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Editorial on the Research Topic 


Proglucagon-Derived Peptides



Proglucagon-Derived Peptide Research Topic

Identification of the proglucagon gene at the beginning of the 1980s marked a huge breakthrough in research that would lead to discovery of a family of gene products that play a multitude of roles in regulation of feeding, metabolism and gastrointestinal function [Figure 1A (1–4)]. The peptide family members are also emerging players in pathophysiology and therapy of obesity and diabetes as well as several related metabolic disorders plus short bowel syndrome.




Figure 1 | (A) Structure of proglucagon, post-translational processing and the major targets of constituent bioactive peptides: glucagon, GLP-1, GLP-2, oxyntomodulin, glicentin and glicentin-related pancreatic polypeptide. (B) Numbers of peer-reviewed publications on proglucagon-derived peptides showing particularly strong surge of research on GLP-1. (C) Publication count by geographical location divided by population of each country (source: PubMed).



Surprisingly, it was found that glucagon-like immunoreactivity and subsequently the proglucagon protein encoded by the glucagon gene are present not only in the alpha-cells of the pancreatic islets but also in enteroendocrine L-cells of the intestine (5). Thus as shown in Figure 1A, in the pancreas, the precursor is processed by prohormone convertase 2 (PC2) to generate glucagon and glicentin-related pancreatic polypeptide (GRPP), whereas in L-cells, prohormone convertase 1/3 (PC1/3) processing results in production of glicentin, oxyntomodulin, glucagon-like peptide 1 (GLP-1) and glucagon-like peptide 2 (GLP-2). However, recent research challenges this tissue selectivity, demonstrating that under certain circumstances, alpha-cells appear to produce GLP-1, oxyntomodulin and glicentin whereas the intestinal L-cells may be a source of glucagon (4, 6).

Less controversial but more remarkably, GLP-1 was found to exert a plethora of physiological actions on intestine, pancreatic islets, brain and other tissues which are exploited in therapeutic approaches to obesity, diabetes, cardiovascular disease and neurodegenerative disorders using stable synthetic analogues or inhibitors of GLP-1 degradation (4). Indeed, GLP-1 mimetics and inhibitors of dipeptidyl peptidase 4 (DPP-4), an enzyme that renders GLP-1 and other proglucagon family members inactive by cleaving off N-terminal amino acids (7), are now well-established therapeutic agents. GLP-2 has also been found to be metabolically active and plays key role in stimulating intestinal growth. This has been exploited by development of N-terminally stabilised GLP-2 analogues for treatment of short bowel syndrome (3). GLP-2 has also been shown recently to inhibit gall bladder emptying in man, thereby promoting replenishment of bile stores following feeding (8).

During the past decade, it has been discovered that far from being inert, oxyntomodulin acts as a dual activator of GLP-1 and glucagon receptors with potential for promoting weight loss and glycaemic control (9). Evidence is emerging that another proglucagon-derived peptide, glicentin, may also have hitherto poorly appreciated physiological roles and utility as biomarker for intestinal or metabolic diseases (10).

As evident from above, we are in a fascinating and highly active era of research on proglucagon-derived peptides that is attracting considerable academic and industry interest geared towards increasing knowledge and the fight against the epidemic of obesity, type 2 diabetes and related disorders.

Under this Research Topic, we have assembled original research articles and reviews on many aspects of the biology, function, pathophysiology and therapeutic potential of post-translational products of the proglucagon gene, including:

	➢Glucagon

	➢Glucagon-like peptide 1 

	➢Glucagon-like peptide 2 

	➢Oxyntomodulin

	➢Glicentin

	➢Glicentin-related pancreatic polypeptide (GRPP)



In total, we have gathered 24 contributions from 117 leading scientists working in 13 different countries across the globe. The extent of this broad participation is testimony to the rising world-wide interest in research on proglucagon-derived peptides which is evidenced by the number of annual publications returned over time gathered using PubMed when searching for outputs using specific peptides as keywords (Figures 1B, C). A particularly strong upsurge in research on GLP-1 is evident with annual outputs on this peptide exceeding those published on glucagon since 2008. Interest in GLP-2 is also rising and recent evidence suggests that it has positive actions on bone.

A short appreciation of the papers included in our special collection on proglucagon-derived peptides is given below.



History and Structural Aspects of Proglucagon-Derived Peptides

The collection of papers starts with an historical perspective of studies on the N-terminal domain of proglucagon by Michael Conlon who together with Steve Bloom, Keith Buchanan, Jens Holst, Vincent Marks, Ellis Samols and others, including Roger Unger and Isobel Valverde, pioneered much of the early work in the 1970s on the proglucagon derived peptides (reviewed by Conlon and Marks in 5,11,12). Members of this family were picked up by antibodies raised against glucagon and with glucagon-like immunoreactivity. Some of the major milestones during this period are summarised in Table 1 and several of the early pioneers in the field are shown in Figures 1, 2. Thanks to the subsequent advent of molecular biology techniques and the additional pioneering efforts of Joel Habener, Daniel Drucker and others in the 1980s (1, 4, 41), the constituent bioactive peptides glucagon, GLP-1 and GLP-2 are now well recognised yet, as pointed out by Michael Conlon, the possible functional roles of oxyntomodulin, glicentin and GRPP are only just becoming elucidated.


Table 1 | Some of the major milestones in the discovery, secretion and physiology of proglucagon-derived peptides with focus on pre-molecular biology era.






Figure 2 | Contributors to some of the early milestones on proglucagon-derived peptides. Top panel (from left): Professor Steve Bloom, Professor J. Michael Conlon, Professor Julia Polak, Professor Flemming Stadil, Professor Kazuhiko Tatemoto and Professor Keith Buchanan pictured at the Annual Meeting of Bayliss & Starling Society, held in Belfast 1987 (reproduced with permission from Belfast Telegraph). Bottom panels (from left): Professor Bo Hellman (1996), Professor Vincent Marks (1989) and Professor Jens Holst (2020). BH by Lennart Nilsson, VM by PRF and JJH by Ricky Molloy. All photographs reproduced with permission.



In the following papers dealing with structural aspects, David Irwin has exploited advances in gene technology to document variations in the evolution and sequences of proglucagon and receptors for its post-translational peptide products. Such comparative data may provide important information regarding unforeseen functional aspects of these peptides. Indeed, the work of Lindquist et al. considers the mutational landscape of proglucagon-derived peptides, highlighting how small structural changes may contribute to the pathophysiology of glucose intolerance and the efficacy of GLP-1-based therapies.



Alpha-Cell Function and Secretion of Proglucagon-Derived Peptides

Turning to the alpha-cell, Dhanvantari and Asadi consider signalling pathways involved in the regulation of glucagon secretion with focus on direct effects of glucose plus increasingly recognised intra-islet autocrine and paracrine mechanisms. This involves not only classical islet hormones, insulin and somatostatin, but also glucagon and other products of proglucagon processing such as GLP-1, oxyntomodulin and GRPP. The article by Wei He et al. specifically addresses the significance of islet GLP-2 production and its effects on islet inflammation. Islets also contain substantial amounts of peptide YY (PYY) known to interact with neuropeptide Y (NPY) receptors. Lafferty et al. demonstrate important actions of NPY1 receptor activation on islet structure with positive effects on transdifferentiation of alpha-cells to beta-cell phenotype.



L-Cell Function and Secretion of Proglucagon-Derived Peptides

Although also expressing the proglucagon gene, the L-cell differs substantially in its biology to the alpha-cell. The paper by Kuhre et al. is a provocative and timely discourse on ‘What Is an L-Cell and How Should Its Secretory Mechanisms Be Studied?’ Thus, it is increasingly clear that enteroendocrine cells are promiscuous and may express several structurally distinct regulatory peptides as well as biologically active post-translational degradation products. In the case of the L-cell, this includes PYY, GLP-1, GLP-2, glicentin, oxyntomodulin and, perhaps under certain circumstances, glucagon and other PC1/3-generated products. Furthermore, as discussed by Kuhre et al., the hormone composition of L-cell differs markedly depending on anatomical location and the L-cell type is not a homogeneous population. They suggest that L-cells are sub-classified depending on their differential peptide contents as well as their differential expression of nutrient sensors, which ultimately determine the secretory responses to different stimuli. The most frequently used experimental models for functional L-cell studies are discussed also, with the conclusion that a comprehensive understanding can only be built on results from a combination of models.

In rat studies, Hira et al. showed that GLP-1 was released immediately following feeding from the distal intestine and that dietary protein played a critical role in determining postprandial GLP-1 response in rats. Using mice, Hunt et al. demonstrate the importance of dietary fibre in the maintenance of intestinal weight, colonic L-cell secretion and intestinal integrity. In humans, Jonsson et al. reveal a limited role of endogenous bile acids in the acute regulation of GLP-1 secretion after Roux-en-Y gastric bypass surgery. This draws attention to the importance of other mechanisms in the marked and therapeutically beneficial increase of circulating GLP-1 that is observed consistently following such procedures. With an eye on the possibility of therapeutically exploiting endogenous GLP-1 stores, Kuhre et al. used mouse and rat models to explore the mechanisms through which melanocortin-4 receptor agonists stimulate GLP-1 secretion and conclude that the effect was indirectly mediated or possibly restricted to colonic L-cells. Further studies exploring the metabolic benefits of GLP-1 secretagogues in type 2 diabetes, possibly in combination with oral DPP-4 inhibitors, are clearly warranted.



Islet Effects of Proglucagon-Derived Peptides

The next series of papers deals with the actions of proglucagon-derived peptides. Starting with the beta-cell, Marzook et al. consider substantial progress in our understanding of GLP-1 receptor signalling and trafficking, such as the perpetuation and termination of signalling within endosomal compartments. It emerges that the reprogramming of GLP-1 receptor endocytosis and post-endocytic sorting represents a useful means, using biased GLP-1 receptor agonists, to achieve distinct signalling patterns at different subcellular locations with important therapeutic implications. Ahrén et al. considers studies on insulin secretion and glycaemic control in mice with knock-out of GLP-1 receptors. The relatively mild phenotype observed draws attention to arousal of important compensatory mechanisms. Whether these include hyperactivity of L-cells and effects of raised concentrations of other proglucagon-derived peptides or interactions beyond the GLP-1 receptors are interesting possibilities.



Extrapancreatic Effects of Proglucagon-Derived Peptides

Proglucagon-derived peptides exert numerous extrapancreatic effects which are fundamental in their physiology. For example, GLP-1 targets multiple cell types mediating diverse effects on many body systems. Puddu and Maggi document the emerging role of caveolin-1 in the action of GLP-1. They suggest that the interaction between GLP-1 receptor and Cav-1 is necessary not only for receptor trafficking to the cell membrane, but also for activation of different components of the intracellular signalling pathway. This is interesting given that augmentation of GLP-1 action can be envisaged as therapeutically useful. Similarly, Lee et al. showed that inhibition of G protein-coupled receptor kinases using small molecule inhibitors increased the insulinotropic action of GLP-1 and potentiated DPP-4-mediated suppression of circulating glucose in mice. The benefit of activation of GLP-1 pathways is well established in the treatment of obesity and type 2 diabetes. The paper by Li et al. considers additional uses for Alzheimer’s disease, hypertension and non-alcoholic steatohepatitis with important mediation by neuroprotective and anti-inflammatory actions. GLP-2 is used for treatment of short bowel syndrome, but its intestinotrophic effect has been suggested to promote colonic neoplasia. Hunt et al. report that glucagon receptor knock-out mice that exhibit inappropriately raised circulating concentrations of GLP-1 and GLP-2 are not more susceptible to azoxymethane/dextran sodium sulphate-induced tumours. Using enzyme resistant [Gly2]GLP-2, Mieczkowska et al. also noted enhanced collagen post-processing and crosslinking maturation in murine osteoblasts, indicating possible therapeutic benefit in osteoporosis or bone fragility generally. Interestingly, [D-Ala2]GLP-1 or glucagon were without effect.



Dietary Measures Utilising Proglucagon-Derived Peptides to Improve Metabolic Control

It is evident from above, that proglucagon-derived peptides have found significant therapeutic applicability. Kamruzzaman et al. consider gut-based strategies to reduce postprandial glycaemia in type diabetes, focussing on stimulation of GLP-1 release. Further to this, Smith et al. describe a successful randomised control trial in obese and lean men of postprandial glucose responses following ingestion of a novel, ready-to-drink shot containing low dose of whey protein. Such dietary adjuncts are being explored in many studies currently based on the ability of various protein digests to trigger the release of GLP-1 and other metabolically beneficial gut peptides such as PYY and cholecystokinin (CCK).



Proglucagon-Derived Peptides as Therapeutics

Although dietary measures may be beneficial in mild cases of type 2 diabetes, most patients likely to benefit therapeutically from activation of proglucagon-derived pathways will require drug intervention. Lafferty et al. address the current status of proglucagon-derived peptides as therapeutics. This includes glucagon, GLP1, GLP-2, oxyntomodulin, glicentin, GRRP as well as unimolecular multi-agonist peptides which activate receptors for GLP-1, glucagon and GIP. The therapeutic application extends to diabetes, obesity, cardiovascular and neurodegenerative diseases, short bowel syndrome, osteoporosis, polycystic ovary syndrome and hypoglycaemia. Hope et al. further consider the strong potential of GLP-1/glucagon receptor co-agonism as a treatment strategy for obesity. They discuss the importance of relative balance of co-agonism, the positive effect of glucagon on energy balance and how its natural hyperglycaemic actions are countered by the insulinotropic action of GLP-1. Tanday et al. demonstrate the value of upregulated unimolecular GLP-1/CCK receptor signalling in rodent obesity-diabetes, indicating the therapeutic potential offered by recapitulation of the interlinked pathways naturally activated by feeding. Exploitation of such an approach requires imagination of peptide chemists to come up with viable peptide analogues. In this vein, it is notable that He et al. describe a simple method for conjugation of two proglucagon peptide analogues via added cysteine residues.



Concluding Remarks

As evident from the above, research on proglucagon-derived peptides has delivered significant outcomes and had real measurable societal impact. Much has been discovered since elucidation of glucagon, the exploitation of antibody-based technologies by radioimmunoassay and immunocytochemistry and elucidation of the proglucagon gene. The more we dig into the biology of this influential peptide family, the more questions we turn up that need to be answered. We extend our thanks to the authors for their timely contributions, to the reviewers for their efforts in evaluating the manuscripts and to you the readers who we hope will gain knowledge and inspiration from this timely collection of papers.
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Enteroglucagon refers to the predominant peptide with glucagon-like immunoreactivity (GLI) that is released by the intestine into the circulation in response to nutrients. Development of a radioimmunoassay for glucagon revealed issues that were not apparent in applications of the insulin radioimmunoassay. The fact that some antisera raised against glucagon recognized glucagon-related peptides in extracts of both pancreas and gut whereas others recognized only components in the pancreas remained a mystery until it was realized that the “gut GLI cross-reactive” antisera were directed against an epitope in the N-terminal to central region of glucagon whereas the “pancreatic glucagon specific” antisera were directed against an epitope in the C-terminal region. Unlike the cross-reactive antisera, the glucagon specific antisera did not recognize components in which glucagon was extended from its C-terminus by additional amino acids. Initial attempts to purify enteroglucagon from porcine ileum led to the erroneous conclusion that enteroglucagon comprised 100 amino acids with an apparent molecular mass of 12,000 Da and was consequently given the name glicentin. Subsequent work established that the peptide constituted residues (1-69) of proglucagon (Mr 8128). In the 40 years since the structural characterization of glicentin, attempts to establish an unambiguous physiological function for enteroglucagon have not been successful. Unlike the oxyntomodulin domain at the C-terminus of enteroglucagon, the primary structure of the N-terminal domain (glicentin-related pancreatic peptide) has been poorly conserved among mammals. Consequently, most investigations of the bioactivity of porcine glicentin may have been carried out in inappropriate animal models. Enteroglucagon may simply represent an inactive peptide that ensures that the intestine does not release equimolar amounts of a hyperglycemic agent (glucagon) and a hypoglycemic agent (GLP-1) after ingestion of nutrients.




Keywords: glucagon, enteroglucagon, glicentin, glicentin-related pancreatic peptide, radioimmunoassay



Introduction

Elucidation of the nucleotide sequence of a cDNA encoding human proglucagon (1) established unambiguously that the molecule contained, in addition to glucagon, two additional regions whose primary structures suggested that they represented biologically active peptides. In addition to domains containing glucagon-like peptide-1 [GLP-1; proglucagon-(78-107) amide] and glucagon-like peptide-2 [GLP-2; proglucagon-(126-158)], a domain at the N-terminus of the precursor contains enteroglucagon [proglucagon-(1-69) also known as glicentin and gut glucagon-like immunoreactivity (GLI)]. Within enteroglucagon, the sequences of glicentin-related pancreatic peptide [GRPP; proglucagon-(1-30)], glucagon [proglucagon-(33-61)] and oxyntomodulin [proglucagon-(33-69)] are embedded (Figure 1). The story of the discovery of GLP-1 and GLP-2 and the role of the truncated form of GLP-1 [proglucagon (78-107) amide] as a physiologically important incretin and GLP-2 as a trophic factor of intestinal mucosa has been told in several recent comprehensive reviews (2–5) and so does not need re-telling in this article. For the sake of clarity, an indication of the structural relationships between these proglucagon-derived peptides is provided in Table 1.




