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Abstract: 

GLP-1 is a peptide derived from differential processing of the precursor for the hormone glucagon. It 

is secreted predominantly by endocrine cells in the gut epithelium in response to nutrient 

stimulation. Studies from the last 35 years have given us an idea about its physiological functions. On 

the basis of some of its many actions, it has also been developed into a pharmaceutical agent for the 

treatment of obesity and type 2 diabetes (T2DM). It is currently positioned as the most effective 

anti-obesity agent available and is recommended in both national and international guidelines as an 

effective second-in line treatment for T2DM, in particular in patients with increased cardiovascular 

risk. In this review, I first discuss whether the processing of proglucagon may also result in GLP-1 

formation in the pancreas and in glucagon in the gut.  Next, I discuss the relationship between the 

physiological actions of GLP-1 and the therapeutic effects of the GLP-1 receptor agonists, which are 

far from being congruent and generally poorly understood. These relationships illustrate both the 

difficulties and the benefits of bridging results obtained in the laboratory with those emerging from 

the clinic.  
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Background and Discovery. 

Glucagon-like peptide-1 is a peptide of 30 amino acids, which is formed from proglucagon, the 

precursor of the well-known pancreatic hormone, glucagon(1). The gene encoding proglucagon is 

expressed in the alpha cells of the pancreatic islets, but is also expressed in the so-called L-cells of 

the intestinal epithelium, and in small groups of neurons in the nucleus of the tractus solitarius in 

the brain stem.  

 

 

Fig.1 Proglucagon processing . 

 The precursor molecule, proglucagon, undergoes differential and tissue-specific processing the 

tissues where it is expressed. This is illustrated in Fig. 1.  

 

The precursor sequence comprises 160 amino acids of which the glucagon sequence occupies 

positions 33-61(2). It also comprises two additional glucagon-like sequences in the large C-terminal 

part of the precursor. Already around  1980-82 a molecule comprising the N-terminal 61 amino acids 

of proglucagon, and therefore the entire glucagon sequence, was isolated from the gut(3), and it was 

proposed that this molecule represented at least part of proglucagon since the same molecule and 

relevant fragments of it could be found in and were secreted from the pancreas(4). Here, this 

molecule (Fig.1), which was named glicentin (because one of its fathers, the late Finn Sundby(5), 

anticipated that this molecule with glucagon-like immunoreactivity (GLI) was composed of 100 

amino acids (= cent)-  “in” was added to suggest an endocrine function), would thus undergo 

differential processing to release glucagon and glicentin-related pancreatic peptide (GRPP) from the 

pancreas(4). In contrast, in the gut, it would be secreted in its entirety, although to some extent 

further broken down to a peptide corresponding to residues no 33-69, a molecule now known as 

oxyntomodulin, + GRPP(6). Further studies revealed that also the C-terminal part of proglucagon was 

differentially processed: in the pancreas, mainly the whole remaining fragment of proglucagon 

(“Major Proglucagon Fragment”) was formed and secreted, whereas in the gut this part was 

processed into smaller peptides comprising the glucagon-like sequences 1 and 2(7, 8). Pairs of amino 

acid residues , canonical processing sites for prohormone convertases(9),  suggested that the 

intestinal GLP-1 would correspond to proglucagon 72-108 and the GLP-2 to resides no 126-160. 

Regretfully, synthetic replicas of these peptides showed no immediate biological activity in vivo or 
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on e.g. isolated perfused pancreas preparations(10). However, after isolation of the natural peptides 

and sequence analysis, it was found that the naturally occurring human GLP-1 is a truncated  

peptide, corresponding to residues 78-107(11, 12), and is normally amidated(13), while  GLP-2 

corresponds to PG 126-158(14). The peptides with these structures correspond to the biologically 

active hormones, as we know them to day. For historical reasons, GLP-1 is often designated GLP-1 7-

36amide to indicate that it is a truncated form of the predicted PG 72-108 peptide (which would 

then be designated GLP-1 1-37).  The cells in the brain stem appear to process proglucagon in a gut-

like manner(15).   

Proglucagon processing in the  pancreas and  the gut? 

GLP-1 in the pancreas 

With respect to the tissue-specific differential processing, it is reasonable to ask if the described 

pattern is always invariable and complete; in other words, is GLP-1  secreted only from the pancreas 

(and the brain stem)  and glucagon only from the pancreas? Detailed analysis of pancreas extracts 

from humans and pigs(16) showed that about 10 % of the MPGF is processed to GLP-1 1-36 amide 

and to GLP-2 (126-158). The former has led to much confusion, since most methods have not been 

able to distinguish between GLP-1 1-36amide and GLP-1 7-36amide, and several studies have been 

aimed at elucidation of the possible local role of GLP-1 in the pancreatic islets(17). In a recent study 

of a large number of fresh human pancreatic specimens obtained at surgery, it was found that the 

levels of GLP-1 7-36amide were below detections limit in most biopsies, and low but detectable in 

about a third. A study of humans islets using single cell expression analysis reached at the same 

conclusion(18). The interpretation of this would be that a limited and variable processing to GLP-1 7-

36amide may occur in the pancreas, but that the amount of GLP-1 formed is nevertheless very small. 

