findings thus argue against involvement of the peptide
in the pathogenesis of type 2 diabetes. In contrast, one study
has shown impaired GLP-1 secretion in response to oral
glucose in subjects with type 2 diabetes, in spite of normal
fasting GLP-1 levels, which could suggest involvement of
GLP-1 in the metabolic perturbations of fully developed
diabetes.(67)

Dumping syndrome
In the dumping syndrome, GLP-1 has been thought to be
pathophysiologically important. Thus, if food reaches the
distal intestine very rapidly, for example after gastrectomy, a
fast liberation of a large amount of GLP-1 may occur, which
might raise GLP-1 levels to 300 pmol/l.(24) This might cause
reactive hyperinsulinemia and hypoglycemia.

Endocrine tumors
GLP-1 has also been shown to be expressed in gastroentero-
pancreatic endocrine tumors, although increased circulating
levels of GLP-1 are rarely seen in subjects with those
tumors.(68) One interesting feature of the GLP-1 positive
tumors is that they seem to exhibit a lower rate of distant
metastases and a higher rate of curative resections.(68) The
relevance of this finding for tumor biology remains to be
established, however.

GLP-1 and treatment of diabetes
The pattern of effects of GLP-1 suggests that it may be used
in the treatment of diabetes. Thus, GLP-1 stimulates insulin
secretion and inhibits glucagon secretion, delays gastric
emptying and exerts, perhaps, a peripheral stimulatory action
of glucose uptake. It has therefore during the 1990s been a
great deal of interest to develop GLP-1 as a therapeutic
modality in diabetes. Intravenous or subcutaneous GLP-1
administration has thus shown that GLP-1 exerts antidiabeto-
genic action by reducing basal and postprandial glucose
concentrations in subjects with type 1 or type 2 diabe-
tes.(9,49,53,66,69,70) In type 2 diabetic subjects, it has also been
shown that GLP-1 increases the sensitivity of the B cells for
glucose, which is a main defect associated with diabetes.(53)

The antidiabetogenic action of the peptide has also been
shown to persist during a 7 day study period, suggesting that
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tachyphylaxis or down regulation of receptors do not occur
under these conditions.(71)

One advantage of GLP-1 in comparison with established
therapeutic regimens is that the risk of reactive hypoglycemia
is small, since the insulinotropic action of GLP-1 is self-
limited, due to its glucose dependency, and vanishes when
the glucose level is reduced. GLP-1 is also well tolerated,
which has been shown in a dose-response study in which
adverse effects (nausea, vomiting, chills) were seen only at
very high dose levels.(72) A main problem for future studies is
that GLP-1 is shortlived; the half life after intravenous admin-
istration is only 4 minutes(5) and after subcutaneous adminis-
tration it is 30–60 minutes.(71) Therefore, attempts are re-
quired to prolong its duration, like slow release forms or
concomitant administration of inhibitors of its degradation. A
second problem is that GLP-1 has to be given as intravenous

or subcutaneous administration. To optimise its therapeutic
potential, it is therefore of importance to examine other
modes of administration. In one such attempt, we have in
Malmö used a buccal tablet of 400 µg GLP-1. We found that a
sufficient concentration of circulating GLP-1 was achieved
after administration of this tablet both in healthy volunteers(73)

and in subjects with diabetes.(74) Therefore, this mode of
treatment might be developed further for GLP-1 in the
treatment of diabetes.

Hence, preliminary, and at present only short-term experi-
ments, have suggested that GLP-1 might be a new therapeu-
tic mode for the treatment of diabetes. However, several
problems remain and have to be overcome. These problems
include that long-term effects have not been established, that
the optimal mode of administration is to be defined, that its
entire sequence seems required for agonistic action, making
production expensive, and that at present, we lack informa-
tion on optimal timing and dosing of GLP-1 in relation to
meals. Therefore, more studies are warranted to further
exploit this potential new treatment modality for diabetes.

Concluding remarks
In only a few years time, a large amount of data has
accumulated regarding GLP-1. Thus, GLP-1 has been shown
to be the main hormone of the L cells in the gut and to be the
main physiological incretin hormone and the peptide is
probably also a main enterogastrone. Furthermore, the impor-
tance of cyclic AMP for insulin secretion has been under-
scored by studies on GLP-1 and, moreover, the importance of
cyclic AMP as its second messenger has been established.
Finally, GLP-1 represents an interesting attempt of using a
physiological gastrointestinal hormone in the potential treat-
ment of diabetes. Hence, GLP-1 represents a peptide which
is of interest both for the basic and the clinical researcher.
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38 Fridolf T, Böttcher G, Sundler F, Ahrén B (1991) GLP-1 and
GLP-1(7–36) amide: Influences on basal and stimulated insulin and glucagon
secretion in the mouse. Pancreas 6:208–215.
39 Fridolf T, Ahrén B (1991) GLP-1(7–36) amide stimulates insulin secretion
in rat islets: studies on the mode of action. Diabet Res 16:185–191.
40 van Dijk G, Lindskog S, Holst JJ, Steffens AB, Ahrén B (1996)
Effects of glucagon-like peptide-I on glucose turnover in rats. Am J Physiol
270:E1015–E1021.
41 Ahrén B (1995) Insulinotropic action of truncated glucagon-like pep-
tide-1 in mice. Acta Physiol Scand 153:205–206.
42 Ahrén B, Gutniak M (1997) No correlation between insulin and islet
amyloid polypeptide (IAPP) after stimulation with glucagon-like peptide-1
(GLP-1) in type 2 diabetes. Eur J Endocrinol 137:643–649.
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Jessop DS, Møller M, Sheikh SP (1996) Central administration of
GLP-1-(7–36) amide inhibits food and water intake in rats. Am J Physiol
271:R848–R856.
59 Ørskov C, Poulsen SS, Møller M, Holst JJ (1996) Glucagon-like
peptide-1 receptors in the subfornical organ and the area postrema are
accessible to circulating glucagon-like peptide 1. Diabetes 45:832–835.
60 Holz GG, Leech CA, Habener JF (1995) Activation of a cAMP-
regulated Ca21-signaling pathway in pancreatic beta-cells by the insulinotro-
pic hormone glucagon-like peptide-1. J Biol Chem 270:17749–17757.
61 Fridolf T, Ahrén B (1993) Effects of glucagon-like peptide-1(7–
36)amide on the cytoplasmic calcium concentration in rat islet cells. Mol Cell
Endocrinol 96:85–90.

Review articles

650 BioEssays 20.8



62 Ahrén B, Simonsson E, Karlsson S (1996) Glucagon-like peptide-
1(7–36)amide and cytoplasmic calcium in insulin producing cells. Acta Physiol
Scand 157:333–341.
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