Figure 1 | A schematic representation of the structures of enteroglucagon (proglucagon-(1-69), glicentin-related polypeptide [GRPP; proglucagon (1-30)], glucagon [proglucagon (33-61)] and oxyntomodulin [proglucagon (33-69)]. KR represents the dibasic residue processing sites. The blue bar indicates the epitope in the N-terminal to central region of glucagon that is recognized by both “pancreatic glucagon-specific” and “gut GLI cross-reactive” antisera. The orange symbol illustrates the epitope at the C-terminus of glucagon that is recognized by “pancreatic glucagon-specific” antisera only.




Table 1 | Structural relationships between proglucagon-derived peptides.



As a former post-doctoral fellow in the laboratories of Prof. Keith D. Buchanan, Queen’s University of Belfast, N. Ireland (1974-7) and Prof. Roger H. Unger, Southwestern Medical School, Dallas, U.S.A. (1977-9), I will present in this article a somewhat personal interpretation of the early literature relating to enteroglucagon prior to the discovery of GLP-1 and GLP-2 in 1982. This is an attempt to explain how a measure of order was brought to a thoroughly chaotic situation regarding the measurement of GLI concentrations in plasma and tissue extracts as well as how ambiguities regarding structural characterization of the immunoreactive components were resolved. Nevertheless, enteroglucagon and its N-terminal domain, GRPP remain enigmatic to this day in terms of their physiological roles (if any).



Identification of Enteroglucagon by Radioimmunoassay

The discovery by Kimball and Murlin in 1923 of an hyperglycemic factor in the pancreas, which they termed glucagon, is contemporaneous with the discovery of the hypoglycemic factor, insulin (6) but it was not until 1957 that the primary structure of the hormone was determined by Bromer and co-workers in the Lilly Research Laboratories (7). Subsequent work by the group of Sundby at Novo Nordisk demonstrated that, with the exception of the hystricomorphs (8), the structure of the peptide has been very strongly conserved among mammals including the human (9). The presence of components with glucagon-like hyperglycemic properties in extracts of intestinal mucosa was first reported by Sutherland and De Duve in 1948 (10) but it was the development of the first radioimmunoassay (RIA) for glucagon by the group of Unger in 1961 (11), soon after the first reported RIA for insulin (12), that permitted an investigation of the structure, distribution and properties of enteroglucagon. However, it became apparent that radioimmunoassays for glucagon were associated with several issues that were not observed in applications of the insulin radioimmunoassay.

The demonstration that gastrointestinal tissues contained material that was recognized by antisera raised against glucagon was made by Unger and co-workers in 1966 but they initially concluded that “The results clearly indicate that glucagon or a factor with the same immunochemical characteristics is present in acid-alcohol extracts of gastrointestinal tissues of rat, dog and man.” (13). The observation that glucagon-like material in the alimentary tract was not identical to pancreatic glucagon was made by Samols and co-workers on the basis of non-parallelism of inhibition slopes under RIA conditions (14). This conclusion was confirmed by the demonstration that intraduodenal administration of glucose to dogs resulted in a marked increase in GLI concentration in the mesenteric vein but a decrease in the pancreatic venous effluent and that the material released from the gut was chromatographically different from that released from the pancreas (15).

It soon became apparent that antisera raised against glucagon could be divided into two classes in terms of their ability to recognize the glucagon-like components present in the gastrointestinal tract. Antisera such as the widely distributed Unger antiserum 30K (16) were described as “pancreatic glucagon specific” because they measured only very low concentration of GLI in extracts of intestinal tissues whereas antisera, such as Heding antiserum K4023 (17) were described as “gut GLI cross-reactive” because they detected high concentration of GLI in both pancreatic and intestinal extracts. The molecular basis for this difference in properties was elucidated by structure-immunoreactivity studies using a range of glucagon fragments (18, 19). As shown in Figure 1, the glucagon molecule is associated with two antigenic sites. The “GLI cross-reactive” antisera are directed against an epitope in the N-terminal to central region of the peptide (residues 6-15) whereas the “glucagon specific” antisera are directed against an epitope in the C-terminal region of the peptide (residues 24-29) that requires the presence of a free C-terminal carboxyl group for binding to antibody. It was concluded, therefore, that enteroglucagon, like oxyntomodulin, must comprise glucagon extended from its C-terminus by additional amino acid residues. Conversely, circulating components larger than glucagon that were detected with C-terminally directed antisera must represent proglucagon-derived peptides that lack this C-terminal extension (20).

Prior to the cloning era, our understanding of the nature of proglucagon was complicated by reports that human (21) and dog (22) plasma contained varying concentrations of a high molecular mass component described as “big plasma glucagon”. This component was eluted from gel permeation columns in the globulin fraction of plasma (Mr >100,000 Da) and was detected by both C-terminally and N-terminally directed antisera. Related contemporary studies also described high molecular mass forms of a number of other peptide hormones (ACTH, calcitonin, gastrin, growth hormone, and LHRH) in human plasma by using the techniques of gel permeation chromatography and radioimmunoassay [reviewed in (23)]. Although the technique of RIA has undoubtedly revolutionized the field of endocrinology, inappropriate interpretation of RIA data has led to the appearance of many articles in the literature for which the kindest description is that they are irreproducible. It is frequently forgotten that RIA does not measure directly the concentration of a component in a biological fluid or tissue extract but the concentration of substances that inhibit the binding of the radiolabeled tracer to antibody. In this light, it became apparent that these “big plasma hormones” represented factors, particularly α- and β-globulins, that non-specifically inhibited binding of radiolabeled tracer to antibody (23, 24). Consequently, it was concluded that removal of these interfering components from plasma prior to assay, for example, by selective ethanol precipitation was strongly advised, if not mandatory, for accurate determination of circulating glucagon concentrations (25). By the same token, [125I]-labelled glucagon tracers are rapidly degraded by peptidases in human plasma. The inability of the damaged tracer to bind to antibody may also be erroneously interpreted as the presence of antigen. Similarly, the high molecular mass GLI component reported to be present in extracts of salivary glands was shown to represent an artefact arising from tracer-degrading activity (26). The problem was recognized early and to some extent addressed by the inclusion of the peptidase inhibitor Trasylol (Aprotinin) in the assay buffer (27) but denaturation and precipitation of the degrading enzymes by addition of ethanol is more effective in eliminating this interference (25).



Structural Characterization of Enteroglucagon

The first suggestion that glucagon, like insulin, may be derived from a biosynthetic precursor larger than itself was provided by Tager and Steiner in 1973 who isolated and characterized chemically a peptide impurity in a sample of bovine/porcine glucagon. This component comprised glucagon extended from its C-terminus by the octapeptide Lys-Arg-Asn-Asn-Lys-Asp-Ile-Ala (28). The authors correctly speculated that the peptide, subsequently shown to be identical to oxyntomodulin isolated from porcine jejuno-ileum (29), represented a fragment of proglucagon.

Prior to the availability of (relatively) affordable and reliable equipment for HPLC in the 1980s, gel permeation chromatography using columns of Sephadex G-50 or Biogel P-10 matrices was the preferred method to purify partially and estimate the molecular mass of peptides. However, the correlation between molecular mass and elution volume is far from exact as interaction of the peptide with the matrix is also dependent to some extent on molecular charge and secondary structure. The major component of GLI in extracts of porcine ileum (30, 31) and colon (32) and in canine brain (33) was eluted from gel permeation chromatography columns with the same elution volume as human cytochrome c (Mr 12,225 Da) leading to the incorrect assumption that the molecular mass of enteroglucagon was approximately 12,000 Da. A second component in the extracts (subsequently identified as oxyntomodulin) was eluted in a volume slightly less than that of glucagon indicating a molecular mass of approximately 4,500 Da. The error in estimating the molecular mass of enteroglucagon was compounded by the report based upon amino acid composition analysis that porcine enteroglucagon contained 100 amino acid residues, hence the term glicentin (GLI-cent-in) was adopted (34). The article did, however, lead to the recognition that enteroglucagon contained the full sequence of glucagon and both peptides were derived from the same biosynthetic precursor (35, 36).

Unambiguous determination of the primary structures of porcine enteroglucagon (glicentin) (37) and GRPP (38) was finally achieved by Thim and Moody. As shown in Figure 1, glicentin comprises 69, not 100, amino acids (Mr 8128 Da) with GRPP constituting the 30 amino-acid-residue N-terminal domain and oxyntomodulin the 37 amino-acid-residue C-terminal domain. For those readers, such as myself, who adopt a pedantic attitude to nomenclature, retention of the term glicentin, especially when referring to enteroglucagon from species other than the pig, is a source of minor irritation.



The Search for a Biological Role for Enteroglucagon

In contrast to the proglucagon-derived peptides oxyntomodulin, GLP-1 and GLP-2, attempts to establish a well-defined physiological function for enteroglucagon have been beset with problems that still have not been resolved. Initial attempts to determine such a function were hampered by the lack of availability of pure peptide for use in bioassays.

Not long after the discovery of gut GLI, it was shown that an extract of dog jejunum, partially purified by gel permeation chromatography, lacked hyperglycemic activity when injected endoportally into dogs, was devoid of glycogenolytic activity in the isolated perfused rat liver and did not increase hepatic cAMP concentrations (15). The observed glucagon-like ability of the crude extract to stimulate insulin release from the perfused pancreas was presumably a consequence of the presence of GLP-1 and glucose-dependent insulinotropic polypeptide (GIP). Material from porcine ileum (30) and colon (32) that was purified to a higher degree by immunoaffinity chromatography lacked lipolytic activity when incubated with chicken adipocytes, was devoid of insulin-releasing activity in the isolated perfused rat pancreas and did not activate adenylate cyclase in rat hepatocytes or inhibit the binding of [125I]glucagon to liver plasma membranes. In addition, the material did not display a cholecystokinin-like ability to stimulate exocrine pancreatic section in the cat or inhibit the stimulatory action of secretin (39).

Of some historical interest was the report that a patient with a renal tumor releasing large amounts of enteroglucagon into the circulation displayed, in addition to colonic and jejunal stasis and malabsorption, marked small intestinal villous hypertrophy and these abnormalities disappeared following resection of the tumor (40, 41). These observations led to speculation that enteroglucagon may be functioning as a growth factor for the intestinal mucosa but it now seems likely that GLP-2 co-released by the tumor was at least partially responsible for the observed trophic effects.

Interest in the physiological function of enteroglucagon was stimulated by the availability of highly purified porcine glicentin provided by Novo Nordisk. However, unambiguous interpretation of data obtained with this material is not always possible. Except in a few cases, experimental studies have been carried out, not in pigs, but in rodents, rabbits and dogs but, in contrast to glucagon and oxyntomodulin, the primary structure of the N-terminal domain of enteroglucagon (GRPP) has been poorly conserved among mammals (Figure 2). Consequently, effects observed with glicentin in such bioassays could be regarded as pharmacological rather than physiological and conversely lack of effects may be a consequence of differences in amino acid sequence. Additionally, proteolytic conversion of glicentin to glucagon, glucagon fragments and possibly oxyntomodulin by incubation with rat hepatocytes (42) and enterocytes (43) has been demonstrated so that any glucagon-like biological effects observed may be a consequence of the in situ generation of these peptides. For example, glicentin had 1% of the potency of glucagon on glucose production when incubated with hepatocytes but the peptide was concomitantly degraded to smaller components some of which were chromatographically very similar to glucagon and its fragments suggesting that glicentin may exert its glucagon-like effects on hepatocytes only after degradation to smaller glucagon-related peptides (42). Similarly, oxyntomodulin and its (19–37) and (30–37) fragments inhibit histamine-stimulated gastric acid secretion in the rat (44) so that the observation that glicentin infusions inhibit pentagastrin-stimulated gastric acid secretion in the rat is subject to the interpretation that the effect may arise, at least in part, from its conversion into these products (45).




Figure 2 | A comparison of the primary structures of pig glicentin with enteroglucagon from human, rat, mouse, dog and rabbit, deduced from the nucleotide sequences of cDNAs. Differences in amino acid sequence from the porcine peptide are shown in red. The glucagon sequence is underlined.



More recent studies using synthetic GRPP and glicentin or with naturally occurring peptides purified to near homogeneity have been comprehensively reviewed by Raffort et al. (46). However, the problem of interpretation of data generated by peptides in heterologous animal models remains. For example, infusion of porcine GRPP and glicentin 1-16 in dogs resulted in an increase in plasma insulin and a decrease in plasma glucagon (47) but rat GRPP elicited potent inhibition of glucose-stimulated insulin secretion from the rat pancreas (48). Inconsistent results have also been reported regarding trophic effects of glicentin on intestinal mucosa and gastrointestinal motility that again may be explained to some extent by species differences (46). The possibility that enteroglucagon may have a function as a barrier-sustaining agent was suggested by the report that recombinant human enteroglucagon inhibited internalization of the bacteria Salmonella enteritidis, Escherichia coli, and Enterococcus faecalis by INT-407 human-derived embryonic intestinal cells (49). This observation may have clinical significance in terms of maintenance of the integrity of tight junctions within in the intestine thereby inhibiting extraintestinal invasion by pathogenic bacteria.



Conclusion

It must be concluded that, at this time, the physiological role of enteroglucagon remains unclear. A specific receptor for enteroglucagon has not been identified and the fact that evolution has not co-opted the large amounts that are released into the circulation peptide for an hormonal function seems surprising. The pathways of differential processing of proglucagon by prohormone convertases into predominantly GRPP, glucagon, and a large inactive C-terminal fragment in the pancreas and to enteroglucagon/oxyntomodulin, GLP-1 and GLP-2 in the gut are well established (5). It makes little metabolic sense that the mammalian intestine should release equimolar amounts of the hyperglycemic factor, glucagon and the hypoglycemic factor GLP-1 in response to ingested nutrients and so it may be that inactive enteroglucagon simply represent nature’s strategy for obviating the hyperglycemic action of proglucagon-derived peptides in the gut.
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The mammalian proglucagon gene (Gcg) encodes three glucagon like sequences, glucagon, glucagon-like peptide-1 (GLP-1), and glucagon-like peptide-2 that are of similar length and share sequence similarity, with these hormones having cell surface receptors, glucagon receptor (Gcgr), GLP-1 receptor (Glp1r), and GLP-2 receptor (Glp2r), respectively. Gcgr, Glp1r, and Glp2r are all class B1 G protein-coupled receptors (GPCRs). Despite their sequence and structural similarity, analyses of sequences from rodents have found differences in patterns of sequence conservation and evolution. To determine whether these were rodent-specific traits or general features of these genes in mammals I analyzed coding and protein sequences for proglucagon and the receptors for proglucagon-derived peptides from the genomes of 168 mammalian species. Single copy genes for each gene were found in almost all genomes. In addition to glucagon sequences within Hystricognath rodents (e.g., guinea pig), glucagon sequences from a few other groups (e.g., pangolins and some bats) as well as changes in the proteolytic processing of GLP-1 in some bats are suggested to have functional effects. GLP-2 sequences display increased variability but accepted few substitutions that are predicted to have functional consequences. In parallel, Glp2r sequences display the most rapid protein sequence evolution, and show greater variability in amino acids at sites involved in ligand interaction, however most were not predicted to have a functional consequence. These observations suggest that a greater diversity in biological functions for proglucagon-derived peptides might exist in mammals.
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Introduction

The mammalian proglucagon (Gcg) gene encodes three glucagon-like sequences, glucagon, glucagon-like peptide-1 (GLP-2), and glucagon-like peptide-2 (GLP-2), which have diverse hormonal roles in the regulation of metabolism (1–4). Mammalian Gcg is primarily expressed in the alpha cells of the pancreas, L-cells of the intestine, and some neurons of the nucleus tractus solitarii of the brainstem (1–4). Tissue-specific proteolytic processing of the proglucagon (Gcg) precursor protein by prohormone convertase enzymes (5) results in the production of glucagon as the major product secreted from pancreatic alpha cells, while GLP-17-37 [which mostly circulates as GLP-17-36amide (4)] and GLP-2 are released from intestinal and neuronal cells (1–4). The primary function of glucagon is to act as the counter regulatory hormone to insulin with a major role stimulating the production and release of glucose from the liver when blood glucose levels are low (6). GLP-17-37 is best known as the incretin hormone secreted by L-cells of the intestine in response to food that potentiates the release of insulin from pancreatic beta cells (3, 7). In addition, GLP-17-37 has roles in the regulation of appetite, gut motility, inflammation, apoptosis, learning and memory, and has cardio- and neuro-protective effects among other roles (3, 4, 7). GLP-2 is co-secreted with GLP-1 by the L-cells in the intestine and has multiple important roles in the maintenance of the intestinal tract, including the promotion of cell growth and villi height, and improving digestive, absorptive, and barrier functions (8, 9). In addition to glucagon and the glucagon-like peptides, Gcg is proteolytically processed to produce several other peptides (1, 2, 4), some of which have well established physiological roles (4, 10, 11). Glicentin, also called enteroglucagon (12), and oxyntomodulin (OXM) are two longer peptides that overlap the glucagon sequence (1, 2, 4, 10, 11). A physiological role for glicentin has not clearly been identified (12), but see (13), while OXM is involved in the regulation of gastric acid release and other intestinal secretions and has roles in food intake and energy expenditure (10, 11). Miniglucagon, a C-terminal secondary proteolytically processed form of glucagon (Glucagon19-29), is antagonistic to many of the roles of glucagon (14). Other less studied peptides produced by the proteolytic processing of Gcg, including glicentin-related pancreatic polypeptide (GRPP), major proglucagon fragment (MPGF), and intervening peptide-1 and -2 (IP-1 and IP2), may also have roles in human physiology (1–4, 10).