Whether this small amount exerts any biological activity is uncertain. The amount of GLP-1 

detectable may be related to the expression level of proglucagon in the alpha cells. In the mouse 

pancreas levels of intact GLP-1 are normally below the detection limit(19), but in mice with deletion 

of the glucagon receptors, which show extreme alpha cell hyperplasia and hypertrophy and massive 

hyperglucagonemia, intact GLP-1 is secreted from the pancreas in significant amounts corresponding 

to about 1/50 of the levels of the extended form (GLP-1 1-36amide)(20). This would suggest that the 

proglucagon cleavage by the enzyme PC2 is not 100 % as predicted, perhaps consistent with 

incomplete specificity of the enzyme. Recent research has shown that the pancreatic alpha cells 

interact extensively with the other cell types in the islets, both the beta cells and the somatostatin-

producing delta cells(20-22). Thus protein-stimulated insulin secretion depends extensively on 

paracrine stimulatory actions of glucagon, secreted from the alpha cells(20, 22). Part of this action is 

inhibited by the GLP-1 receptor antagonist exendin 9-39, and this of course supported assumptions 

of a local production of GLP-1 in the alpha cells(23, 24).  However, it turns out that glucagon is an 

efficacious agonist for both the glucagon receptor and the GLP-1 receptor (both of which are 

expressed by the beta cells). Secretion of glucagon is therefore sufficient to explain the paracrine 

effects of the alpha cell on the beta cells(20).  

Glucagon in the gut 

The L-cell is one of the most abundant enteroendocrine cell types. There are very few in the 

duodenum, but increasing numbers along the small intestine(25). In addition, there is a large 

number of cells in the colon, again increasing in the distal direction (26). Interestingly, a number of 
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the L-cells also produce and release the peptide PYY, which together with GLP-1 is an actor in the 

“ileal brake”: the inhibition of upper gastrointestinal functions upon nutritional stimulation of the 

ileum(27, 28). As briefly mentioned, proglucagon processing in the gut results in the formation of 

GLP-1 7-36amide (again predominantly amidated, although small amounts of Gly-extended GLP-1 7-

37 may also be formed – functionally, the absence or presence of amidation it is not known to have 

any physiological consequences(29)) and GLP-2 1-33 (PG 126-158)(7). A so-called “intervening 

peptide II” corresponding to proglucagon 111-123 is also formed and released from the gut, but 

virtually nothing is known about the peptide(14). Could the gut also be a source for secretion of 

glucagon?  

This has been discussed with varying intensity since 1948, when it was first reported that gut or 

stomach  extracts contain a hyperglycemic substance(30). The question is complicated by the finding 

that several species, including dogs and cats seem to be able to produce considerable amounts of 

glucagon in the stomach(31). Most studies seem to agree that there is very little glucagon (and 

proglucagon expression for that matter) in the human gastric mucosa(32). However, studies of 

totally pancreatectomized subjects have kept the story about extrapancreatic glucagon in humans 

alive. In these subjects, oral (or intraduodenal) ingestion/instillation of glucose results in secretion of 

not only GLP-1, but also immunoreactive glucagon in measurable amounts(33). There has been 

considerable debate regarding the specificity of the assays behind these measurements, but an 

assay based on mass spectrometry confirmed that the measured substance was pancreatic 

glucagon(34). The compound is secreted in parallel with the other L-cell products (glicentin, 

oxyntomodulin, GLP-1 and GLP-2) and it seems clear that it is derived from the L-cell(35). Secretion is 

not affected by arginine, like the pancreatic glucagon secretion. In attempts to evaluate the 

metabolic role of the gut-derived glucagon, a glucagon receptor antagonist developed by Lilly was 

given to pancreatectomized individuals, but did not affect postprandial glucose values(36). Most 

likely what we observe in the gut is related to what was observed in the pancreas : the surgical 

reconstruction of the gut after total pancreatectomy resembles that of RYGB and results in 

hyperplasia and gross hypersecretion of L-cell products(37). Again, if the processing is not entirely 

specific, some of the proglucagons may be processed to glucagon. Funtionally, the intestinal 

glucagon seems to be of limited importance. When Unger and Orci introduced the hypothesis that 

diabetic hyperglycemia was due at least in part to glucagon action (“the bi-hormonal 

hypothesis”)(38) one of the arguments presented against that hypothesis  was that total 

pancreatectomy represented “diabetes without glucagon”(39). It seems that pancreatectomy 

probably is not a guarantee for absence of glucagon. 

THE PHYSIOLOGICAL ROLE OF GLP-1.  

Secretion 

The fundamental observation regarding GLP-1 is that it is a gut hormone released from open type L-

cells in response to nutrient ingestion (open type meaning that their apical processes reach the gut 

lumen).  What its subsequent actions are, is less clear. Patterns of its secretion and some of the main 

mechanisms involved have been worked out as recently reviewed(40). There is little secretion of 

GLP-1 without a luminal stimulation, but nevertheless, there seems to be a measurable fasting 

secretion. To measure this reliably, the accuracy of the assays, which is challenged because of the 

low fasting concentrations, becomes critical. However, observations in humans (41) of suppression 
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of measured fasting levels by somatostatin, known from many experimental studies to inhibit L-cell 

secretion, suggest that at least a fraction of the fasting level is due to bona fide GLP-1. Elevated 

fasting levels of GLP-1 have repeatedly been reported in patients with diabetes(40), but the reason 

for this and the functional implications are unknown. Importantly, vascular glucose does not 

stimulate GLP-1 secretion (or secretion of any of the other proglucagon derived peptides from the 

gut)(42). 

All macronutrients appear to stimulate L-cell secretion. For glucose (and digested carbohydrates) it is 

well established that stimulation involves transport into the L-cell via SGLT-1 transporters, but it is 

uncertain whether it is depolarization induced by the associated sodium influx that is responsible for 

secretion or whether metabolism of the absorbed glucose is involved(43, 44). At any rate, opening of 

calcium channels is involved as illustrated  by the effects of nifedipine(43). Also, fructose stimulates 

secretion after intracellular transport via GLUT5. The precise mechanism is less clear, but may 

involve cAMP(45).  Any substance capable of elevating cAMP will stimulate L-cell secretion(46). 

Proteins also stimulate L-cell secretion, and a particularly powerful mechanism involves transport of 

amino acids or di- and tri-peptides via the transporter Pept-1(47). The most prominent subsequent 

mechanism is activation of calcium-sensing receptors on the basolateral membrane suggesting that 

it is absorbed amino acids that stimulate secretion(47). Other amino acids, including valine, 

stimulate secretion from the luminal side, but the details of these mechanisms have not been 

clarified(48). Only about half of the amino acids stimulate secretion significantly. It is possible that 

amino acid metabolites, generated by the microbiota in the gut can stimulate secretion. This could 

be expected to occur mainly in the colon, but the evidence for a contribution of the colonic L-cells to 

the postprandial secretion is not convincing. It has often been claimed that microbial fermentation 

of fiber leading to formation of short chain fatty acids would stimulate L-cell secretion, but in 

controlled human studies pronounced formation (evidence by marked H2-exhalation) has never 

resulted in measurable GLP-1 secretion(49, 50), and massive reduction of the bacterial fermentation 

did not result in decreases in the fasting levels of GLP-1(51). Malabsorbed bile acids, on the other 

hand, are powerful stimuli for both small intestinal and colonic GLP-1 secretion. The effect is 

mediated by the basolateral TGR5 receptors, associated with adenylate cyclase activation and cAMP 

accumulation(52).  

Also, fat ingestion has effects on GLP-1 secretion(46), and interestingly, this effect seems to be 

elicited partly by luminal sensing mechanisms. Thus, the GPCRs, GPR 40(53) and 119(54), appear to 

be responsible for stimulation mediated by long chain fatty acids and mono-acyl-glycerol, 

respectively. cAMP may be responsible for intracellular signaling .  

In conclusion, the secretion of GLP-1 is closely related to meal ingestion and the processes of 

digestion and absorption, supporting that its physiological role is also related to this. 

Actions of endogenous GLP-1. 

The literature on GLP-1 almost unanimously pronounces stimulation of insulin secretion as the 

primary action of GLP-1(55), but the evidence for this is not straightforward. The pancreatic beta 

cells are densely equipped with GLP-1 receptors (a G-protein coupled receptor of the B1 family, 

associated with activation of adenylate cyclase)(56), and GLP-1 powerfully stimulates insulin 

secretion (a more accurate way of describing this is that it potentiates glucose-induced insulin 
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secretion(57)). However, it is questionable whether sufficient amounts of GLP-1 actually reach the 

pancreas during normal circumstances. The reason is the following (Fig 2).  

 

Fig. 2. The figure shows in diagrammatic form the secretion of GLP-1 (black dots) from an epithelial 

L-cell in an intestinal villus and its diffusion across the lamina propria into a capillary, where it is 

degraded by DPP-4 expressed by the endothelial cells. Thereby, only a small fraction leaves the gut 

in the intact form, and further degradation occurs in the liver, meaning that very little makes to the 

systemic circulation. While still intact, GLP-1 may interact with sensory afferent fibers of the vagus 

(marked “f”) with cell bodies in the nodose ganglion ( c) terminating in the nucleus of the solitary 

tract (a). From here signals may be passed on to the dorsal vagal motor complex (b) or project to the 

hypothalamus from where efferent signals to peripheral organs (g,h) may be generated.   

 

When GLP-1 is released from the basolateral membranes of the  L-cells, it is transported through the 

lamina propria of the intestinal mucosa and is taken up in capillaries of the villi. The luminal 

membranes of the endothelial cells of the villi are equipped with the enzyme, dipeptidylpeptidase-4 

(DPP-4),  which cleaves off the two N-terminal amino acids of the GLP-1 molecule(58). The 
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metabolite formed, GLP-1 (9-36)amide is inactive with respect to  insulin secretion (it is actually a 

weak competitive antagonist of the GLP-1-receptor(59)) . This means that the majority of the GLP-1 

that leaves the gut is already degraded and inactivated. In the liver, there is also a high expression of 

DPP-4 resulting in degradation of about half of what arrives at the liver(60). In addition, there is a 

circulating, soluble DPP-4 moiety, and it has been shown that only about 10 % of the GLP-1 that was 

originally released, survives in the intact form in the blood/plasma that arrives at the pancreas. The 

total concentrations of GLP-1 (metabolite + intact GLP-1) are already low (in the low pmolar range), 

and the small fraction constituted by the intact peptide is unlikely to be able to exert a major 

influence on insulin secretion. In situations with strongly stimulated secretion, the concentration of 

intact GLP-1 may be high enough to exert a direct effect on the pancreas, but generally, the effect is 

probably small. So why do we have a secretion of GLP-1 from the gut? It appears that the GLP-1 

receptor to a major extent is expressed in the enteric nervous system. In particular afferent neurons 

of the vagus appear to express these receptors, as demonstrated by analysis of the cell bodies in the 

nodose ganglion(61). The visible receptor density (autoradiography) is so high in the enteric neurons 

that some of the intrinsic neurons are also likely to express GLP-1 receptors(62). Judged from these 

observations, the main actions of GLP-1 are probably neurally mediated(63). Proximately, the 

sensory vagal neurons terminate in the nucleus of the solitary tract and appear to interact here with 

other neurons that may project both to the dorsal vagal motor nuclei and proximally to the 

hypothalamus. Indeed, upon peripheral administration of GLP-1, C-fos expression is noted on some 

of the neurons of the nucleus of the solitary tract. C-fos expression may also be noted in the nuclei 

of, for instance,  the paraventricular nucleus (the motor nucleus of the hypothalamus), but also in 

the nucleus ambiguous and in other cerebral nuclei associated with appetite regulation and the 

reward system(64). This pattern of activation would be consistent with inhibition of appetite and 

food intake. In addition, it is known that peripheral GLP-1 inhibits vagal efferent activity(65), 