Gcg genes have been identified in the genomes of diverse vertebrate species (15). While all currently characterized mammalian Gcg genes encode three glucagon like sequences, lineage specific duplications and deletions of exons within this gene have resulted in changes in the number of glucagon-like hormones encoded by this gene in many non-mammalian species (16–20). In cartilaginous fish (e.g., Callorhinchus milii, the elephant shark) the Gcg gene encodes 4 glucagon-like sequences, including a glucagon-like peptide 3 (GLP-3) (16), while in the frog Xenopus laevis (African clawed frog) the GLP-1 encoding exon has been triplicated to result in a coding sequence that could generate 5 glucagon-like sequences (17). Jawless fish (e.g., the lamprey Petromyzon marinus) (18) and teleost fish (e.g., zebrafish (Danio rerio) and anglerfish (Lophius americanus)) (16, 19, 20) are a pair of lineages that have duplicated Gcg genes, where in both lineages one of the duplicated genes has lost an exon that encodes a glucagon-like peptide (the GLP-1 encoding exon in lamprey and the GLP-2 encoding exon in teleost fish). In addition to these changes in the structure of the Gcg gene in diverse vertebrates, changes affecting the coding sequence that potentially alter hormone function have been identified (15, 21, 22). The glucagon hormones produced by New World rodents (i.e., suborder Hystricomorpha, which includes the guinea pig, Cavia porcellus) have reduced biological activity and have sequences with increased numbers of amino acid substitutions (21). The Gcg gene of the platypus (Ornithorhynchus anatinus), a member of the earliest diverging lineage of mammals (order Monotremata), encodes a GLP-17-37 sequence that has accumulated many amino acid substitutions (15) and was found to be a component of the venom produced by this species (22). Accelerated evolution of the GLP-2 sequence was inferred to have occurred on the early mammalian lineage, however the physiological consequence of this change remains unknown (15).

In addition to Gcg, the genomes of vertebrate species also contain other genes that encode glucagon-like sequences. Glucose-dependent insulinotropic peptide (GIP), which has been described as an incretin hormone in some mammals (e.g., human (Homo sapiens) and mouse (Mus musculus)) (23), is encoded by the Gip gene and is found in most vertebrates (24, 25). While a 42 amino-acid-long peptide hormone is predominantly generated from the prohormone precursor in mammals (26), a shorter hormone sequence is likely produced from this gene in species other vertebrate classes due to changes in the site of proteolytic processing (24, 25). The second gene was first identified to encode Exendin, a component of the toxin produced by the Gila monster (Heloderma horridum; class Reptilia) (27–29). Subsequently, the homolog of this gene was found in diverse vertebrates and has been called Exendin-like (25, 30, 31), Gcgl (glucagon-like) (32), and Gcrp (glucagon-related peptide) (33). Intriguingly, while this gene is conserved in the genomes of species in most vertebrate classes, it was lost on the lineage leading to mammals (25, 30).

Glucagon, GLP-1, and GLP-2, along with the other glucagon-like sequences, act through cell surface receptors that are expressed in tissue-specific patterns to direct their distinct physiological functions (1–4, 6–9). Receptors for all glucagon-like sequences (glucagon receptor (Gcgr), GLP-1 receptor (Glp1r), GLP-2 receptor (Glp2r), GIP receptor (Gipr), and glucagon receptor-like receptor (Grlr; receptor for exendin-like peptides)) belong to a closely related subfamily within Class B1 of the 7-transmembrane domain G protein-coupled receptor gene family (34–37). The glucagon receptor-like subfamily of G protein-coupled receptors originated very early in vertebrate evolution with all members being present in the genome of the common ancestor of all extant vertebrates (35–37). Despite an early origin for these genes, some of these receptor genes have been lost on several different vertebrate lineages. Glp1r was lost from the genome on the bony fish lineage, Gipr was lost in parallel on both the cartilaginous fish and bird lineages, and Grlr is not found in mammalian genomes (25, 31–33, 35). The loss of these genes likely contributed to changes in the physiological functions of these glucagon-like hormones. For example, in some teleost fish GLP-1 promotes glucose production instead of acting as an incretin hormone (38). These fish have lost their Glp1r gene but have a duplicated glucagon receptor (Gcgr) gene (16, 36, 37). In these fish, GLP- binds to a glucagon receptor encoded by one of their duplicated Gcgr genes, thus it signals as if it was glucagon (16, 39–41). Despite all the receptors being 7-transmembrane domain receptors, differences in the rates of evolution of these types of receptor genes have also been detected within vertebrates and rodents, with Glp1r seen to be evolving slower than Gcgr or Glp2r, which suggests that different levels of physiological and selective constraint have been imposed on these genes (16, 35, 42).

Changes in diet likely impacts the roles and evolution of Gcg and genes for receptors for proglucagon-derived peptides since these peptide hormones and their receptors play essential roles in glucose metabolism, especially the maintenance of blood glucose levels (1–4, 6–9). Mammalian species possess a great variety of diets that yield differing levels of carbohydrates, lipids, and proteins that can be absorbed through the gut. Changes in diet have been linked to changes in the evolution of some mammalian genes involved in metabolism, including glucokinase regulatory protein (Gckr) (43), insulin-like peptide 5 (Insl5) (44), and potentially insulin (Ins) (45). A result study of insulin (Ins) genes in diverse mammals revealed unexpected changes in the sequence of the insulin hormone in several lineages (45) raising the possibility that similar changes have occurred in the gene for its counter regulatory hormone. The rapidly increasing numbers of genome sequences has revolutionized biology (46), thus it has become possible to characterize genes from large numbers of species and identify genes that display differences in their evolution patterns that might suggest novel functions. As previously shown for hormones isolated from other vertebrates, such as fish, homologous peptides from other species might have unique properties that are beneficial for human health (47, 48). To determine whether Gcg, Gcgr, Glp1r and Glp2r genes in specific mammals have displayed unexpected patterns of evolution, and potentially novel functions, I examined the evolution of these genes from many diverse mammalian genomes.



Materials and Methods


Database Searches

Searches for the genomic and coding sequences for the genes encoding proglucagon (Gcg), glucagon receptor (Gcgr), glucagon-like peptide-1 (GLP-1) receptor (Glp1r), and glucagon-like peptide-2 (GLP-2) receptor (Glp2r) were conducted in January 2021. Genome sequences for 153 mammalian species were available in the National Center for Biotechnology Information (NCBI) genome data viewer database (www.ncbi.nlm.nih.gov/genome/gdv/) and 15 additional species had genomes in the Ensembl genome database (www.ensembl.org) for a total of 168 mammalian species (see Supplementary Table 1 for a list of species and their genome assemblies). Searches of these mammalian genomes were conducted, with the tBlastn algorithm (49), for coding sequences that predict proteins with similarity to human (Homo sapiens) proglucagon (GCG, NP_002045.1), glucagon receptor (GCGR, NP_000151.1), glucagon-like peptide-1 (GLP-1) receptor (GLP1R, NP_002053.3), and glucagon-like peptide-2 (GLP-2) receptor (GLP2R, NP_004237.1) protein sequences. While the human protein sequences were used my initial searches, for species where an incomplete coding sequence was initially identified, subsequent searches were conducted, using tBastn and Blastn (49), with protein or DNA sequences, identified here, from a species that was expected to be more closely related. In addition, for species that did not have complete Gcg coding sequences identified in our initial searches, tBlastn and Blastn searches were conducted on their genome sequences to identify sequences that could potentially encode the missing genes or exons as previously described (15, 35, 42, 45). The Ensembl genome database identifies potential orthologs of genes, where it uses gene order conservation (GOC), which are based on the presence or absence of orthologous neighboring genes, and whole genome alignment (WGA) coverage, based on the alignment of putative orthologs, scores to determine whether a putative ortholog is “high confidence” or not. I obtained the GOC and WGA scores as well as confidence level of each putative ortholog from the Ensembl database when the human genes were used as queries.



Sequence Alignment and Phylogenetic Analysis

Full-length Gcg, Gcgr, Glp1r, and Glp2r coding sequences were aligned using the codon aware MAFFT algorithm (50) implemented on the Guidance2 server (guidance.tau.ac.il/ver2/) (51). To minimize the introduction of errors into the phylogenetic analyses (52), codon-based alignments of the coding sequences generated above were trimmed to remove regions that might not have been reliably aligned with Guidance (51), using a guidance score of 0.93. Phylogenetic relationships of the sequences were then established using maximum likelihood, as implemented in IQ-TREE (version 1.6.12; iqtree.cibiv.univie.ac.at) (53) where ModelFinder (54) was used to identify the best fitting evolutionary models and 1000 Ultrafast bootstrap replications (55) used to assess the confidence of the nodes in the trees. Coding sequences from Ornithorhynchus anatinus (platypus, order Monotremata), or from species of the order Metatheria (e.g., opossum; Monodelphis domestica) if no monotreme sequence was available, were used as outgroups to root the phylogenetic trees. Divergence times between pairs of species are from the TimeTree database (www.timetree.org) (56). Consensus sequences, displayed as a sequence logo, were generated using WebLogo 3 (weblogo.threeplusone.com/) (57).



Genomic Neighborhood Analysis

To confirm the orthology of the Gcg, Gcgr, Glp1r and Glp2r genes among mammals, genomic neighborhoods surrounding these genes in the annotated mammalian genomes were examined. Genomic neighborhoods, i.e., relative positions and orientations of adjacent genes, was derived from the displays of the genomic information presented in the NCBI and Ensembl databases. Relative positions of annotated genes adjacent to Gcg, Gcgr, Glp1r, and Glp2r genes in the genomic sequences identified above were obtained from the NCBI or Ensembl databases as previously described (31, 35, 58). Briefly, the identity and orientation of genes were identified from displays of the genomic sequences in the two databases



Evolutionary Analysis of Protein Sequences

Protein sequence alignments were generated from the codon based MAFFT alignments of the coding sequences generated above using MEGA X (59). Potential signal peptidase cleavage sites were predicted using SignalP 5.0 (www.cbs.dtu.dk/services/SignalP/) (60) and NeuroPred (neuroproteomics.scs.illinois.edu/neuropred.htm) (61), using default settings, was used to predict the locations of potential prohormone processing sites in the Gcg protein sequences. Amino acid residues in the glucagon (GCGR), GLP-1 (GLP1R), and GLP-2 (GLP2R) receptor protein sequences that interact with the proglucagon-derived peptides are from sites identified in crystal structures and were retrieved from the GCPRdb (gpcrdb.org) (62–66). The potential consequence of amino acid substitutions, compared to the human sequence, in the proglucagon-derived peptide sequences of Gcg, and the ligand interaction sites of Gcgr, Glp1r, and Glp2r were assessed using SIFT (sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html) (67) and PROVEAN (provean.jcvi.org/seq_submit.php) (68). Co-evolution of sites within or between coding sequences were assessed using BGM (Bayesian Graphical Models) (69) as implemented on the Datamonkey Adaptive Evolution server (datamonkey.org/) (70). These analyses used sequences from 78 species that had intact coding sequences for Gcgr, Glp1r, and Glp2r (Supplementary Tables 3–5). To identify co-evolution between Gcg, and its encoded proglucagon-derived peptides, and Gcgr, Glp1r, and Glp2r, concatenated coding alignments (receptor plus Gcg sequences) were used. Here, sequences from 77 species that have intact coding sequences from all three receptors (Gcgr, Glp1r, and Glp2r) and Gcg were used. These sequences were the 78 species used for the comparisons among receptors with the exclusion of Myotis myotis (greater mouse-eared bat) as its Gcg coding sequence was incomplete (Supplementary Table 2). Gcgr, Glp1r, and Glp2r protein sequences were visualized as snake plots generated with Protter (wlab.ethz.ch/protter/start/) (71). Uniprot accessions GLR_HUMAN, GLP1R_HUMAN, and GLP2R_HUMAN, for human GCGR, GLP1R, and GLP2R, respectively, were used to generate the snake plots. Amino acid residues in the Gcgr, Glp1r, and Glp2r sequences were numbered based on the human sequences and the Wooten numbering system (72).



Evolutionary Analysis of Coding Sequences

Comparisons of the relative rates of nonsynonymous (dN) and synonymous substitutions (dS) can be used to measure the strength of selective pressure on a coding sequence. Sequences experiencing stronger purifying selective pressure, to conserve protein sequence and function, will have lower nonsynonymous to synonymous (dN/dS) ratios. To determine whether the levels of selective pressure acting upon Gcgr, Glp1r, and Glp2r sequences on different mammalian lineages was intensified or relaxed, average dN/dS rate ratios were calculated and the differences in these ratios between lineages were tested using RELAX (73) as implemented on the Datamonkey Adaptive Evolution server (datamonkey.org/) (70). Briefly, an alignment of the Gcgr, Glp1r, and Glp2r coding sequences from 78 mammals that possess complete sequences of all three receptor genes was generated using MAFFT as described above. To test the coding sequences within a mammalian lineage, only those sequences for the three receptor genes of that lineage were used as the input for RELAX. Coding sequences for pairs of genes (i.e., Gcgr versus Glp1r, Gcgr versus Glp2r, and Glp1r versus  Glp2r) were then tested to determine whether the average dN/dS ratios for these genes on a lineage differ with RELAX (73).




Results


Numbers of Gcg, Gcgr, Glp1r, and Glp2r Genes in Mammalian Genomes

Searches of the 168 annotated mammalian genomes available in the NCBI Genome Data Viewer (www.ncbi.nlm.nih.gov/genome/gdv/) and Ensembl (www.ensembl.org/index.html) databases (see Supplementary Table 1 for list of species and their genome assemblies) resulted the identification of putative Gcg, Gcgr, Glp1r, Glp2r genes from 168, 160, 168, and 166 species, respectively (Table 1, Supplementary Tables 2–5, and Supplementary Files 1–4).


Table 1 | Numbers of Gcg, Gcgr, Glp1r, and Glp2r genes found in annotated mammalian genomes.



Of the 168 identified Gcg coding sequences, 159 were distributed over 5 coding exons in the genome sequences and predict proteins that were approximately 180 amino acids in length (Table 1, Supplementary Table 2, and Supplementary File 1), as seen for the rat and human Gcg genes (74, 75), and thus appear intact. Of the Gcg sequences from the remaining 9 species, 3 were found to be missing exon 6 that possess only 4 coding bases, but otherwise predict an intact open reading frame. Gaps were found downstream of exon 5 in all three of these genome assemblies, raising the possibility that the exon 6 sequences reside in an assembly gap. These three sequences, together with the 159 complete coding sequences were used in the remaining evolutionary analyses described below. The genomic sequences for the Gcg genes in the last 6 species have several gaps resulting in predicted coding sequences with larger missing regions, however, these sequences do not contain inframe stop codons or frame shifting mutations, thus, it is likely that they are incompletely assembled genes rather than pseudogenes.

Smaller numbers of genes with complete intact open reading frames were found for the putative Gcgr, Glp1r, and Glp2r genes (Table 1, Supplementary Tables 3–5, and Supplementary Files 2–4), which likely reflects the larger sizes of these genes (1350-1600 coding bases and 13 coding exons) compared to the Gcg gene (540 coding bases and 5 coding exons). A total of 124, 105, and 125 species were found to have complete intact coding sequences, for Gcgr, Glp1r, and Glp2r, respectively, with 36, 63, and 41 incomplete coding sequences, respectively, also identified (Table 1 and Supplementary Tables 3–5). As seen for the Gcg genes described above, all of the incomplete Gcgr, Glp1r, and Glp2r genes do not contain inframe stop codons or frame shifting mutations, suggesting that they are incomplete due to gaps in the genome assemblies rather than being pseudogenes. I failed to identify a Gcgr or Glp2r gene in 8 and 2 species, respectively (Table 1 and Supplementary Tables 3 and 5), but this might not be due to the loss of the gene in these species, but instead due to incomplete gene assemblies. Both Gcgr and Glp2r are members of the very large gene family of G protein-coupled receptors (34), thus, multiple genomic sequences were found to have similarity in these species to the query sequences, however many of these genomic hits were composed of a single exon that could not reliably be assigned to a specific gene ortholog. No obvious clustering of species with incomplete or missing Gcg, Gcgr, Glp1r, or Glp2r genes was observed (Supplementary Tables 2–5).