suggesting that the inhibition of gastrointestinal motility and secretion that is seen after instillation 

of nutrients in the ileum could be another physiological action of GLP-1(66). Indeed, in such 

experiments in humans, secretion of GLP-1 was closely correlated with the inhibition of 

secretion(67).   According to this concept, endogenous GLP-1 acts mainly on the brain to inhibit 

appetite and to inhibit upper gastrointestinal secretion and motility.   In situations with abnormal 

nutrient exposure of the small intestine, after large meals, and after operations on the GI tract, 

where unabsorbed  nutrients reach parts of the small intestine with higher densities of L-cells, 

systemic plasma concentrations may also reach stimulatory levels(68, 69) and in this situation, beta 

cell secretion may be significantly affected by GLP-1. In model experiments in pigs, GLP-1 infusions 

strongly inhibited the effects of vagal activation of gastric motility and secretion as well as pancreatic 

secretion(65). Likewise, in humans, GLP-1 infusions strongly inhibited vagally stimulated (by sham-

feeding) gastric secretion(70), whereas gastric secretion was unaffected in people (71)having  truncal 

vagotomies. The pancreatic secretion of pancreatic polypeptide (PP) is to a large extent an indicator 

of efferent vagal activity, and  meal-induced PP-responses, which normally are powerfully inhibited 

by  GLP-1, were unaffected after vagotomy; similarly,  food intake which, as expected, was inhibited 

by GLP-1 infusions, was no  longer influenced by GLP-1 infusions after vagotomy(72). All of these 

observations strongly support that a main physiological action of endogenous GLP-1 is to signal 

nutritional abundance to the brain, reducing appetite and inhibit parasympathetic outflow to limit 

secretion and motility  in the upper GI tract(73).  

  



 

This article is protected by copyright. All rights reserved. 

The incretin action of endogenous GLP-1 

Using antagonists against the receptors for both of the incretin hormones, GIP and GLP-1, it recently 

became possible to estimate the contribution of each of the hormones to insulin secretion after 

meals or glucose tolerance tests in humans(74). Both of the hormones turned out to contribute, but 

the actions of GLP-1 receptor antagonist, exendin 9-39 (Ex-9), were rather weak, while the GIP 

antagonist, GIP 3-30NH2, had strong effects and the combination resulted in glucose intolerance and 

clearly decreased insulin secretion(75). A calculation of the individual contributions showed that 

glucose alone was responsible for 33 % of the stimulation, whereas GIP contributed with 49 % and 

GLP-1 with 27 %. However, it should be noted that exendin 9-39 is a difficult tool to work with. It 

very specifically blocks the GLP-1 receptor (also when this is stimulated by glucagon), but 

administration of Ex-9 to humans invariably results in increased plasma concentrations of glucose 

and glucagon(74). During an OGTT in healthy individuals, this may actually be accompanied by 

increasing insulin secretion.  Immediately, it might be speculated that inhibition of the effects on 

particularly glucagon secretion by the fasting level of GLP-1 might be responsible for this, but as 

discussed above this secretion is very low. It is however not only the beta cells that are equipped 

with GLP-1 receptors, also the somatostatin-producing delta cells have GLP-1 receptors that are 

stimulated by glucagon from neighboring alpha cells(21). As they lose this stimulation, somatostatin 

secretion falls, which unleashes glucagon secretion from the alpha cells(76). Ex-9 also works as an 

inverse agonist which also serves to reduce the somatostatin secretion(77). The increasing glucagon 

results in increased hepatic glucose production, which will enhance insulin secretion together with 

enhanced glucagon secretion. All of these mechanisms may blur the ability of Ex-9 to expose the 

actions of GLP-1 from the gut.    

Actions of GLP-1 on the GI-tract  

As reviewed recently(78), GLP-1 receptors are expressed in several cell types of the gastrointestinal 

tract, (whereas expression is missing in skeletal muscle and white adipose tissue), pointing to 

possible physiological actions in these organs. For instance, the Brunner glands have a very high 

density of GLP-1 receptors, and activation of these enhances the secretion of mucus, which may 

exert protective mechanisms in the gut. Also several enteroendocrine cells, including the 

somatostatin-producing D-cells and secretin-producing L-cells express the receptor. An effect on 

secretin secretion with ensuing bicarbonate secretion from the pancreas and the liver, might 

contribute to further protective effects on the intestinal mucosa. The receptors on the D-cells seem 

to be part of a negative feedback cycle where somatostatin regulates intestinal GLP-1 secretion(79). 

The effect is mediated via the somatostatin receptor subtype 5, and antagonists against this 

receptor strongly enhance GLP-1 secretion.  

As mentioned, not a lot is understood about colonic GLP-1 secretion and it is known that totally 

colectomized individuals have normal postprandial GPP-1 responses(80), suggesting that the colon 

normally contributes little to circulating levels of GLP-1. Perhaps the colonic GLP-1 in particular 

serves protective purposes together with GLP-2, which has well-established trophic actions for the 

gut mucosa(81).  
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ACTIONS OF THE GLP-1 RECEPTOR AGONISTS 

 

The agonists (except oral semaglutide, which we will come back to) are administered 

subcutaneously, which means that they rapidly reach a high concentration in the systemic 

circulation. In addition, they are all more or less resistant to the actions of DPP-4, meaning that a 

high concentration of biologically active agonists can be maintained for an extended period and that 

all accessible receptors in the body may be activated at the same time. However, the agonists are 

very different with respect to the principle of prolongation technology applied (82). For liraglutide 

and semaglutide  (and for the GLP-1-GIP coagonist tirzepatide) prolongation is obtained by lipidation  

– a lipid molecule with affinity for albumin is attached covalently to the molecule via an appropriate 

linker moiety; therefore, the lipidated molecules bind to albumin and acquire some of albumin’s 

kinetic properties (a plasma half-life of several days). The prolongation depends on the affinity of the 

lipid moiety for albumin. At the same time, the dose response-curve for GLP-1 receptor activation is 

right-shifted so that higher concentrations are now required. It is thought that the acylated/lipidated 

compounds  are inactive (sterically hindered)  while bound to albumin, meaning that it is the free, 

unbound fraction that binds to the receptor. This fraction may be around 1 % . The total 

concentration in plasma of these agents is therefore high, typically around 20-30 nM. The lipidation 

per se does not radically change the molecular size of the agonist, so the molecules of the free 

fraction are anticipated to have access to the same sites as natural GLP-1, although it cannot be 

excluded that the lipid moiety may facilitate entry across lipid membranes in the body(83). The 

regions of access in the brain have been worked out in some detail for both liraglutide and 

semaglutide with the use of fluorescent versions of the agonists (83, 84). As expected(85), there was 

clear access to the paraventricular organs, including the area postrema, the median eminence and 

the subfornical organ. Interestingly, accumulation of the agonist at these sites (apparently required 

for visualization) is abolished in receptor knock out animals(83). These experiments therefore also 

reveal the site of the first receptor activation of the agonist. Certain studies have discussed whether 

the agonists can cross the blood brain barrier, which seems unlikely except at these sites with 

fenestrated capillaries.  Exenatide and exenatide once weekly, where exenatide is slowly released 

from a subcutaneous depot, are about 50 % identical to GLP-1 and therefore relatively small and are 

not known to access spaces or to interact with molecules or receptors different from those of the 

natural GLP-1 molecule. In contrast, dulaglutide and albiglutide  are both large molecules, and could 

be sterically hindered, because of their size, to access GLP-1 receptors at certain sites(86). In 

agreement, the side effects of the two were often described as being weaker, and their effects on 

food intake less pronounced (supporting the view that the appetite effects are exerted centrally 

whereas the glycemic effects are peripheral) (87). In contrast, the fenestrae of the capillaries in the 

islets seem to be sufficiently wide to allow access to these large molecules.  

As discussed above, the  physiological actions of the endogenous  GLP-1 are not easy to define even 

with the aid of receptor antagonists. For the GLP-1RAs, the list of actions has been expanding 

continuously since their introduction. These experiments are obviously simpler: the agonist is 

administered and the investigator simply notes any effect. For the native hormone, the harvest was 

initially meager. In rat experiments conducted by Pfizer, the only clear effect observed was dose-

dependent increases in blood glucose(88). The problem was the instability of natural GLP-1 and its 

extreme sensitivity to DPP-4, which made maintenance of relevant elevations of the plasma 
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concentrations virtually impossible. Only with extremely large doses could an effect be seen and 

these bolus doses also activated the sympathetic nervous system, hence the hyperglycemia (a 

known effect in rats)(89). In fact, it was only after the DPP-4 and neprilysin-resistant agonist, 

exendin-4, and the long-acting agonists (like liragutide) had become available, that it was possible to 

characterize the GLP-1 system in rodents.  The first long-term study of a GLP-1 agonist in humans 

involved subcutaneous infusion of  natural GLP-1 continuously for 6 weeks to people with long-

standing type 2 diabetes(90), performed to circumvent the problem that even in humans the natural 

GLP-1 has a plasma half-life of 1-2 min and a clearance rate that exceeds cardiac output(91). The 

observed actions included reductions of fasting and mean plasma glucose by up to 5-6 mmol/L; 

significant reductions in fructosamine and HbA1c concentrations; significant weight loss; dramatic 

improvements of beta-cell function as studied using hyperglycemic clamps with arginine infusions; 

and improvements in insulin sensitivity, also studied in clamps. There were no significant side 

effects.  The marked improvement in insulin sensitivity was considered secondary to the weight loss 

and improved metabolic control(92). Together, these results more or less confirmed the acute 

studies of GLP-1 in patients with T2DM that had appeared in the 10-year period leading up to this. A 

major new discovery was the complete absence of anaphylaxis to these effects – if anything, effects 

observed after 6 weeks exceeded those observed after the first week. The effect on insulin 

sensitivity has been an ongoing discussion point. The lack of GLP-1 receptor expression in muscle 

and adipose tissue would speak against a direct effect, but this is still a controversial issue, and any 

changes are generally thought to reflect weight loss.   In studies more directly addressing this issue, 

an effect of GLP-1 on glucose effectiveness independent of the actions of insulin secretion could not 

be demonstrated(41) and dedicated clamp studies of insulin sensitivity were also negative(92).  In 

further infusion studies, using pancreatic endocrine clamps, it was demonstrated that the inhibition 

of glucagon secretion was quantitatively as important as the enhancement of insulin secretion the 

reductions in blood glucose(93). An effect on the liver has been discussed repeatedly, but most 

studies agree that there is no expression of GLP-1 receptors on hepatocytes and no direct effect of 

GLP-1 on hepatic glucose production(24) (see also below) . All of these studies suggest that direct 

effects of the agonists on insulin and glucagon secretion are essential for the antidiabetic actions, 

but the many additional actions do not seem to disappear from the various reviews dealing with the 

effects of GLP-1 (Fig. 3). In addition, it should be emphasized that the pharmacological studies do not 

necessarily have relevance for the physiological actions of endogenous GLP-1, which will be revealed 

only after meticulous studies with antagonists or in animals with deletions or suppression of 

receptor expression.      