Orthology of Mammalian Gcg, Gcgr, Glp1r, and Glp2r Genes

The Gcg, Gcgr, Glp1r, and Glp2r genes were identified above by similarity. Next, I examined the genes to assess their orthology, to exclude the possibility that some of the genes might be paralogs that originated through a more ancient gene duplication. Orthology of genes can be assessed using the Ensembl database, with 104 of the 162 mammalian species examined here represented in this database (Supplementary Table 1). Using the human GCG, GCGR, GLP1R, and GLP2R genes as queries, I identified mammalian species that were reported by Ensembl to have orthologs of these genes, resulting in the identification of 87, 73, 87, and 90 orthologs for each, respectively (Supplementary Tables 2–5). Genomic neighborhoods are often conserved between species, thus not only is the studied gene orthologous, but genes adjacent to the studied gene also show orthologous relationships between species, especially when the species are relatively closely related such as mammals (76). Previous studies have shown that the gene neighborhoods flanking the Gcg, Gcgr, Glp1r, and Glp2r are largely conserved across vertebrates, while paralogous genes (e.g., Gcgr, Glp1r, and Glp2r) generally have unrelated neighboring genes (30, 31, 36). All 87 mammalian species with a reported Gcg ortholog in the Ensembl database were reported to be “high confidence” orthologs (Supplementary Table 2). “High confidence” is based on sequence similarity (e.g., WGA scores) and conservation of their genomic neighborhoods (GOC scores) that is evaluated by Ensembl. While 87 species were reported to have “high confidence” orthologs, 16 species were not reported to have orthologs of human GCG by Ensembl. Of these 16 genes, I found that 13 do have annotated genes in the Ensembl database, while the 3 others have sequences homologous to GCG that were not annotated as genes. Thus, Ensembl did not consider these 16 Gcg gene sequences to be “high confidence” orthologs of the human GCG gene. All these genes were found with complete coding sequences in the NCBI database (Supplementary Table 2). Intriguingly, the bat Myotis lucifugus, was reported to have more than one Gcg gene-like sequence, although only one of them was reported to be a “high confidence” ortholog (Supplementary Table 2). Similar analyses for Gcgr, Glp1r, and Glp2r showed that Ensembl do not identify orthologs for these genes in 30, 16, and 13 species, respectively, with 7 of the 73 Gcgr, 2 of the 87 Glp1r, and 4 of the 90 Glp2r identified orthologs, respectively, not considered to be “high confidence” orthologs (Supplementary Tables 3–5). Like GCG, most species without an identified GCGR, GLP1R, or GLP2R ortholog do indeed have annotated genes in the Ensembl database, and were identified in my Blast searches described above, with 18, 13, and 13, found for Gcgr, Glp1r, and Glp2r, respectively (Supplementary Tables 3–5), however, these identified genes also cannot be identified as “high confidence” orthologs. In addition to the 104 species represented in the Ensembl database, Gcg, Gcgr, Glp1r, and Glp2r sequences were identified in 58 additional species with genome assemblies only in the NCBI database (Supplementary Table 1), thus the confidence of the orthology of these genes is not available.

As a next step to assess the orthology of the Gcg, Gcgr, Glp1r, and Glp2r genes, especially the “low confidence” (or no confidence) orthologs identified in the Ensembl database and the genes found only in the NCBI database, genomic neighborhoods surrounding these genes in the genomes were examined. The human GCG gene is flanking by the fibroblast activation protein (FAP) and dipeptidyl peptidase 4 (DPP4) genes (Figure 1A). Of the 168 mammalian genome assemblies examined, 160 possess this same gene neighborhood, with an additional 6 having Fap adjacent to Gcg, 1 with Gcg adjacent to only Dpp4, and 1 with Gcg not adjacent to either of these two genes (Figure 1A and Supplementary Table 2). Gcg genes with incomplete genomic neighborhoods (i.e., not adjacent to Fap and/or Dpp4) were either at an end of a genomic contig, and thus only adjacent to one of the two flanking genes, or on a short genomic contig and not adjacent to either flanking gene. Species with genes in incomplete genomic neighborhoods were not clustered as closely related species, suggesting that the differing genomic neighborhoods were not due to a chromosomal recombination event that would have been shared among related species.




Figure 1 | Genomic neighborhood analysis of mammalian Gcg, Gcgr, Glp1r, and Glp2r genes. Number of mammalian genomes having genomic neighborhoods for the (A) Gcg, (B) Gcgr, (C) Glp1r, and (D) Glp2r that are similar tom the human genomic neighborhoods. Organization of selected genes flanking the human GCG, GCGR, GLP1R and GLP2R genes, with arrows indicating direction of transcription. Genes and intergenic spaces are not shown to scale. The four rows below each gene are different genomic neighborhood found in the annotated mammalian genomes. The plus symbol (+) indicates presence of the gene and the number (below the # symbol) to the right is the number of species with that type of genomic neighborhood. Genes are: FAP, fibroblast activation protein; DPP4, dipeptidyl peptidase 4; MRLP12, mitochondrial ribosomal protein L12; MCRIP1, MAPK regulated corepressor interacting protein 1; DNAH8, dynein axonemal heavy chain 8; SAYSD1, SAYSVFN motif domain containing 1 (SAYSD1); DHRS7C, dehydrogenase/reductase 7C; RCVRN, recoverin.



The mitochondrial ribosomal protein L12 (MRLP12) and MAPK regulated corepressor interacting protein 1 (MCRIP1) genes flank Gcgr in the human genome (Figure 1B). As with Gcg, the vast majority, 141 of 160, of the genome assemblies have Gcgr located in the same genomic neighborhood, with only 8 and 7 assemblies having Gcgr linked to only Mrpl12 or Mcrip1, respectively, and 4 where Gcgr was unlinked to both genes (Figure 1B and Supplementary Table 3). As with Gcg, the Gcgr genes in incomplete genomic neighborhoods were located near the end of a genomic contig or on a short contig, which suggests that the genomic neighborhood for Gcgr has also been conserved across mammals.

Human GLP1R is flanked by the dynein axonemal heavy chain 8 (DNAH8) gene and the SAYSVFN motif domain containing 1 (SAYSD1) gene (Figure 1C). The majority of the annotated genomes, 137 of the 168, share this same gene neighborhood for all three genes (Table 1 and Supplementary Table 4). A small number of genome assemblies had the Glp1r gene unlinked to either gene (6) or linked to only the Saysd1 gene (4). Intriguingly, 21 genomes showed only a linkage between Glp1r and Dnah8, and not with Saysd1, with many (19) of these being from rodents (Figure 1C and Supplementary Table 3). To determine whether the lack of linkage between Glp1r and Saysd1 in these rodent genomes was due to the loss of the Saysd1 gene or alternatively, to a genomic rearrangement I identified the genomic locations of Saysd1 in the well-characterized genomes of two species that did not display this linkage, the mouse (Mus musculus) and rat (Rattus norvegicus). The genomes of both the mouse and the rat do possess a Saysd1 gene, however, in both species the Saysd1 was found to be located on a different chromosome from that for Glp1r and Dnah8, with Saysd1 located on chromosomes 14 and 15 in the mouse and rat, respectively, while Glp1r (and Dnah8) located on chromosomes 17 and 14, respectively.

The human GLP2R gene is flanked by the genes for dehydrogenase/reductase 7C (DHRS7C) and recoverin (RCVRN) (Figure 1D). As seen for the other genes described above, almost all, 157 of 166, of the genome assemblies share this same gene neighborhood, with only 4 showing a linkage between Glp2r and only Rcvrn and 4 with an unlinked Glp2r (Figure 1D and Supplementary Table 5). As with the other genes investigated, incomplete genomic neighborhoods were found for genes that were close to an end of a genomic contig or on short contigs.

As a complementary approach to examine the orthology of the genes, separate phylogenetic analyses of the Gcg, Gcgr, Glp1r, and Glp2r coding sequences were conducted. Orthologous sequences should yield a phylogeny that is largely consistent with the accepted species phylogeny, while the presence of paralogous sequences within a dataset should yield relationships that are not expected based on our current understanding (77) of mammalian relationships (e.g., closely related species being suggested to be highly divergent). Here I used the maximum likelihood method, using IQ-TREE (53), to construct phylogenies from codon-based alignments of the intact coding sequences for Gcg, Gcgr, Glp1r, and Glp2r that had been objectively trimmed (51, 52) to remove sequences that might be unreliably aligned and interfere with the analysis (see Methods). All the phylogenetic analyses (Supplementary Figures 1–4 and Supplementary Files 5–8) yielded trees that were largely consistent with the accepted mammalian phylogeny (77). Similar phylogenies were found if other methods of phylogenetic reconstruction were used (results not shown). These results support the conclusion that the sets of identified Gcg, Gcgr, Glp1r, and Glp2r gene sequences identified here are orthologs.



Variability in Proglucagon-Derived Peptide Sequences

Previous studies had found that the proglucagon-derived peptide GLP-17-37 sequence displays lower levels of variability (i.e., numbers of substitutions at a site and the number of sites accepting substitutions) than glucagon, while GLP-2 was the most variable (15). Here I examined the variability of the mammalian glucagon, miniglucagon, glicentin, OXM, GLP11-37, GLP-17-37, GLP-2, IP-1, IP-2, and MPGF peptide sequences using predicted Gcg protein sequences from a much larger number of mammalian species than used in earlier studies. Peptide sequences from 161 non-human Gcg sequences were compared to the human peptide sequences. When peptides that likely have biological function (1–4, 10) were examined, peptides identical to the human glucagon, miniglucagon, GLP11-37, GLP-17-37, GLP-2, and OXM amino acid sequences were found in 124, 124, 143, 151, 13, and 60 species, respectively (Figure 2, Table 2, Supplementary Tables 6 and 7, and Supplementary Figure 5). These results are consistent with the expectations from previous reports where a greater conservation of the glucagon and GLP-1 sequences was found compared to GLP-2 (15). While most glucagon, miniglucagon, and GLP-17-37 sequences in mammals are identical to the human sequences, the vast majority of the GLP-2 and glicentin sequences differ at one or more sites. A larger number of the residues in the GLP-2 and glicentin sequence have also accepted amino acid substitutions, with 20 of the 32 sites accepting at least one amino acid substitution in a mammalian species for GLP-2 and 44 of the 69 sites in glicentin being variable, while glucagon and GLP-17-37 sequences have substitutions at 11 of 29 and 13 of 31 sites, respectively, and miniglucagon (6 of 11) and OXM (17 of 37) display intermediate levels of variability (Table 2, Figure 2, and Supplementary Figure 5). The increased number of sites that have accepted amino acid substitutions and the larger number of different types of substitutions seen in glicentin are consistent with previous observations (12). This pattern remains even when the highly variable Gcg protein sequence from Ornithorhynchus anatinus (platypus) (15, 22) is excluded (Table 2 and Supplementary Table 7). On average, the glucagon peptide sequences that differ from the human sequence (37 sequences) have accumulated fewer changes (average 1.68 substitutions) than the GLP-17-37 (10 sequences with an average of 3.60 substitutions) or GLP-2 (148 sequences with an average of 3.32 substitutions) sequences that have accepted amino acid substitutions, even when Ornithorhynchus anatinus (platypus) is excluded (Table 2 and Supplementary Figure 5). Intriguingly, most of the amino acid substitutions seen in glucagon fall within the 11 amino acid miniglucagon sequence (Supplementary Figure 5 and Supplementary Tables 6 and 7). A total of 26 different amino acid substitutions were seen in the mammalian glucagon sequences, 18 within GLP-17-37, 32 for GLP-2, 38 for OXM, and 150 for glicentin, with similar numbers found when the Ornithorhynchus anatinus (platypus) sequence was excluded (Figure 2, Table 2, and Supplementary Figure 5). The number of species that had peptides identical to GRPP, MPGF, IP-1, and IP-2, peptides that might not have biological functions (1–4, 10), were 6, 10, 64, 35, respectively (Supplementary Table 7).




Figure 2 | Summary of the alignment of mammalian proglucagon amino acid sequences. Consensus amino acid sequence for proglucagon encoded by mammalian Gcg genes. The consensus sequence was generated from aligned predicted protein sequences (see Supplementary Figure 5) of mammalian genes with complete open reading frames using WebLogo 3 (57). Hight of the residue is proportional to representation among the compared sequences, while residue width represents proportion of sequences without a gap (thin residues are gaps in many sequences). The locations of the different proglucagon-derived peptides are indicated by the bars above the sequence.




Table 2 | Variability of the sequences of mammalian proglucagon-derived peptides.



The potential consequences of the amino acid substitutions observed in the Gcg sequences were then examined (Supplementary Table 8). SIFT (67) and PROVEAN (68) were used for this analysis as both programs determine whether a tested amino acid substitution is observed in similar protein sequences, with substitutions that are unlikely considered to “Affect function” (SIFT) or be “Deleterious” (PROVEAN). While these tools are designed to assess the impact of a single substitution in a protein sequence, and thus having the remaining sequence being identical, here I used these programs to identify sites that might yield species-specific functional differences. Glucagon, OXM, and glicentin sequences had the largest number of amino acid substitutions (8) that were predicted to be both “Deleterious” [PROVEAN (68)] and “Affect function” [SIFT (67)], with only 1 such site in GLP-17-37 and none in the GLP-2 sequences (Supplementary Table 8). All the “Deleterious” or “Affect function” sites in the OXM and glicentin sequences are in the portion of their sequences that overlap with glucagon (Supplementary Table 8). Most of the amino acid substitutions in both GLP-17-37 (12 of 18) and GLP-2 (26 of 32), and only a few in glucagon (8 of 26), were predicted to be “Neutral” [PROVEAN (68)] or “Tolerated” [SIFT (67)], while the remaining substitutions (10, 5, and 6 in glucagon, GLP-17-37, and GLP-2, respectively) having differing predicted consequences when tested with these two programs (Supplementary Table 8). For OXM and glicentin, most of the substitutions outside the region that overlaps glucagon were predicted to be neutral, with only one substitution in OXM and 22 (with many of these being of low confidence) in glicentin suggested to be either “Deleterious” or “Affect function” by either SIFT (67) or PROVEAN (68) (Supplementary Table 8).

Changes in protein sequence may also affect cellular localization and processing of hormone precursors. The variability seen at the N-terminus of the Gcg protein sequences is not suggested to impact secretion as all precursor sequences were predicted to have signal peptides and do not have potentially “Deleterious” or “Affect function” substitutions (Supplementary Figure 5 and Supplementary Table 8). However, substitutions at the C-terminus of the predicted GLP-1 peptides in the Myotis brandtii (Brandt’s bat) and Myotis lucifugus (little brown bat) are suggested to impact proteolytic processing when tested with NeuroPred (61) (Supplementary Figure 5), although neither SIFT (67) nor PROVEAN (68) suggested these were “Deleterious” or “Affect function” substitutions (Supplementary Table 8). Intriguingly, except for the highly divergent Ornithorhynchus anatinus (platypus) (22) sequence, the GLP-1 peptide sequences from these two bats, along with that from another bat, Pipistrellus kuhlii (Kuhl’s pipistrelle), have accumulated the largest number (6) of amino acid substitutions, although none of these substitutions are predicted to “Affect function” or be “Deleterious” (Supplementary Figure 5 and Supplementary Tables 6–8). Glucagon can be proteolytically processed by N-arginine dibasic convertase (NRDc) + aminopeptidase-B to yield miniglucagon (Glucagon19-29) (14, 78, 79). This processing requires a pair of basic residues (at glucagon residues 17 and 18). Inspection of the Gcg sequences shows that three species, O. anatinus (platypus), M. javanica (Malayan pangolin), M. pentadactyl (Chinese pangolin), and C. lanigera (Long-tailed chinchilla) have substitutions at R18 (to isoleucine (I) in platypus, leucine (L) in the pangolins, and tyrosine (Y) in the chinchilla) that should prevent production of miniglucagon in these species (Supplementary Figure 5 and Supplementary Table 8).

SIFT (67) and PROVEAN (68) predict the effects of a single substitution upon a sequence. The Gcg sequences examined here have had multiple substitutions, thus additional substitutions might have occurred that compensate for the impact of an amino acid substitution. To examine this, I used Bayesian Graphical Models (BGM) (69) to identify potentially co-evolving sites, pairs of sites that accepted substitutions on the same lineage. A total of 23 pairs of sites were identified in the Gcg protein sequence with a posterior probability of at least 50% of having co-evolved substitutions (Supplementary Table 9). Of these 23 pairs of sites, 14 include at least one site that was identified by at least one mutation testing method as being “Deleterious” or “Affect function”, of which 5 pairs have both sites containing such a substitution, including one pair that has substitutions at both sites that were identified as both “Deleterious” and “Affect function” (Supplementary Tables 8 and 9). Of the potentially co-evolving sites, 3 are within the glucagon and OXM sequences, 4 within glicentin (3 of which overlap with glucagon and OXM), 4 within GLP-1, and 1 within GLP-2 (Supplementary Table 9). Major proglucagon fragment (MPGF) had the most pairs, with 9, as expected for the proglucagon-derived peptide with the longest length. Of these 9 pairs of sites within glicentin (including glucagon and OXM), GLP-1, and GLP-2, 5 include a site with an amino acid substitution considered to be “Deleterious” or “Affect function”, with 1 pair [Gcg residues 73 and 81 (glucagon residues 23 and 29)] having both sites identified as “Deleterious” and “Affect function” (Supplementary Table 9). This raises the possibility that some substitutions that were identified as “Deleterious” or “Affect function” by PROVEAN (68) or SIFT (67) might be compensated by changes at co-evolving sites.



Variability in Receptors for Proglucagon-Derived Peptides

Since differences in evolutionary constraints acting upon glucagon, GLP-1, and GLP-2 were seen within mammals, one might also expect differences in the evolutionary constraints acting upon their receptors. Genes encoding the glucagon (Gcgr), GLP-1 (Glp1r), and GLP2 (Glp2r) receptors are all reactively closely related G protein-coupled receptors that originated via gene duplication events near the origin of vertebrates (35–37). An early study examining sequences of the glucagon (Gcgr), glucagon-like peptide-1 (Glp1r), glucagon-like peptide-2 (Glp2r), and glucose-dependent insulinotropic peptide (Gipr) receptor genes in diverse vertebrates suggested that Glp1r had experienced the strongest purifying selection (35). A recent study in rodents concluded that Gcgr, Glp1r, and Glp2r experience significantly different levels of selection pressure (as measured by dN/dS ratios), with Glp1r experiencing the stronger purifying selection, Glp2r the least, and Gcgr an intermediate amount (42). To determine whether a similar pattern is observed in other orders of mammalian species I used RELAX (73), which calculates dN/dS ratios on specific lineages, to test for intensification or relaxation of selective constrains between sets of receptor coding sequences. For this analysis, I selected only those species that had full length coding sequences for all three genes, and of those, I only compared sequences for mammalian orders that had at least 3 species (see Supplementary Tables 3–5). A total of 74 species from 7 mammalian orders were used in this analysis, with 21 species from Primates, 21 Rodents, 11 Carnivores, 8 Cetaceans, 7 Artiodactyls, 3 Chiropterans, and 3 Marsupials (Supplementary Tables 3–5). A trimmed codon-based alignment all 222 receptor coding sequences (74 species, 3 genes from each) was first generated. This alignment was then trimmed to only include sequences from one order of mammals before pairwise testing (i.e., Gcgr versus Glp1r, Gcgr versus Glp2r, and Glp1r versus Glp2r) with RELAX (73). The average dN/dS ratios for the coding sequence in each pair were then tested to see if they were significantly different, to identify if selection was intensified or relaxed (73). When the rodent sequences were examined (Table 3), significant differences in the dN/dS ratio were seen for each comparison, with Glp1r displaying the strongest selective constraint and Glp2r the weakest, in agreement with a previously report (24). Significant differences in the dN/dS ratio for each receptor gene was also seen in Primates and Artiodactyla (Table 3). While the same pattern was seen for Carnivores and Chiroptera, only Glp1r was found to be under significantly greater constraint, while the difference between Gcgr and Glp2r was not significantly different (Table 3). In Cetacea all three receptor genes display similar dN/dS ratios, with no significant difference between their values, while in Marsupials a different pattern was seen with Gcgr displaying significantly greater constraint compared to both Glp1r and Glp2r (Table 3).


Table 3 | Selective constraints (dN/dS) acting on Gcgr, Glp1r, and Glp2 in different mammalian orders.



The differences in selective constraint acting upon sequences for the receptor for proglucagon-derived peptides described above was seen when the complete receptor coding sequences were used for these analyses, however, only a small portion of the receptor protein sequence is involved in hormone interaction with G proteins necessary for downstream signaling. To determine whether the evolutionary constraints acting upon hormone and G protein interacting sites has changed within mammals, I examined the variability of amino acid residues at sites implicated in interacting with hormone ligands and G proteins in the Gcgr, Glp1r, and Glp2r protein sequences based on the alignments of the receptor protein sequences (Supplementary Figures 6–8). Hormone ligand and G-protein interacting sites were acquired from the GPCRdb (62, 63) with the ligand interacting sites selected from those derived from the structures of the co-crystallization of glucagon with GCGR (PDB code 6LMK) (64), GLP-1 with GLP1R (PDB code 6X18) (65), and glucagon with GLP2R (PDB code 7D68) (66). As no putative G-protein interacting sites for Glp2r are available, I used the sites that were homologous to those present in both GCRG and GLP1R. This analysis was limited to the 78 mammalian species that had complete intact Gcgr, Glp1r, and Glp2r coding sequences (see Supplementary Tables 3–5) to ensure equal representation of sequences in this analysis. Of the 59 amino acid sites in Gcgr suggested to interact with ligand (64), 28 show variation within mammals, although 7 of them were unique changes seen in only one species (Figure 3, Table 4, and Supplementary Table 10). Similarly, 8 of the 23 sites suggested to interact with G-proteins display variation, with 4 of them having variation in multiple species (Figure 3, Table 4, and Supplementary Table 10). However, far fewer sites, 2 at ligand interacting sites, with one being a unique substitution (N298H in M. myotis (greater mouse-eared bat)), and 3 at G-protein interacting sites, 2 being unique (L252V (Wootten numbering: 3.57) in E. edwardii (Cape elephant shrew) and R346P (Wootten numbering: 6.37) in L. vexillifer (Yangtze River dolphin)) have accepted substitutions that were predicated to “Affect function” by SIFT (67) and be “Deleterious” by PROVEAN (68), with these substitutions occurring on only a few lineages (Figure 3 and Supplementary Table 10). The two remaining amino acid substitutions that were predicted to both “Affect function” and be “Deleterious” were Q27W, a substitution at a ligand interacting site that occurs in 7 species, 5 aquatic carnivores [C. ursinus (northern fur seal), M. leonine (southern elephant seal), O. rosmarus (Pacific walrus), P. vitulina (harbor seal), and Z. californianus (California sea lion)] and 2 rodents [C. griseus (Chinese hamster) and G. surdaster (African woodland thicket rat)], indicating that this substitution has occurred at least twice, and the I325V substitution, at a G-protein interacting site, which is present in two species of Afrotheria [E. edwardii (Cape elephant shrew) and O. afer (aardvark)] (Figure 3 and Supplementary Table 10).




Figure 3 | Variability in ligand and G-protein interacting sites in mammalian glucagon receptors (Gcgr). Snake plot of the Gcgr protein sequences (Uniprot accession: GLR_HUMAN) generated with Protter (wlab.ethz.ch/protter/start/) (71). Extracellular regions are shown at the top, cytoplasmic regions at the bottom, and transmembrane domains between the two lines. Signal peptides and transmembrane domains are extracted from the Uniprot accession files for the proteins by Protter. Signal peptide resides are shown in gray. The transmembrane domains are numbered (1-7). Ligand interacting residues are shown as diamonds and G-protein interacting sites as squares. Variability in the ligand and G-protein interacting residues in the sequences from 78 mammalian species are displayed in different colors with light blue diamonds and yellow squares being invariant, dark blue diamonds and green squares only have one species varying, purple diamonds and tan squares representing sites that either vary in multiple species and/or have multiple amino acid states, while red diamonds and black squares identify sites that have a substitution that was predicted to “Affect function” by SIFT (67) and be “Deleterious” by PROVEAN (68).




Table 4 | Variability in ligand and G protein interacting sites in Gcgr, Glp1r, and Glp2r.



Similar results were seen with the Glp1r sequences, where 29 of the 55 putative ligand interacting sites (65) displayed variation, with 10 of these being unique to a single species, and 10 of the 27 G-protein interacting sites, with 4 being unique, being variable (Figure 4, Table 4, and Supplementary Table 11). Only 6 sites in the mammalian Glp1r sequences, 4 at ligand interacting sites (with 2 being unique, R121I and Y152H [Wooten numbering: 1.47) in M. domestica (opossum)] and 2 at G-protein interacting sites (with both being unique substitutions (Y402P (Wootten numbering: 7.57) and N406P (Wootten numbering: 8.47) that occur in U. parryii (Arctic ground squirrel)) (Figure 4 and Supplementary Table 11) were predicted to both “Affect function” and be “Deleterious”. The two amino acid substitutions that both “Affect function” and be “Deleterious” and are found in multiple species were both at the same residue, Y241F and Y241C (Wootten numbering: 3.44) and were found in the sequences from a pair of artiodactyls [C. ferus (wild Bactrian camel) and S. scrofa (Pig)] and a pair of carnivores [P. vitulina (harbor seal) and U. thibetanus (Asiatic black bear)], respectively.




Figure 4 | Variability in ligand and G-protein interacting sites in mammalian GLP-1 receptors (Glp1r). Snake plot of the Gcgr protein sequences (Uniprot accession: GLP1R_HUMAN) generated with Protter (wlab.ethz.ch/protter/start/) (71). Extracellular regions are shown at the top, cytoplasmic regions at the bottom, and transmembrane domains between the two lines. Signal peptides and transmembrane domains are extracted from the Uniprot accession files for the proteins by Protter. Signal peptide resides are shown in gray. The transmembrane domains are numbered (1-7). Ligand interacting residues are shown as diamonds and G-protein interacting sites as squares. Variability in the ligand and G-protein interacting residues in the sequences from 78 mammalian species are displayed in different colors with light blue diamonds and yellow squares being invariant, dark blue diamonds and green squares only have one species varying, purple diamonds and tan squares representing sites that either vary in multiple species and/or have multiple amino acid states, while red diamonds and black squares identify sites that have a substitution that was predicted to “Affect function” by SIFT (67) and be “Deleterious” by PROVEAN (68).



For Glp2r sequences, 25 of the 43 mapped ligand interacting residues (66) were variable, with 3 being unique substitutions (V228I (Wootten numbering: 2.64) and L267V (Wooten numbering: 3.36) in S. harrisii (Tasmanian devil), and K231R [Wootten numbering: 2.67) in L. vexillifer (Yangtze River dolphin)], while 4 of the 17 putative G-protein interacting sites vary, with none being unique (Figure 5, Table 4, and Supplementary Table 12). Only 1 substitution, K235H (Wootten numbering: 2.67) was predicted to both “Affect function” and be “Deleterious” and was found in 5 species of aquatic carnivores [C. ursinus (northern fur seal), M. leonine (southern elephant seal), O. rosmarus (Pacific walrus), P. vitulina (harbor seal), and Z. californianus (California sea lion)].




Figure 5 | Variability in ligand and G-protein interacting sites in mammalian GLP-2 receptors (Glp2r). Snake plot of the Gcgr protein sequences (Uniprot accession: GLP2R_HUMAN) generated with Protter (wlab.ethz.ch/protter/start/) (71). Extracellular regions are shown at the top, cytoplasmic regions at the bottom, and transmembrane domains between the two lines. Transmembrane domains are extracted from the Uniprot accession files for the proteins by Protter. The transmembrane domains are numbered (1-7). Ligand interacting residues are shown as diamonds and G-protein interacting sites as squares. Variability in the ligand and G-protein interacting residues in the sequences from 78 mammalian species are displayed in different colors with light blue diamonds and yellow squares being invariant, dark blue diamonds only have one species varying, purple diamonds and tan squares representing sites that either vary in multiple species and/or have multiple amino acid states, while red diamonds identify sites that have a substitution that was predicted to “Affect function” by SIFT (67) and be “Deleterious” by PROVEAN (68).



To examine whether substitutions at ligand or G protein interacting sites were more prevalent in the sequences from specific species, the numbers of differences in these regions, compared to the human sequence, was determined for each species (Supplementary Table 13). To allow comparison among the three receptors, this analysis was limited to the 25 ligand interacting (see Supplementary Tables 10–12 for sites) and 17 G-protein interacting sites that were shared by the GCGR and GLP1R sequences (64, 65). For Gcgr, a larger number of species were found to have substitutions at ligand-interacting (64) sites than at G protein-interacting sites (22) (Supplementary Tables 10 and 13). For G-protein interacting sites, very few (0-2) substitutions were accepted in most species, with only two species (both from Afrotheria, E. edwardii (Cape elephant shrew) and O. afer (aardvark)) displaying three substitutions (Supplementary Tables 10 and 13). Low levels of variation were also seen at the ligand interacting sites in Gcgr, with only M. myotis, with 6 substitutions, having more than 4 (Supplementary Table 13). When the Glp1r sequences were examined, it was found that the sequences generally have few substitutions than Gcgr sequences, with only 16 varying at ligand interacting and 11 at G-protein interacting sites (Supplementary Table 13). A few species, although, have larger numbers of substitutions at the ligand (7 substitution in both P. cinereus (koala) and S. harrasii (Tasmanian devil) and 6 in M. domestica (Gray short-tailed opossum)) and G-protein (3 in U. parryii (Arctic ground squirrel)) interacting sites (Supplementary Tables 10 and 13). The substitutions seen at the G-protein interacting sites in U. parrayii (Arctic ground squirrel) might be due to a sequence error as they are clustered in a region that has a large divergence from all other sequences (see Supplementary Figure 7). Only slightly increased numbers of species display variation at ligand interacting (62) and at G-protein interacting (30) sites in the Glp2r compared to Gcgr sequences (Supplementary Table 13). However, the number of changes at these sites is increased compared to both the Gcgr and Glp1r sequences. For the ligand interacting sites, 14 species have 5 or more differences compared to the human Glp2r sequence, while only 3 differ by this amount for human Glp1r and only 1 from human Gcgr (Supplementary Table 13). This is also seen at G-protein interacting sites, where 3 species (all mice, M. caroli (Ryukyu mouse), M. musculus (house mouse), and M. splicilegus (steppe mouse)), have 4 substitutions, while no species have this amount of change in their Gcgr or Glp1r sequences (Supplementary Table 13).

As with the sequences for the proglucagon derived-peptides, compensating substitutions can also occur within the receptor sequences, at both the ligand and G-protein interacting sites. I used BGM (69) to identify potentially co-evolving codons in the Gcgr, Glp1r, and Glp2r sequences (Supplementary Tables 14–16). BGM identified 68, 33, and 64 pairs of codons that show evidence of co-evolution in Gcgr, Glp1r, and Glp2r, respectively, with a Bayesian probability of at least 50% (Supplementary Tables 14–16). While some of the identified sites have been implicated in ligand or G-protein interactions, none of the potentially co-evolving pairs of codons in Gcgr, Glp1r or Glp2r involved a pair of sites that interact with ligand or G-proteins (Supplementary Tables 14–16). Compensating amino acid substitutions can also occur between a ligand and ligand interacting residues in a receptor. To determine whether co-evolving had potentially occurred between codons in Gcg and genes for receptors for proglucagon-derived peptides (i.e., Gcgr, Glp1r, and Glp2r), I used BGM (69) with concatenated sequences of Gcg and a receptor from 77 species that had intact sequences for all three receptors (Gcgr, Glp1r, and Glp2r) and Gcg. This analysis revealed that 12, 12, and 11 pairs of codons potentially co-evolved, with a Bayesian posterior probability of at least 50%, between Gcg and Gcgr, Glp1r, and Glp2r, respectively (Supplementary Tables 17–19). However, no evidence for co-evolution between a proglucagon-derived peptide and a ligand interacting site in a receptor was found.




Discussion


Conservation of Gcg, Gcgr, Glp1r, and Glp2r in Mammals

Duplication and loss of genes is a frequent occurrence (80, 81) that leads to differences in the number of copies of a gene even among closely related species. Even genes that have central roles in the regulation of blood glucose levels can vary in number within mammals. For example, some rodents, such as mice (Mus musculus) and rats (Rattus norvegicus), have two copies of the insulin (Ins) gene, while other mammals only have single copy of this gene (21, 42, 45, 82). Variation also occurs in the numbers of copies of genes for other hormones in mammals such as growth hormone (Gh), prolactin (Prl), relaxin (Rln), insulin-like peptides (Insl), and resistin-like (Retnl) (83–86). Previous work has shown that duplications of Gcg and Gcgr and deletion of Glp1r have occurred on some vertebrate lineages (30, 35, 37, 39, 40). The Gcg gene has even shown internal duplication and deletion of exons to result in genes that encode variable numbers of glucagon-like sequences (15–20, 30). To determine whether these types of events occur to the Gcg, Gcgr, Glp1r, and Glp2r in mammals, here I searched for and characterized these genes in 168 mammalian genomes.

Gcg, Gcgr, Glp1r, and Glp2r genes have been found in almost all mammalian genomes examined to date, with no evidence that any of these genes have been pseudogenized (Supplementary Tables 2–5). In addition, no changes in the structure of the Gcg gene was found, with no evidence for duplication or loss of exons that encode glucagon-like hormone sequences (Supplementary Table 2 and Supplementary Figure 5). Thus, the retention of the exons encoding the three hormones (glucagon, GLP-1, and GLP-2) encoded by Gcg, as well as the genes for their receptors (Gcgr, Glp1r, and Glp2r) implies that all three hormones have essential functions in mammals. The failure to identify extra hormone encoding exons in the Gcg gene indicates that no new glucagon-like sequence hormone has evolved in mammals. However, it must be recognized that most current genome assemblies are incomplete and are continually being improved (87). In addition, the number of available genomes continues to increase (88). Current genomes are often derived from single individuals, thus may contain rare alleles that might not be biologically significant. In addition, errors exist in most genome assemblies, thus, the identification of a sequence that contains a unique mutation or amino acid substitution must be treated with caution. Many of the unique substitutions reported here may not represent biologically significant variants. The data presented here suggests that intact Gcg, Gcgr, Glp1r, and Glp2r genes exist in the genomes of all mammals. It also should be noted that the presence of the gene in a genome does not mean that it is expressed or regulated in the same way in all species, as changes may have occurred in regulatory sequences. I did not examine potential regulatory sequences here.

Conservation of these genes in mammals was also detected when their genomic neighborhoods were examined (76). By identifying genes adjacent to the Gcg, Gcgr, Glp1r, and Glp2r genes in diverse mammalian genomes I found no evidence for changes in the genomic neighborhoods for Gcg, Gcgr, and Glp2r, although, evidence for a chromosomal translocation near Glp1r was found in some rodents (Figure 1 and Supplementary Tables 1–4). As changes in genome structure can lead to changes in expression, and regulation, of genes near these rearrangements (89), it is possible that the regulation of expression of Glp1r gene in species with this rearrangement differs from that of other mammals. Importantly, some of the species that have the altered gene neighborhood for Glp1r are mouse (Mus musculus) and rat (Rattus norvegicus), species that are important models for understanding the function of this gene and for the function of GLP-1 (1–4). Despite the general similarity in the gene expression pattern for Glp1r in mouse (Mus musculus) and human (Homo sapiens), the difference in the genomic neighborhood of these genes might result in some differences in the regulation of Glp1r between these two species.

Conservation of gene structure and genomic locations for most, if not all, Gcg, Gcgr, Glp1r, and Glp2r genes does not necessarily mean that new hormonal functions have not evolved in mammals. Indeed, the glucagon hormone from rodents of the suborder Hystricomorpha [e.g., the guinea pig (Cavia porcellus)] have been demonstrated to have reduced biological potency (21) and GLP-1 in the platypus (Ornithorhynchus anatinus) has been recruited to a component of its toxin (22). Changes in the sequences of hormones and their receptors can lead to changes in biological activity.