As mentioned, acute administration of GLP-1 strongly inhibits gastric emptying, but this effect shows 

rapid tachyphylaxis, with notable reductions after just a few hours of GLP-1 administration(94) and 

almost complete loss of the effect after 24 hours(95). Although this effect contributes importantly to 

lowering the postprandial glucose excursions during treatment with the short-acting agonists 

(exenatide and lixisenatide), it is minimal after treatment with the long-acting agonists(82). It is not 

known, but possible, that the additional effects on gastrointestinal motility and secretion show a 

similar degree of tachyphylaxis, but otherwise these effects are probably related to the so-called 

“gastrointestinal” side effects of the GLP-1RAs, which besides nausea (which is centrally induced) 

include diarrhoea and abdominal  pain (which may be vagally transmitted). Perhaps the general 

waning of the “gastrointestinal” side effect is related to the phenomenon of tachyphylaxis for gastric 

emptying.  
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Fig 3 

Proposed effects of GLP-1. From (55). 

There are numerous additional effects that have presented/proposed  in the course of the extensive 

preclinical and clinical development programs for GLP-1 and the various GLP-1RAs as shown in Fig 3. 

Pancreas.  

The acute actions on the endocrine pancreas have already been discussed. Early on,  it was 

enthusiastically reported that  GLP-1 (exendin-4) also promotes beta-cell proliferation and 

neogenesis from ductal cells and reduces apoptosis(96, 97), but studies based on the FDA’s adverse 

effects reporting system carried out by Peter Butler and coworkers(98) suggested that both GLP-1 

RAs and DPP-4 inhibitors (which increase the levels of endogenous GLP-1) would cause ductal 

adenomas and pancreas cancer. Fortunately, subsequent studies concluded that these suspicions 

were mainly due to reporting bias, and based on a huge material, the FDA in 2013 concluded that 

GLP-1 agonism had not been shown to cause pancreas cancer(99). After that period, few 

investigators have bothered to reissue claims for proliferative activity of GLP-1. The extensive 

cardiovascular outcome trials, however, have given us an opportunity to consider the fate of the 

islets during long term GLP-1RA treatment. In the LEADER study of liraglutide, almost 10.000 

individuals with type 2 diabetes and increased cardiovascular risk were randomized to liraglutide or 

best care, and the blinded investigators were encouraged to ensure optimized glycemic control in 

both of the two groups(100). In these studies, there was a well-maintained effect on hemoglobin 

A1c for up to 5 years in the liraglutide group. The control group also showed improvement, but not 
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nearly as much, and this was associated with much greater use of additional antidiabetic agents 

including insulin. Compared to other long term studies, for instance the ADOPT study(101) and the 

UKPDS(102), a greater deterioration of A1c would have been expected over a period as long as 5 

years, so it seems that the therapy was somehow associated with beta cell protection, whereas a 

proliferation would seem unrealistic. The newer GLP-1RA, semaglutide, is more powerful in terms of 

HbA1c reduction than liraglutide(103), and therapy over 40 weeks with the GIP/GLP-1 co-agonist 

tirzepatide resulted in HbA1c levels below 5.7 % in more than 50 % of the patients in the phase 3 

studies(104). It cannot be excluded that these new agonists may have stronger protective effects on 

beta cells. 

During the discussions of the potential cancerogenic effects of GLP-1RAs and DPP-4 inhibitors on the 

pancreas, additional accusations appeared that this therapy would cause pancreatitis(98), supported 

by rather universal observations of elevated serum levels of amylase and lipase during therapy with 

the agonists(100) (not the DPP-4 inhibitors). Much effort was subsequently made to look for 

mechanisms, and today it is well established that the GLP-1 receptor is indeed expressed on the 

acinar cells of the pancreas(62, 105). However, the elevation of lipase and amylase levels (which 

remain within normal limits) does not appear to be a signal of inflammation, but rather reflects a 

stimulatory effect on pancreatic protein synthesis, as shown in the mouse as well as in powerful 

human imaging studies(106, 107). In agreement with these findings, treatment with GLP-1RAs is no 

longer considered to be associated with an increased risk of pancreatitis in patients with type 2 

diabetes, in whom the risk of this disease is already elevated compared to the background 

population(108). 

During the preclinical investigations lining up for the approval of liraglutide by the authorities, it 

became clear that long term treatment of rodents (both mice and rats) with GLP-1 RAs unexpectedly 

caused hypersecretion of calcitonin, adenomas and cancer of the C-cells as well as the proliferation 

of the follicular cells of the thyroid(109). This was a serious obstacle for the approval of liraglutide, 

but led to detailed investigations of the interaction between the gut and the thyroid in humans and 

rodents. In brief, it turned out that the rodents C-cells express the GLP-1R at a very high density 

whereas the human C-cells show a 10,000 fold lower level of expression(110). Apparently, in 

rodents, a gastrointestinal stimulus (gastrin , GLP-1)  is required for normal calcitonin secretion, 

whereas in humans this function has vanished. However, because of these findings, calcitonin 

determinations were carried out in numerous clinical studies including phase three studies and post-

registration studies, and it can be concluded today that there is no elevation of calcitonin secretion 

during therapy with GLP-1 RAs. In addition, there are no reports of an increased incidence of C-cell 

carcinomas or follicle cell carcinomas during therapy. Previous medullary thyroid carcinomas and the 

MEN1 syndrome are still considered contraindications(111). This whole affair leads to an interesting 

expansion of our knowledge of the regulation of the thyroid in both humans and rodents.    

 Kidneys 

The CVOTs for the GLP-1RAs have all shown renoprotective effects with lower risk of experiencing 

composite renal endpoints including new-onset persistent macroalbuminuria, persistent doubling of 

the serum creatinine level, end-stage renal disease, or death due to renal disease. In a meta-analysis 

of the trials, the relative risk was significantly reduced by 17 %(112).   The mechanism is not clear, 

however. The renal expression of the GLP-1 receptor is only unequivocally demonstrated in the wall 



 

This article is protected by copyright. All rights reserved. 

of the afferent arterioles (62, 113, 114), but despite this, administration GLP-1 or GLP-1RAs does not 

cause measurable hemodynamic changes in the kidneys(115, 116). In animal experiments and high 

doses GLP-1 can be demonstrated to increase natriuresis and also seems to influence salt 

reabsorption in the proximal tubules(117), but the mechanism is elusive. It may be that the generally 

improved metabolism is responsible for the overall renal effects. Thus, it may very well be that the 

GLP-1RAs have a direct effect on the kidneys, but currently, there is inadequate physiological 

information to support it.   

Skeletal muscle and adipose tissue  

As mentioned, the GLP-1 receptor is not expressed on skeletal muscle cells (24, 62, 113) and a direct 

effect on this tissue seems impossible. However, GLP-1 has been reported to cause recruitment of 

capillaries in muscles of the extremities, and improved perfusion may underlie effects in this 

tissue(118).  Similarly, for white adipose tissue, there is no receptor expression, but changes in 

perfusion may occur. Direct effects on lipolysis or glucose uptake are unlikely.  GLP-1 has also been 

reported to increase thermogenesis in brown adipose tissue(55). A major role for this mechanism in 

human metabolism seems impossible. The BAT does not normally contribute much to the 

metabolism and thermogenesis in humans, and there are no receptors for GLP-1. Energy 

expenditure is either not affected or lowered by GLP-1(119, 120), and therefore does not seem to 

contribute to the weight lowering effects of the GLP-1RAs despite repeated suggestions that this 

might be the case.   

Heart and circulatory system.  

The CVOTs are clear: they show a significant improvement of the risk of major adverse 

cardiovascular events (MACE) in response to therapy with the GLP-1RAs. In meta-analyses(112), it 

seems that there is a significant improvement in the risk of myocardial infarction and stroke, but also 

cardiovascular death is reduced (in parallel with all-cause mortality). Again, our knowledge about the 

responsible mechanisms is very limited. The only well-established effect of GLP-1 and the GLP-1 RAs 

on the heart is an increase in heart rate. The mechanism behind this is also unclear, but it is 

maintained during therapy and reverts completely after termination (111). After acute 

administration of GLP-1, the heart rate increases and so does cardiac output, which leads to a minor 

increase in blood pressure(118), but less than expected corresponding to the changes in cardiac 

output, perhaps explained by capillary recruitment in muscle(121) and adipose tissue. Unlike the 

sister peptide, GLP-2,  GLP-1 has no effect on the mesenteric vascular bed in humans(122).  In 

contrast, during chronic therapy with the GLP-1 RAs blood pressure drops significantly and again the 

decrease is maintained for the duration of therapy. This effect also remains unexplained. The latest 

research has indicated that the GLP-1 receptor is expressed in the human heart, but so far it has not 

been possible to localize the site of expression (123). Recent studies in the mouse strongly indicate 

that the receptor is expressed in the endothelial cells, and similar findings are made in other tissues 

(24, 62). Precisely what the function is in the endothelial cells is unclear. Earlier reports on beneficial 

actions on the pumping functions of the heart(124) have not been substantiated, and the GLP-1Ras 

do not have beneficial actions on heart failure(125, 126) (but may delay the development of heart 

failure as indicated in meta-analyses of the CVOTs). The significant protective effects on the heart 

and the circulatory system also shows up as a 35 % reduction of revascularization procedures in the 

CVOT for semaglutide(103). It has been proposed that GLP-1 inhibits progression of atherosclerosis 
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supported by experimental studies in for instance APO E knock out mice and in LDL receptor deleted 

mice(127). Again details linking receptor expression to these processes are missing(24), but the 

receptor expression in the endothelial cells suggests that these may be the key to the cardiac effects. 

At any rate, the known risk factors for cardiovascular disease include obesity, hypertension, 

dyslipidemia and hyperglycemia and the GLP-1RAs have beneficial actions on all of these. Indeed, in 

a mediation analysis of the LEADER trial, improvements in A1c was the only factor with significant 

association to the improvements(128).  All together, it seems that protection and prevention are the 

key elements in the effects of the GLP-1RAs.    

 

The immune system and inflammation. 

GLP-1R mRNA has been detected in lymphocytes and various immune cells from bone marrow, 

thymus, spleen and peripheral lymph nodes (129). Interestingly, the GLP-1R receptor is expressed at 

a high density (and here the localization has been supported by in vivo ligand binding studies 

(Grunddal et al, Endocrinology, under revision) in intestinal intraepithelial lymphocytes (iIELs). The 

iIELs express abundant levels of the full-length GLP-1R (130, 131), and stimulation of isolated iIELs 

with Ex-4 directly increased dose-dependent cAMP accumulation in the iIELs and suppressed pro-

inflammatory cytokines’ expression (131). It has also been reported that GLP-1R KO mice are more 

susceptible to intestinal injury (131). It would be expected that the iIELs are targets for GLP-1 

released locally during nutrient exposure. In vitro experiments on sorted iIELs resulted in functional 

changes resulting in both pro-and anti-inflammatory effects after GLP-1 stimulation (Mujollari et al, 

unpublished studies in the author’s lab). In this way, the absorptive process may be linked to the 

immune system. It has also been proposed that the function of the GLP-1R-expressing iIELs is to 

sequester and thereby limit the amount of GLP-1 released from the gut (132), explaining the 

dysmetabolic state of overfeeding, although the evidence for the coupling via GLP-1 appeared weak. 

Presumably, the iIELs are also targeted by the GLP-1RAs, but nothing further is known about this. 