Variation in the Sequences of Hormones Encoded by the Proglucagon Gene

Change in the function of a sequence is often associated with change in the rate of evolution of a sequence (90). Indeed, the change in the potency of glucagon in rodents of the suborder Hystricomorpha is associated with accelerated evolution of the glucagon amino acid sequence in this lineage (15, 21, 42). Apart from rodents of the suborder Hystricomorpha (e.g., guinea pig (Cavia porcellus) and degu (Octodon degus) with 4 differences from the human glucagon sequence), three other groups of mammals have glucagon peptide sequences that have accumulated considerable sequence difference from the human glucagon sequence: platypus (Ornithorhynchus anatinus) with 7 substitutions, the Malayan and Chinese pangolins (Manis javanica and Manis pentadactyla) with 5 substitutions, and Brandt’s bat (Myotis brandtii) and little brown bat (Myotis lucifugus) with 3 substitutions (Supplementary Table 6). The platypus diverged earliest from all other mammals, approximately 180 million years ago (56, 77), thus is expected to have the greatest number of differences. Pangolins, bats, and rodents of the suborder Hystricomorpha all diverged from humans about 90 million years ago (56, 77), a time to that of most other mammals including other rodents, artiodactyls, cetaceans, and carnivores, the Gcg sequences from these three groups of species have accumulated a greater amount of divergence in their glucagon peptide sequences (Supplementary Table 6 and Supplementary Figure 5) raising the possibility that the glucagon hormones in these species might have altered biological properties. For the bats, this is also supported by the observation that 2 of the 4 amino acid substitution (V23E and N28T; Supplementary Table 8) were predicted to affect protein function, however, none of the pangolin substitutions were confidently predicted to have an effect. Of the 7 substitutions seen in the platypus glucagon sequence, 2 (D21Q and T29Y; Supplementary Table 8) were predicted to affect protein function, thus it might also have altered biological activity, which might be an adaptation to the change in GLP-1 activity in this species (22).

As mentioned above, platypus (Ornithorhynchus anatinus) GLP-17-37 is a component of the toxin produced by this species (22) and as previously reported (15, 22) its sequence has accumulated a large number (12) of differences from the human sequence (Supplementary Table 6 and Supplementary Figure 5). The only other mammals to have more than 1 amino acid difference from the human GLP-17-37 sequence are three bats (Brandt’s bat (Myotis brandtii), little brown bat (Myotis lucifugus), and Kuhl’s pipistrelle (Pipistrellus kuhlii)), which each having 6 substitutions (Supplementary Table 6 and Supplementary Figure 5). Surprisingly, none of the substitutions found in these 3 bat GLP-1 sequences were confidently predicted to affect function (Supplementary Table 8), however, the Gcg precursor protein sequences from two of these species (Brandt’s bat (Myotis brandtii) and little brown bat (Myotis lucifugus)) contain amino acid substitutions at proteolytic processing sites (Supplementary Figure 5) that likely impair GLP-17-37 production and lead to reduced levels of circulating GLP-1. Intriguingly, the two bats with changes at the proteolytic processing site (Brandt’s bat (Myotis brandtii) and little brown bat (Myotis lucifugus)) also have glucagon sequences with increased divergence, which might represent a compensation for change GLP-1 activity. Greater variability is seen in the GLP-11-37 sequence (Supplementary Figure 5 and Supplementary Tables 6 and 7). Despite the perfect conservation of the GLP-17-37 sequence, multiple substitutions are observed in the N-terminal extension of the GLP-11-37 sequences from Afrotheria (i.e., Chrysochloris asiatica (Cape golden mole), Echinops telfairi (Small Madagascar hedgehog), Elephantulus edwardii (Cape elephant shrew), Loxodonta africana (African elephant), Ofer afer (aardvark) and Trichechus manatus (Florida manatee)) (Supplementary Figure 5 and Supplementary Table 8). These substitutions include changes of the N-terminal histidine (H) residue of GLP-11-37 to asparagine (N) in Loxodonta africana (African elephant) and Ofer afer (aardvark) and glutamine in Elephantulus edwardii (Cape elephant shrew). Whether these substitutions impact the processing of Gcg to generate GLP-17-37 is unknown. As GLP17-37 has roles in the stimulation of insulin release (3, 7), it is intriguing that amino acid substitutions have been identified in the proinsulin sequences of several species of Afrotheria that might prevent the production of the typical mammalian 2-chain insulin molecule (45). Whether then change in GLP-11-37 are a response to the changes in insulin or vice versa in these species needs further study.

Of the three major proglucagon-derived peptides, mammalian GLP-2 peptide sequences have accumulated a greater number of differences from the human sequence compared to glucagon and GLP-1 with the sequences from most mammals differing from the human sequence (Table 2, Supplementary Table 6, and Supplementary Figure 5). As expected, the platypus (Ornithorhynchus anatinus) sequence is most different, with many sequences from other species accumulating 5 or more amino acid substitutions. In agreement with previous analyses (15), mammalian GLP-2 peptide sequences have accumulated the largest numbers of substitution, measured either as substitutions per site or number of sites accepting substitutions (Table 2, Supplementary Figure 5, and Supplementary Table 8). Despite the large number of amino acid substitutions found in the GLP-2 sequences, none were confidently predicted to affect peptide function (Supplementary Table 8). These observations suggest that at least from the peptide perspective, there is little evidence to suggest the GLP-2 has acquired a new function in any mammal, except possibly the highly divergent platypus (Ornithorhynchus anatinus) sequence.

Comparisons among the three proglucagon-derived peptides showed that GLP-2 is most variable yet shows the least evidence for change in function within mammals (Table 2, Supplementary Figure 5, and Supplementary Tables 7 and 8). This suggests that the roles of GLP-2 in the promotion of cell growth, and improving digestive, absorptive, and barrier functions of cells in the intestine (9) are likely conserved within most mammals, while the roles of glucagon in regulating blood glucose (6) and GLP-1 as incretin hormone (1–4) have tolerated greater changes with mammals adapting to diverging habitats, which includes food sources. Changes in the sequences of several genes involved in metabolism, including glucokinase regulatory protein (Gckr) (43), insulin-like peptide 5 (Insl5) (44), and insulin (Ins) (45) have previously been linked to changes in diet in mammals, thus it should not be surprising that the hormones encoded by the Gcg gene might be influenced as well. Change in the hormone is only part of the story. For hormones to function, they need a receptor, and changes in receptors can lead to change in hormone function.

Gcg is processed into additional proglucagon-derived peptides, including glicentin, OXM, GRPP, IP-1, IP-2, and MPGF (see Figure 2) (1, 2, 4). The largest number of differences are seen in MPGF (major proglucagon fragment), although this should be expected as this is the longest proglucagon-derived peptide (Supplementary Tables 6 and 7). When adjusted for sequence length, the glicentin and GRPP (which is a component of glicentin) show the greatest variability (Supplementary Table 7). This might suggest that the GRPP sequences, including those in glicentin, have lower biological importance. IP-1 (intervening peptide-1), which is included in the OXM and glicentin sequences, shows levels or variation like those of glucagon, suggesting that they retain biological function (Supplementary Table 7). Miniglucagon, a shorter proteolytic product of glucagon (glucagon19-29) (14), displays sequence variation like glucagon (Supplementary Figure 5 and Supplementary Tables 6 and 7). However, three species, O. anatinus (platypus), M. javanica (Malayan pangolin), M. pentadactyl (Chinese pangolin) and C. lanigera (Long-tailed chinchilla, have amino acid substitutions in their Gcg sequences (R69I (platypus), R69L (pangolins), and R69Y (chinchilla)) that likely prevent production of this peptide (Supplementary Figure 5). These results parallel a recent study of GCG missense mutations found in human populations (91), where fewer missense mutations were found at sites corresponding to the glucagon, GLP-1 and GLP-2 peptides. In this report, which looked at sequences from ~450,000 people, examined mutations that can occur (and may exist in only one individual), while examining diverse mammals identified mutations that likely have been accepted by evolution.



Variation in the Sequences of Receptors for Hormones Encoded by the Proglucagon Gene

Each of the proglucagon-derived peptides has a cell surface receptor (34), however, the specificity of these receptors can change. Indeed, there is an example of a glucagon receptor acquiring the ability to bind, and be activated by, a different ligand. Teleost fish have lost their Glp1r gene (17, 35, 36, 39), yet GLP-1 has a physiological function (38). In these fish GLP-1 and glucagon have overlapping functions and this is due to changes in a glucagon receptor encoded by one of the duplicated Gcgr genes in these species that have acquired the ability to bind and be activated by GLP-1 (17, 40, 41). Thus, the presence of single copy Gcgr, Glp1r, and Glp2r genes in likely all mammals, does not necessarily mean that each species has a single receptor for each of the proglucagon-derived peptide hormones.

Previous analyses had suggested that Glp1r was under greater selective constraint that Gcgr or Glp2r, although these conclusions were derived from alignments of receptor coding sequences from a smaller number of vertebrate species (35), or just within rodents (42). Here, by analyzing coding sequences from diverse orders of mammals (Table 3) I show that this pattern is not universal. While primates and artiodactyls were like rodents in having Glp1r experiencing significantly stronger selection pressure and Glp2r have significantly lower selection pressure, in marsupials (e.g., opossum (Monodelphis domestica)) Gcgr was found to be experiencing the strongest selection pressure and no difference in selection pressure was found for the three genes in Cetacea (e.g., killer whale (Orca orca)) (Table 3). These results suggest that the selective constraints acting on Gcgr, Glp1r, and Glp2r vary among mammalian orders, which implies that the signaling pathways involving glucagon, GLP-1, and GLP-2 in species of these orders may have differing importance.

Amino acid substitutions can affect the function of receptors in many ways. Here I only examined sites that had previously been implicated in interactions with ligand and G-proteins as they are better defined. It is possible that other substitutions in these sequences can affect the localization and activation, among other properties, of these receptors. When residues shown to be important for ligand and G protein interaction were examined (Supplementary Tables 10–13 and Supplementary Figures 6–8) very little evidence for lineage-specific amino acid substitutions at these sites were found, although there were some species that exhibited larger numbers of changes at these sites in Gcgr and Glp1r (e.g., Myotis myotis (Greater mouse-eared bat), 6 substitutions in Gcgr; Phascolarctos cinereus (Koala) and Sarcophilus harrisii (Tasmanian devil), 7 substitutions in Glp1r; Supplementary Table 13). Greater variability was seen in Glp2r, with 14 of 77 examined species displaying 5 or more amino acid substations in the shared ligand interacting sites, while only 1 and 3 species, for Gcgr and Glp1r, respectively, showed this amount of change (Supplementary Table 13). The increased levels of Glp2r variation appears to correlate with the increased levels of GLP-2 sequence variation (Supplementary Tables 6 and 13), suggesting that rapidly evolving ligands and receptors co-evolve. Very few amino acid substitutions at ligand or G protein interacting sites were predicted to affect function, which suggests that the ligand binding and signaling functions of these receptors have been conserved within mammals. Comparison among receptor suggested that mammalian Glp2r sequences are more receptive of accepting amino acid substitutions (Supplementary Tables 6 and 9).




Conclusion

Characterization of Gcg, Gcgr, Glp1r, and Glp2r genes from mammalian species with annotated genomes demonstrate that they have all been retained in the genomes and have been maintained in conserved genomic neighborhoods in most species. This suggests that the functions of the hormones are essential in these species, and that the expression of these genes is likely conserved in mammals. However, it should be noted, the genomic neighborhood for Glp1r in some rodents, including mouse (Mus musculus), has experienced a chromosomal translocation that might influence the regulation of this gene. While the peptide sequences encoded by Gcg in most mammals are very strongly conserved, some species have accepted greater numbers of substations that might affect function. These include the previously characterized glucagon sequences from rodents of the suborder Hystricomorpha and GLP-1 from the platypus (Ornithorhynchus anatinus) (21, 22). In addition, I show that the glucagon sequences from the pangolins (Manis javanica (Malayan pangolin) and Manis pentadactyla (Chinese pangolin)) and glucagon and GLP-1 from bats of the genera Myotis (Myotis brandtii (Brandt’s bat) and Myotis lucifugus (little brown bat)) accumulated greater numbers of substitutions, and thus potentially have altered function. Changes in the Gcg protein sequences from bats of the genera Myotis might also affect processing of the precursor protein leading to changes in the relative abundance of some hormones. A parallel increase in number of substitutions at ligand interacting sites in Gcgr from Myotis myotis (Greater mouse-eared bat), another bat from the genera Myotis, was also seen These observations suggest that the functions of mammalian proglucagon-derived peptides might be more diverse than presently appreciated, and may offer opportunities, as seen in fish, for the discovery of peptides that might have beneficial uses (47, 48).
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Strong efforts have been placed on understanding the physiological roles and therapeutic potential of the proglucagon peptide hormones including glucagon, GLP-1 and GLP-2. However, little is known about the extent and magnitude of variability in the amino acid composition of the proglucagon precursor and its mature peptides. Here, we identified 184 unique missense variants in the human proglucagon gene GCG obtained from exome and whole-genome sequencing of more than 450,000 individuals across diverse sub-populations. This provides an unprecedented source of population-wide genetic variation data on missense mutations and insights into the evolutionary constraint spectrum of proglucagon-derived peptides. We show that the stereotypical peptides glucagon, GLP-1 and GLP-2 display fewer evolutionary alterations and are more likely to be functionally affected by genetic variation compared to the rest of the gene products. Elucidating the spectrum of genetic variations and estimating the impact of how a peptide variant may influence human physiology and pathophysiology through changes in ligand binding and/or receptor signalling, are vital and serve as the first important step in understanding variability in glucose homeostasis, amino acid metabolism, intestinal epithelial growth, bone strength, appetite regulation, and other key physiological parameters controlled by these hormones.
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Introduction

Blood glucose homeostasis is an essential process and is extensively controlled by a series of peptides derived from the 180-amino acid preproglucagon, encoded by the GCG gene. In the early 1980s proglucagon amino acid sequences were first determined from anglerfish isolates, followed by hamster and human cDNAs, which revealed that glucagon and two related glucagon-like peptide (GLP) hormones were derived from a larger preprohormone (1, 2). The identification and understanding of the physiology of proglucagon-derived peptides has paved the way for therapeutic agents for the treatment of type-2-diabetes (T2D), short bowel syndrome, obesity, and acute hypoglycemia in diabetic patients, projected to comprise 700 million people by 2045 (3–6). Moreover, dysregulation of insulin secretion and glucose metabolism can contribute to neurodegenerative Alzheimer’s disease (7).

Proglucagon is produced from preproglucagon by cleavage of the 20 amino acid long signal peptide. Tissue-specific enzyme prohormone convertases (PC) 1/3 and PC2 further cleave proglucagon at pairs of dibasic amino acid sequences, except at the GLP-1 NH2-terminal site represented by a single Arg residue (8). In pancreatic α-cells, proglucagon is enzymatically processed by PC2, which liberates glucagon, glicentin-related polypeptide (GRPP), major proglucagon fragment (MPGF), and intervening peptide-1 (IP-1) (9). In intestinal enteroendocrine L-cells proglucagon is post-translationally processed by PC1/3 cleaving into glucagon-like peptide-1 (GLP-1 (7-36NH2)), glucagon-like peptide-2 (GLP-2), oxyntomodulin, glicentin, and intervening peptide-2 (IP-2) (8, 10, 11) (Figure 1A).




Figure 1 | Genetic variation of the Proglucagon peptide hormone gene. (A) Human germline genetic variation diversity of the proglucagon gene GCG located on chromosome (2q24.2) with expression mainly in the pancreas and the small intestine (see gtexportal.org for expression data). Cleavage enzymes differently cleave the proglucagon precursor into distinct peptides. (B) Cross-sectional mutational landscape aggregated from three independent genomic sequencing efforts including gnomAD [122,439 exomes/13,304 genomes, excluding individuals also found in TOPMed (12)], UK Biobank [200,629 exomes (13)], and TOPMed [132,345 genomes (14)] leading to a total set of 184 unique missense variants spanning 117 positions found in a total set of 468,717 unique individuals (SI2). (C) Allele frequency (AF) spectrum of variants found in one, two, or all three cohorts respectively. The threshold for singletons, i.e., variants only carried by a single individual within a given cohort, are highlighted.



Glucagon was the first proglucagon-derived peptide to be discovered. It was first identified in 1923 and its structure was determined in 1953. In 1959 Roger Unger reported the first development of a glucagon radioimmunoassay (15). Glucagon is thought to have originated first around 1 billion years ago with GLP-1 and GLP-2 created about 300 million years later by exon triplication of ancestral glucagon (16, 17). Such replication events, in which new genes and gene functions can evolve, are vital to the origin and evolution of species (18). The glycogenolytic function of glucagon and its role as a central hormone in blood glucose homeostasis is preserved in all vertebrates - from jawless fish to primates. This is reflected in its considerable sequence conservation, with more than 72% similarity to human for the most known divergent sequence, the sea lamprey (19). GLP-1 and GLP-2 are likewise well conserved among vertebrates but show slightly larger sequence variation between species compared to glucagon. The other peptides GRPP, IP-1, and IP2 vary more in amino acid lengths with less conservation between species, suggesting that there is less constraint to preserve sequence information (18).

Mutations in the human genome may cause dysregulation of physiological functions leading to diseases and can even change drug efficacy and safety (20, 21). Large-scale sequencing efforts have led to the identification of a rapidly growing number of such single nucleotide polymorphisms (SNPs), with the Single Nucleotide Database dbSNP listing over 700 million unique variants found in human genomes (22). Each individual is carrying about 10,000-15,000 missense variations that alter the amino acid compositions of the resulting proteins (14, 23). Only a fraction of these has been characterized and few associated with disease. The proglucagon peptide hormones signal through class B1 G protein-coupled receptors (GPCRs). GPCRs mediate the therapeutic effect of approximately 34% of drugs on the market (24). Recent studies have shown extensive variability in GPCRs, and mutations within the coding region can lead to several monogenic diseases or to altered drug responses (25, 26). Therefore, missense variants in GCG, coding for the hormones may play a role in metabolic diseases or affect the treatment of these.