The more recent CVOTs and phase 3 trials also support anti-inflammatory actions of the GLP-1 

RAs(133). Indeed, in the Sustain and Pioneer trials with sc and oral semaglutide, significant and 

remarkable effects on high sensitivity C-Reactive Protein have been found, and a recent meta-

analysis concluded that there is strong evidence supporting clinically relevant anti-inflammatory and 

antioxidant effects of GLP-1RAs (134).  

Liver 

The liver has been considered a potential target for GLP-1 and the GLP-1RAs for many years. As 

usual, the pendulum has been swinging from great enthusiasm with many reports on receptor 

expression and effects to complete refusal of any effect(135). Today, it is well established that the 

hepatocytes do not express the GLP-1 receptor, and changes in liver function during GLP-1RA 

therapy are now mainly thought to be due to changes in pancreatic hormone secretion (which is of 

great importance, of course). The possibility, however, remains that some of the non-hepatocyte 

cells may express the receptor and here the stellate cells that appear important for the development 

of non-aloholic steatohepatitis with fibrosis, have come into focus. Furthermore, also in the liver 

there seems to be expression of the GLP-1 receptor in the endothelial cells(62, 136) which may 

interact significantly with the liver acini and be important for liver function.   Most importantly, a 

recent clinical study with semaglutide showed significant improvement in markers of liver disease 
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and non-alcoholic steatosis, but without effect on fibrosis(137).  In this study, there were marked 

improvements in metabolic parameters and weight loss, which may have influenced the results. 

Thus, the liver is another example of incongruence between our current physiological understanding 

and clinical insight.   

 Brain. 

When discussing the brain in relation to the GLP-1RAs there are two questions of predominant 

importance: How does it get there, and is there a receptor? The possibility for peripheral and 

exogenous GLP-1 to access the brain has been discussed above, and there is no doubt that GLP-1 can 

get access via some of the circumventricular organs(83, 84); at least those, where there is also clear 

receptor expression, which is apparently essential for the accumulation of the fluorescent tracers 

used for visualization. However, there is a remarkably dense expression of GLP-1 receptors in many 

other regions of the brain that cannot be reached from the periphery(17). These regions are 

presumably targets for GLP-1 produced in the neurons of the brain stem that produce proglucagon 

and process this in a gut-like pattern(15). These neurons project not only to the hypothalamus, but 

also to several other regions of the brain, where also the receptor is expressed. It was reported early 

on using c-fos expression that distension of the stomach would activate (some of) the GLP-1 neurons 

in the brain stem, and the same procedure also inhibits food intake(138). Although the signal from 

the stomach to the nucleus of the solitary tract, where the gastric afferents terminate, undoubtedly 

runs in the vagus,  these are not the ones that express the GLP-1 receptor. Overall, there is no 

evidence that peripheral GLP-1 activates the GLP-1R positive neurons in the NTS(17). The effect of 

the gastric distension on food intake is consistent with the effect of intra-cerebro-ventricular (ICV) 

administration of GLP-1, which profoundly suppresses food intake and causes taste aversion 

(considered a rodent equivalent of nausea)(139-141). Again, the ICV route of access to the brain is 

not engaged by peripherally administered GLP-1. At least liraglutide, administered in therapeutic 

doses, did not result in measurable levels (< 5 pmol/L) in CSF fluid, although the peripheral 

concentrations amounted to 30,000 pmol/L at the same time(142). It seems clear that the brain GLP-

1 system plays an important role in e.g. regulation of food intake(17), but it is currently not clear 

how this might be related to peripherally administered GLP-1 or GLP-1RAs. During the last 20 years, 

numerous reports have appeared on neuroprotection exerted by GLP-1(143, 144). Generally, this 

has been studied by ICV or other topical administration of  GLP-1 or exendin-4 ( stable GLP-1RA), but 

such effects  cannot, as already discussed, be taken to reflect actions of peripherally released or 

administered  GLP-1. The interest in the neuroprotective effect has grown considerably recently 

because post hoc analyses of some of the CVOTs have revealed a remarkably reduced risk of 

development of Alzheimer’s disease during therapy (Ballard et al. Presented online at the 

Alzheimer’s Association International Conference (AAIC), 27–31 July 2020). Large clinical trials are 

now being planned/initiated to test the efficacy of this treatment. And again it must be recalled that 

in the relevant population of patients (elderly, many with diabetes and overweight and 

atherosclerotic cardiovascular disease), the treatment will show marked improvement of general 

metabolism and cause weight  loss , reductions in blood pressure, perhaps reduction in general 

inflammation etc, which might also have beneficial effects on incidence or progression of 

Alzheimer’s. 
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Concluding remarks.  

It has been absolutely fascinating to see how a peptide discovered for its ability to stimulate insulin 

secretion has developed into a class of drugs with hitherto unseen effectiveness on diabetes 

progression and overweight/obesity. It is thought-provoking that the physiological actions of the 

hormone seem to be centered mainly around appetite and food intake regulation, while most of the 

other effects on the various organ systems are not obvious physiological effects of the hormone. 

This is true even for the effects on insulin secretion, which may be considered a safety mechanism 

for effective disposal of vary large meals, normally of lesser importance. It can be discussed, whether 

GLP-1 is in fact a true hormone according to  the classical definition. The GLP-1 receptor KO mouse 

would be expected to reveal the essential functions of the hormone; however, the mouse barely has 

a phenotype but does show glucose intolerance to intraperitoneal glucose. Actually, this is not easy 

to understand, since GLP-1 is not secreted in response to intraperitoneal glucose. The explanation 

seems to be related to what happens after administration of the GLP-1 receptor antagonist, Ex-9, as 

discussed above: it is lack of paracrine activation by glucagon of the GLP-1 receptors in the islets that 

explains the decreasing insulin secretion and the glucose intolerance.  

Indeed,  nothing is as it seems; everything is as you allow it to be – ( cit. Chris Messina) 
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