Class B1 GPCRs mediate signal transduction of the proglucagon hormones GLP-1, GLP-2, glucagon, and oxyntomodulin. It comprises 15 receptors in humans including the GLP-1 receptor (GLP-1R), the GLP-2 receptor (GLP-2R), and the glucagon receptor (GCGR), each of which is stimulated mainly by their respective hormones GLP-1, GLP-2, and glucagon (8, 15, 27, 28). Oxyntomodulin however is capable of signaling through both the GLP-1R and GCGR (29), and glucagon has a functionally important although relatively low affinity towards the GLP-1R (30). The class B1 receptors are characterized by a large N-terminus composed of approximately 100-160 amino acids; a region that serves as the initial contact area with the C-terminus of the endogenous peptides which thereafter position their N-terminus into the transmembrane receptor binding pocket in the 7-transmembrane domain. Ligand binding leads to receptor conformational changes and activation of respective downstream pathways (31–33).

Access to large datasets of human genome sequences comprises a valuable resource for understanding how genetic variation can be associated with disease etiology. Population genetics can reveal sites under active selection and mutational information can highlight structure-function relationships important for receptor recognition, binding, and activation (34, 35). Previous studies have shown structure-function relationships, using systematic alanine substitutions for glucagon, GLP-1, and GLP-2, and characterized the role of individual amino acid positions (36–42). While previous studies have investigated genetic variability in the proglucagon gene across species (18), no studies have examined the prevalence and spectrum of human genetic variation in the proglucagon gene and its derived peptides within the human population. The characterization of genetic variations in terms of their possible impact on activation, selectivity, signaling and beyond, is vital for disease discovery and diagnostics (43). Here, we combine diverse large-scale genetic variant datasets to extensively chart the mutational landscape and to provide insights into the spectrum of genetic variation of the proglucagon gene. This includes the TOPMed database (132,345 genomes), the Genome Aggregation Database (gnomAD; 122,439 exomes and 13,304 genomes that do not overlap with TOPMed), and the UK Biobank (200,639 exomes) (12–14) totaling more than 450,000 individuals. We furthermore include evolutionary conservation metrics, incorporate literature annotations from structure-function studies, and discuss possibly deleterious consequences for variants across the different proglucagon regions providing a perspective for future studies on genetic and pharmacological investigations.



Results


High Diversity of Human Missense Variations in the Proglucagon Gene

Although the physiological importance of the proglucagon-derived peptides is well described, genetic variations in the GCG gene have not been directly studied. We set out to map genetic variations in the GCG gene and investigate the prevalence of mutations across the peptide hormones and their potential impact on receptor interaction (Figure 1A). For this analysis, we integrated data from three independent whole exome sequencing (WES) and whole genome cohort studies including aggregated data from both gnomAD and TOPMed and individual data from UK Biobank (12–14). We have focused on missense variants as these are more likely to impact protein structure-function and are diverse yet frequent in the human population. Loss-of-function mutations are often deleterious and hence retained at very low frequencies in the human population (12). With this, we have charted the mutational landscape of the proglucagon precursor in a human population spanning more than 450,000 individuals.

The data from gnomAD consists of aggregated genetic sequence information derived from 122,439 exomes and 13,304 genomes from unrelated individuals across six global and eight sub-continental ancestries (12). Here, we identified 114 missense variants in the GCG gene with a global observed over expected (O/E) ratio of 1.04 (confidence intervals 0.89-1.22) (Figure 1B). The O/E ratio is an evolutionary constraint score that measures how tolerant a gene is to missense variations by comparing the number of observed variants with the variant count predicted by a depth corrected model of mutational probability (12). An O/E ratio of 1 suggests that missense variations in GCG are not under strong selection, which is in line with mouse studies, where GCG knock-out offspring experienced no gross abnormalities (44).

The TOPMed database comprises 80 different studies with a cohort of approximately 155,000 ethnically and ancestrally diverse participants. TOPMed contains 132,345 genome sequences not overlapping with gnomAD and these yielded 95 GCG missense variants (14).

The UK Biobank contains 200,639 exomes from individual UK participants (13) from which we identified 87 missense variants within the GCG gene. Most individuals within the UK Biobank are homozygous for the reference allele across all variants, with only 1550 heterozygote individual variant carriers. Of these, four individuals were heterozygous carriers for two or more variants at distinct sites and only one individual was homozygous for a non-reference allele (I158VGLP-2,13). Altogether, the combined investigation across 468,717 individuals identified 184 unique missense variants found across 117 amino acid positions (65%) of the proglucagon gene (Figure 1B and SI1). Of note, these make up only a subset of the 1229 theoretically possible missense variants in GCG resulting in 1072 unique amino acid substitutions which we found by enumerating amino acid substitutions resulting from every possible SNP in the gene (45). The allele frequency spectrum of genetic variants either found in one, two, or all three of the analyzed cohorts is highly diverse. As expected, the 35 genetic GCG variants found in all three cohorts display a higher mean allele frequency (mean AF: 3.2x10-5) (Figure 1C) compared to variants found in two (mean AF: 8.1x10-6) or only in individual datasets (mean AF: 4.0x10-6). Nearly half (87) of all genetic variants identified are singletons, i.e. variants only carried by a single individual within a given cohort. The singletons have an estimated allele frequency of roughly 1 in 260,000 to 1 in 400,000 (UK Biobank) corresponding to a log allele frequency (log10AF) of -5.4 or -5.7, respectively.



Glucagon, GLP-1 and GLP-2 Are More Conserved and More Likely to Be Functionally Impacted by Genetic Variation

Given the aggregated variant information, we analyzed the genetic variation with respect to their genetic location by mapping all missense variants across the 180 amino acid preproglucagon sequence (see Figure 2 and SF1, SI1). Most of the missense variants are located in sites encoding for peptides (165 out of 184), with the GLP-2 peptide exhibiting most unique variants (35) and IP-1 the fewest (5), which are also the longest and shortest peptides respectively. Taking the peptide’s length into account, IP-2 exhibits the highest density of variation (80% of positions) and GLP-2 the lowest density (61%).




Figure 2 | Proglucagon mutational landscape. Functionally described peptide hormones are highlighted (blue), which are more conserved in an evolutionary trace analysis employing Rate4Site scores [blue line, gaussian CI: 50% (46, 47)], than other parts of the precursor and peptides such as IP1/IP2, GRPP, and the signal peptide (most conserved position has a score of –1). All 184 missense variants are displayed along their predicted CADD scores (color-grading) (48) and their corresponding max allele frequencies (top-right y-axis). Peptide cleavage motifs are highlighted as grey bars alongside their known enzymes. Post-translational modification sites are highlighted (pink) in the amino acid sequence. Predicted CADD (purple) and primateAI (red) scores are presented (bottom curves) (48, 49), indicating higher mean predicted deleteriousness in glucagon and GLP-1. See SF1 for an interactive version.



The allele frequency spectrum represents both low-frequent variants such as singletons only found in single samples and variants with higher frequency such as I158VGLP-2,13 found in 1 in 492 individuals (mean AF across cohorts: 0.27%). Furthermore, the GLP-1 variant K117NGLP-1,26 and the glucagon variant R70HGlucagon,18 are among the most frequent, respectively occurring 1 in 33,282 and 1 in 23,951 individuals.

To better understand the functional impact of these mutations, we employed combined annotation-dependent depletion (CADD) scores to predict likely deleterious genetic variants (Figure 2) (48). CADD is based on a logistic regression model using more than 60 different annotations including conservation, selection, and functional features. CADD scores are scaled such that a score of 10 corresponds to the variant being among the top 10% most deleterious among all, ~9 billion, possible genetic variants, while a score of 20 reflects the top 1% etc. The mean CADD score for GCG variants was 21.9 where 15 is the median score when considering only non-synonymous variants, with individual sites displaying considerable variation. The genetic variant A115GGLP-1,24 exhibited the highest CADD score of 28.9 among the GLP-1 variants, which is a singleton found in the UK Biobank. Among the glucagon variants, Y62CGlucagon,10 displayed the highest CADD score of 29.3 (AF: 1.46x10-5). Based on CADD, A115GGLP-1,24 and Y62CGlucagon,10 are among the most putatively deleterious variations. When looking at those alleles with a CADD score > 20, we identify 375 heterozygous individuals from the UK Biobank carrying potentially deleterious alleles.

To assess the evolutionary conservation of aminoacid sites in specific regions of GCG, we employed an evolutionary conservation score to detect sites subject to purifying selection. Based on a multiple-sequence alignment (MSA) of 222 high confidence orthologues from 164 vertebrates, we used Rate4Site (R4S) to estimate the relative evolutionary rate for each position (46). With lower conservation scores, residues within GLP-1, GLP-2, and glucagon appeared more conserved than the other proglucagon-derived peptides (Figure 2 and SF1, SI1). We aggregated R4S scores for each peptide to investigate potential differences between the peptides. This analysis shows that glucagon is most conserved, i.e. has the lowest mean evolutionary conservation score, (mean R4S: -0.70) followed by GLP-2 (-0.54) and GLP-1 (-0.24) (Figure 3A and SI2). With glucagon as the most conserved peptide reference, we compared mean R4S scores across peptides, which revealed that glucagon is significantly more conserved compared to the functionally lesser known proglucagon-derived peptides GRPP, IP-1, IP-2, and the signal peptide (Mann–Whitney test; SP: p ≤ 1.2x10-7; GRPP: p ≤ 4.5x10-11; IP-1: p ≤ 9.5x10-4; IP-2: p ≤ 2.0x10-5). This suggests a higher degree of purifying selection for glucagon, GLP-1, and GLP-2 with an evolutionary constraint to preserve their function (51). This approach has previously been employed to identify new peptide hormones in known or putative precursor proteins highlighting evolutionary conservation as an important indicator for functional importance (52).




Figure 3 | Proglucagon peptide hormones are more conserved and more likely to be severely impacted by missense mutations observed in the human population. (A). Aggregated peptide mean evolutionary conservation scores from evolutionary trace Rate4Site scores, showing significant conservation of glucagon, GLP-1 and GLP-2 peptides (highlighted in blue). (B) Aggregated primeateAI scores across peptides, indicating higher predicted detrimental effects on glucagon, GLP-1 and GLP-2 peptide hormones. Mean difference analysis (bottom) from dabest (50) comparing other peptides to glucagon. P-values were calculated by a nonparametric Mann–Whitney test and distributions have been highlighted in green if below 0.05. See SI2 for more detailed information.



In addition to the CADD score, we extended the analysis with another functional predictor, PrimateAI. Here, a deep neural network predicts variant deleteriousness based on learned local secondary structure prediction as well as primate and vertebrate orthologue sequence alignments (45). CADD scores and PrimateAI score correlate and illustrate a similar pattern in the variants’ predicted deleteriousness (Pearson’s correlation: 0.65; p ≤ 2.2x10-23). We observe higher mean PrimateAI scores, and hence higher predicted deleteriousness, for glucagon (0.683), and GLP-1 (0.676), but similar scores for GLP-2 (0.5) and IP1/2 (0.51) (Figure 3B and Supplementary Figure 1, SI2). With the same approach as for the R4S scores, we compared the mean PrimateAI scores of glucagon across the panel of peptides, which shows a similar pattern highlighting glucagon sequence variations to be more deleterious than other proglucagon-derived peptides (Mann–Whitney test; SP: p ≤ 5.0x10-5; GRPP: p ≤ 3.0x10-11; IP-1: p ≤ 0.033; IP-2: p ≤ 2.0x10-5). This indicates that the evolutionary more conserved peptides corresponding to GLP-1, GLP-2 and glucagon also displayed higher mean predicted deleteriousness (Pearson’s correlation primateAI vs. R4S: 0.55; p ≤ 3.0x10-16).



Energy Calculations Point Towards Glucagon and GLP-1 Mutations Likely to Impact Receptor-Ligand Interactions

Protein-protein interactions (PPIs) are essential for physiological functions such as signaling transduction through GPCRs. Thermodynamic information can describe the strength of PPIs or binding free energy ΔG. Mutation-induced binding affinity changes (i.e., ΔΔG in kcal/mol) can be estimated through physical energies and statistical potentials by calculating the difference of binding affinity between mutant and wildtype receptor-ligand complexes (see methods) (53). Based on this, we characterized the putative impact of both GLP-1 and glucagon missense variants by calculating their folding complex energies given the availability of high-resolution structures for both GLP-1 in complex with the glucagon-like peptide-1 receptor (GLP1R) (PDBid: 6X18) (54) and glucagon in complex with the glucagon receptor (GCGR) (PDBid: 6LMK) (55).

We performed a systematic in silico alanine substitution scan of all GLP-1 and glucagon residues in addition to all observed missense variations, estimating the impact on binding affinity (Figure 4 and SI3). The replacement with alanine was used to investigate if specific positions are crucial for mediating ligand-receptor interaction or specific polymorphisms that result in destabilizing interactions. This approach rendered several GLP-1 and glucagon variants likely to cause an unfavorable increase in binding free energy, potentially impairing endogenous receptor-ligand interactions. This may further influence glucagon control suggested to be defected in some patients with T2D (59), as well as GLP-1 action and secretion contributing to insufficient insulin secretion (8, 60).




Figure 4 | Proglucagon peptide hormone receptor structure and ligand-interaction with wild type (WT) or mutant genetic variant. (A, B) Predicted binding affinity changes (top panel) ΔΔG (kcal/mol) for genetic variations (glucagon: n=17; GLP-1: n=34) and alanine substitutions based on ΔΔG energy calculations on 10 independent runs from refined structure models (GLP-1 PDBid: 6X18; glucagon PDBid: 6LMK) (56). All genetic variants (marker: amino acid variant in bold) found in the combined set of genetic variant data (Figure 1A) and alanine substitutions for all positions in the respective receptor complexes (marker: A). Variants are colored based on different levels of energy, red (highly destabilizing), orange (destabilizing), yellow (slightly destabilizing), and grey (neutral). Evolutionary conservation on logo-plots (57) based on a multiple-sequence alignment (from Ensembl Compara (58),) of 222 high-confidence orthologues from 164 vertebrates (including in-paralogs). Each letter’s height represents the frequency within the aligned sequences ordered from the most conserved on the top of the letter stack. Polar contacts to the selected WT peptide position displayed in stick format. Peptide residues (light blue), genetic variant (orange), receptor residues (beige). Max fold change in IC50 and EC50 for the genetic variants presented with CADD score describing the genetic variant’s predicted deleteriousness. (A) Representation of glucagon-like peptide-1 receptor (GLP-1R) structure (grey) in complex with GLP-17-36-NH2 (blue) (PDBid: 6X18). (B) Representation of the glucagon receptor (GCGR) structure (grey) in complex with glucagon1-29 (blue) (PDBid: 6LMK). See SI3 and SI4 for more information.



A positive ΔΔG value indicates a less energetically favorable ligand-receptor interaction, hence causing destabilization of the complex. Vice versa, a negative ΔΔG value suggests that the mutation stabilizes the receptor-ligand complex. We classified variants into four categories based on the calculated energy change kcal/mol: highly destabilizing (>+1.84 kcal/mol), destabilizing (+0.92 to +1.84 kcal/mol), slightly destabilizing (+0.46 to +0.92 kcal/mol), and neutral (-0.46 to –0.46 kcal/mol) (61). Overall, consistent with the structural conservation between glucagon and GLP-1 (and similar class B1 peptide hormones), we found overlap in terms of amino acid positions of impact for peptide stability. In total, we found seven variants (21%) classified as highly destabilizing for glucagon and five for GLP-1 (~30%) with GLP-1 variants being on average slightly more destabilizing than for glucagon (1.63 vs. 1.00 mean kcal/mol) (Figure 4 and SI3).

For the GLP-1 SNPs, the thermodynamically most destabilizing variants (ΔΔG >1.84 kcal/mol) are T102NGLP-1,11, Q114PGLP-1,23, A115GGLP-1,24, and A121S/VGLP-1,30. The singleton variant T102NGLP-1,11 is the GLP-1 variant with the highest calculated ΔΔG with an energy change of +6.74 kcal/mol - mostly resulting from Van der Waals clashes (Figure 4A-1). While there is no in vitro characterization data available for T102NGLP-1,11, data from an alanine scan showed a 13-fold change in binding affinity but only a 2-fold change in potency for T102AGLP-1,11 (SI4 for literature annotations of peptide mutant effects) (37). The ΔΔG energy for the alanine substitution resulted in a -1.19 kcal/mol change in binding free energy, classifying this substitution as energetically favorable and stabilizing (61), hence supporting the in vitro data for T102AGLP-1,11 and suggesting an important contribution of the amide group. Thr11GLP-1 contributes to stabilizing the GLP-1 N-capped conformation of the GLP-1 N-terminus, which was proposed to be a structurally important element for receptor activation (62, 63).

For the SNPs in glucagon, the highly destabilizing hot spots in glucagon were found to be T57IGlucagon,5, F58LGlucagon,6, Y62CGlucagon,10, S63RGlucagon,11, Y65CGlucagon,13, D67AGlucagon,15 and R70PGlucagon,18 all with a ΔΔG > 1.84 kcal/mol. A calculated ΔΔG of 4.18 kcal/mol makes Y65CGlucagon,13 (AF: 5.0x10-6) the variant with the least energetically favorable receptor-ligand interaction among all glucagon variants, suggesting structural importance of the benzene ring, which is disrupted by thiol-containing cysteine substitution (Figure 4B-4). Energy calculations for F74YGlucagon,22 (AF: 2.6x10-6) indicate destabilizing energy contributions (ΔΔG of 1.19 kcal/mol). In vitro alanine substitution at this position resulted in a 622-fold potency decrease (38), which is supported by the free binding energy calculations rendering the F74AGlucagon,22 variant as the most destabilizing alanine substitution (ΔΔG of 4.98 kcal/mol) (SI3). This indicates that this position is important for receptor activation and that even minor alteration such as the added hydroxyl group in F74YGlucagon,22 might impact receptor signaling.

We further selected individual variant outliers with high allele frequency, CADD/primeateAI scores, ΔΔG, and variants pharmacological characterized by in vitro examination to further illustrate GLP-1 and glucagon interactions in complex with their respective receptors (Figure 4A, B and SI3/4).

The singleton variant D106AGLP-1,15 was investigated in vitro by alanine scanning in structure-activity studies in the 1990s and found to decrease the binding affinity >40-fold and to decrease cAMP activity > 1000-fold (Figure 4A-2 and SI4) (37). It has been suggested that the acidic D106GLP-1,15 interacts with the basic GLP-1R residue R3807x34 possibly through electrostatic attraction crucial for ligand-induced receptor activation, carried out by the positively (Arg) and negatively (Asp) charged side chains. The aliphatic amino acid alanine disrupts this interaction, also indicated by our free binding energy calculations classifying the Ala substitution as destabilizing (ΔΔG > 0.92 kcal/mol) (64). Another study examined the GLP-1 variant S108RGLP-1,17 (AF: 2.6x10-6) (36). The mutated ligand resulted in a 104-fold decrease in binding affinity and a 112-fold ED50 decrease in insulinotropic activity (Figure 4A-3) (36). The variant F119LGLP-1,28 and I120SGLP-1,29 have been described as being part of the hydrophobic face interacting with the GLP-1 extracellular domain (ECD) (Figure 4A-6) (65). In vitro alanine scan of these positions resulted in a 1300-fold affinity and 1040-fold potency decrease for F119LGLP-1,28 as well as a 92-fold affinity and 28-fold potency decrease for I120SGLP-1,29 (37). This is supported by ΔΔG calculations indicating the alanine substitutions as highly destabilizing (F119LGLP-1,28: ΔΔG of 3.9 kcal/mol; I120SGLP-1,29: ΔΔG of 2.1 kcal/mol; Figure 4A-6 and SI3).

For glucagon, the S60GGlucagon,8 (AF: 1.07x10-5) is the only variant, which has been specifically investigated (40). It demonstrated a 31-fold decrease in binding affinity and a 25-fold decrease in adenylyl cyclase activation (40). This highlights a potentially important polar ligand-receptor interaction between glucagon and GCGR residue N298ECL2 not formed in the presence of glycine (Figure 4B-1). Another alanine scan identified the N-terminal region as highly intolerant to alanine substitutions including the variant D67AGlucagon,15 (AF: 1.34x10-6), which was found to lead to a 59-fold potency loss (38). This indicates that an essential polar interaction between the charged D67Glucagon,15 and the GCGR residues Q27ECD and V28ECD is diminished by the structurally distinct alanine (Figure 4B-5). These findings are supported by previous results, suggesting position 15 as essential for receptor recognition (39). Replacement of Asp in glucagon at position 9 has demonstrated to impair stimulation of adenylyl cyclase (42). The variant D61VGlucagon,9 (AF: 1.34x10-6). An in vitro alanine scan showed that D61AGlucagon,9 exerted the second greatest loss in potency (131-fold) (Figure 4B-2) (38). Free binding energy calculations (ΔΔG >1.55 kcal/mol) of D61AGlucagon,9 and D61VGlucagon,9 indicated a destabilizing energy contribution (Figure 4B). All together supporting that Asp at glucagon position 9 is crucial for receptor binding (42).




Discussion

While there are numerous studies investigating genetic variants at the protein family level for GPCRs (25, 26), regulators of G protein signaling (66), G proteins (67, 68), and olfactory receptors (69), very little emphasis has been placed on the possible impact of genetic variants of the genes of peptide hormones. This is remarkable given that more than two-thirds of human peptide hormones are targeting GPCRs, with more than 200 peptide ligands originating from 130 different precursor genes (52). While one study investigated the missense variants in six orexigenic neuropeptides important for appetite and energy homeostasis demonstrating how to utilize genome sequence datasets to map SNPs potentially changing receptor signaling (70), the extent to which genetic variants impact receptor-ligand interactions still remains to be elucidated.

Here, we focused on the GCG gene and its derived peptide hormones, which are important in various (patho)physiological processes related to glucose metabolism and are associated with diabetes and other disorders. Previously, 29 variants have been identified in the GCG gene among 865 Europeans with I158VGLP-2,13 as the single missense variant, but no significant association could be found for carbohydrate metabolism in a larger genotyping study (71). We utilized three independent whole-genome and exome sequencing datasets from the gnomAD database, TOPMed, and the UK Biobank to map the mutational landscape of missense variants in the GCG gene and to assess their potential effects on receptor signaling. This resulted in 184 unique missense variants from 117 positions in the GCG gene identified in a human population of 468,717 individuals.

By integrating various metrics such as allele frequencies, predicted deleteriousness, and evolutionary conservation, we identified clear differences between the functionally well described peptides glucagon, GLP-1, and GLP-2, compared to the other peptide products, GRPP, IP-1, and IP-2. Generally, the established peptide hormones, which exert essential biological functions, exhibit a higher evolutionary conservation and predicted deleteriousness compared to a much lower sequence conservation in the remaining peptides suggesting fewer biological constraint factors (18, 72). This finding is in line with the notion that structurally essential proteins are likely to be more conserved and evolve at a slower rate (51). The N-terminal part of these hormones are important for the receptor activation after initial contact between the α-helical part and the receptor N-terminal, as illustrated by the N-terminally truncated Exendin-(9-39)-amide which not only has no agonist activity but actually is a potent GLP-1 antagonist (73–75). Consistent with this, the non-helical confirmation close to the N-terminal of GLP-1 correlates with greater agonist potency (76) and the residue His1 is conserved in GLP-1, GLP-2, glucagon, and most members of the glucagon-related peptides superfamily (73, 74). This residue’s importance was highlighted by three independent alanine scans showing that alanine substitution of His1 in all three peptides hormones resulted in disruption of ligand binding (37, 38, 41). No genetic variants have been found for His1 in GLP-1 and glucagon, and only a single individual was identified with a mutated His1 in GLP-2, highlighting that species conservation as well as population conservation can be indicative readouts of functionally important positions.

Human genetic variants are present in 17 out of the 30 GLP-1 residues. Our energy calculations indicated that the variants T102NGLP-1,11,Q114PGLP-1,23, A115GGLP-1,24,and A121S/VGLP-1,30 contribute strongly to destabilization of the ligand-receptor complex. Previous in vitro alanine scan of GLP-1 indicated that position D15, F28, and I29 were particularly vulnerable to alanine substitution, resulting in 40-, 92-, and 1300-fold decreases in agonist affinity. These positions correspond to the genetic variants D106AGLP-1,15, F119LGLP-1,28 and I120SGLP-1,29 (37). Our calculations of free binding energy classified these alanine substitutions from destabilizing to highly destabilizing. The variant D106AGLP-1,15, is thought to be involved in electrostatic interactions with the GLP-1R residue R3807x34, possibly explaining the destabilization upon alanine substitution (64). The residues F119GLP-1 and I120GLP-1 have shown to be a part of the hydrophobic interface of GLP-1 that interacts with the ECD of the GLP-1R (65). However, based on binding energy calculation for F119LGLP-1,28 and I120SGLP-1,29, these variants did appear thermodynamically unfavorable.

Out of 29 positions, 23 amino acids in glucagon were found to display genetic variants. Energy calculations revealed the variants T57IGlucagon,5, F58LGlucagon,6, Y62CGlucagon,10, S63RGlucagon,11, Y65CGlucagon,13, D67AGlucagon,15 and R70PGlucagon,18 to be highly destabilizing for the glucagon ligand-receptor complex. In vitro alanine scan of glucagon demonstrated >59-fold decrease in potency for the residues D9, Y10, D15, F22, and V23 (38). This correlates with our free energy calculation classifying the alanine substitutions in the respective positions from destabilizing to highly destabilizing. The variant D67AGlucagon,15 has been reported to be fundamental for receptor recognition and involved in important hydrogen bond interaction with GCGR residue M29ECD in agreement with the impaired ligand potency (39, 77). The F22 alanine substitution demonstrated the highest predicted affinity loss (ΔΔG: 4.98 kcal/mol), which correlates with the greatest in vitro potency decrease (622-fold). On the other hand, free binding energy calculations showed that the S60GGlucagon,8 variant would be tolerated, whereas in vitro investigations indicated more than 25-fold decrease in affinity and potency (40). This demonstrates that computational models have their limits in accurately predicting variant effects but are rather useful tools for the assortment of the most impactful ones.

Given the sheer number of genetic variants, in-depth in vitro characterizations are likely unfeasible. Rational selection of variants by employing computational models utilizing evolutionary conservation, machine-learning based predictions of deleteriousness, and binding free-energies may guide the selection of a more manageable set of variants to be tested in vitro. Obvious criteria for a selection would be a low R4S scores, high CADD/primateAI scores, high ΔΔG energies, positions with impacted efficacy and/or potency from alanine scanning experiments, residues located in the receptor-binding N-terminal end, and variants with high allele frequencies. While we have employed some of the best benchmarked computational models to estimate variant deleteriousness, more than 40 other variant effect predictors have been developed in recent years (78). In addition, more computationally expensive methods such as free energy perturbations and all-atom molecular dynamics simulations could provide a higher-resolution understanding of variant effects (79). However, this also demands more extensive atomic-resolution data, especially for GLP-1 in complex with GCGR as well as structural data for oxyntomodulin.

Alternatively, various cell-based methods can provide a more comprehensive understanding of variant effects. In recent years, the complexity of the GPCR signaling landscape has been become more apparent. Missense mutations found in the proglucagon-derived peptides may not just impact receptor affinity but may show altered expression and secretion into the extracellular domain, altered selectivity between receptors, changed kinetics or internalization rates, switch modality or shift G protein signaling selectivity. Hence, it is important to characterize all selected variants in the right cellular and experimental context to estimate the direct effects on each of the GPCR signaling dimensions (80). For instance, second messenger assays have been widely employed by taking advantage of the strength and signal amplification downstream of the receptor-G protein coupling. Other experimental setups can probe the direct interaction with G protein and arrestins such as by employing bioluminescence resonance energy transfer (BRET)-based biosensors (81, 82) or investigate cumulative cellular responses in real time label-free receptor assays (83). Finally, relevant transgenic animal models and retrospective biobank or cohort studies could be employed to establish a link between patient genotypes with clinical phenotypes.

Surprisingly, no disease-associated mutations, such as from genome-wide association studies (GWAS), have been identified within the coding region of GCG. However, a mutation in the dipeptidyl-peptidase 4 (DPP-4), which cleaves and inactivates GLP-1 and GLP-2, has been shown to negatively affect glucose-stimulated GLP-1 levels, insulin secretion, and glucose tolerance (84). Rare genetic variants in the incretin-related genes have been associated with T2D (85), and polymorphisms in the transcription factor 7-like 2 have shown to impair GLP-1-induced insulin secretion (86). This indicates that a single genetic alteration may impact this complex and delicate system rendering someone more or less susceptible to disease etiology. It also underlines that associations are difficult to identify given confounding factors such as age, gender, life-style factors, BMI, disease heterogeneity, and the impact of environmental exposures. Moreover, disease associated variants are less likely to occur in lowly and sparsely expressed proteins such as GCG (87). In addition, most of the GCG missense variants are very rare, not on commonly used genotype arrays, and hence below GWAS detection-threshold (88). Pooling variants with similar predicted or tested effects may increase the statistical power for putative association with disease (89).

As more and more sequencing data will become available, it is apparent that additional variants for GCG will be discovered. Although GCG has no reported de novo mutations from father-mother-child trio studies indicating a slow mutation rate (90), it has been estimated that at the current gnomAD sample size, the number of observable missense variants from the current human population is still far from saturation (12). Since selection reduces the number of variants in the population, it is expected that we observe significantly fewer variants in the coding region of GCG than theoretically possible (1075). Although we focused on missense variants, which are relatively frequent in the population, yet more likely to impact structure and function, other mutations such as mutations in the promoter region, in introns, and synonymous mutations, might also impact the proglucagon-derived peptides through altered transcription efficacy or alternative splicing patterns. This has been the case for carriers of the rs4664447 variant, predicted to disrupt a GCG exonic splicing enhancer, who exhibited decreased fasting and stimulated levels of insulin, glucagon and GLP-1 (71). However, the potential impact of such mutations is much more challenging to predict computationally or to determine in vitro.

Conservation based methods are commonly used for protein structure prediction and design (91). In this study, our conservation analysis makes use of a set of genomes of adequate sequencing quality including some, such as teleosts, in which GCG have evolved different biological activities. This divergent evolution may have affected our conservation scoring, but as more high-quality vertebrate genomes become available, for example through The Vertebrate Genomes Project (92), we may see an increase in power and utility of conservation-based approaches to elucidate mutational and functional constraints.

Based on the gnomAD data, GCG displays a high observed/expected score with roughly as many observed missense variants as expected based on a mutational background model (12). This specifies that GCG is not under strong selection against missense variants in the human population. However, this model does not take individual allele frequencies or zygosity into account, which seems to be particularly low for GCG given less than a handful of homozygous GCG missense variant carriers among >450,000 individuals (as a reference, the median number of total homozygous missense variant carriers is 256 among all GPCRs in gnomAD). This may indicate that individual heterozygous variants can be alleviated by other regulatory mechanisms, whereas homozygous carriers are under higher intolerance. On the other hand, homozygous glucagon-GFP knock-in mice lacking all proglucagon derived-peptides are normoglycemic, display improved glucose tolerance and no gross abnormalities (44, 93). Together, this suggests that individual missense variants are likely not disruptive of physiological conditions associated with GCG, but rather have the potential to contribute to an altered glucose metabolism and a predisposition to develop disease depending on the affected hormone. For instance, the stop-gained Trp169Ter mutation in GLP-2 has not been shown to significantly associate with carbohydrate metabolism traits suggesting that a single allele is sufficient for adequate GLP-2 levels (71). Besides, other means of regulation such as adapted expression levels, genomic background, buffering mutations or allele-specific expression might offset the effects of deleterious mutations (94, 95). Moreover, the gut microbiota is thought to modulate energy metabolism and to secrete GLP-1 inducing factors that improve glucose homeostasis (96). Given the low number of carriers for the majority of the proglucagon missense variants, it is likely that much larger cohorts will be needed to delineate deleterious from benign mutations.

The discovery and characterization of proglucagon-derived peptides have produced therapeutics as the GLP-2 analog (teduglutide) for short bowel syndrome, multiple GLP-1 analogs (e.g. dulaglutide, liraglutide and semaglutide), and the novel glucagon analog (dasiglucagon) essential for controlling metabolism and blood glucose levels in the treatment of type-2-diabetic patients (3, 4, 6, 97). Understanding how genetic variation can affect a hormone’s endogenous response provides valuable information for future drug discovery, diagnostics of diseases, and ultimately personalized medicine with tailored drug regimens. Despite the clinical importance of proglucagon-derived peptide analogs, the molecular interaction between ligand and receptors is still not fully understood. Future in vitro studies may utilize the mutational landscape of proglucagon-derived peptides as the first steps to translate information about genetic variation into the stratification of sub-populations and actionable drug discovery investigations. Furthermore, investigating the consequence of genetic variation in one proglucagon peptide can facilitate our understanding of others - such as consequences within the glucagon sequence may directly inform us about oxyntomodulin and glicentin functions.

In conclusion, we identified 184 unique missense variants in the human proglucagon gene obtained from >450,000 individuals. The most detrimental genetic variants are suggested to be located in the sequence of the highly conserved GLP-1 and glucagon hormones as suggested by evolutionary metrics, deleteriousness predictions and binding affinity calculations. The conceptual framework presented here can be adapted to study other hormone precursor genes, and we hope to stimulate future studies involving in vitro characterizations of variants to examine the effect on ligand binding and signal transduction to expand our current knowledge on the mutational impact of receptor-peptide hormone interactions.



Materials and Methods


Dataset Generation and Integration

Throughout, we have defined GCG to be located to the region 2:162,142,882-162,152,404 in GRCh38 coordinates and 2:162,999,392-163,008,914 in GRCh37. We have used ENST00000418842.7 as canonical transcript and P01275 (GLUC_HUMAN) as UniProt identifier. UK Biobank variants, 200,629 exomes reflective of the general British population, were sourced from Data-Field 23156 version Oct 2020 and GCG loci were filtered with PLINK 2.0 (98). Variants were sourced from gnomAD v2.1.1 (non-TOPMed) (12), which consists of 122,439 exomes and 13,304 genomes from a variety of populations with a small fraction of samples known to have participated in either cancer or neurological studies. This yielded 114 missense variants which were subsequently remapped from GRCh37 to GRCH38 using the NCBI Genome Remapping Service (https://www.ncbi.nlm.nih.gov/genome/tools/remap). Variants were sourced from the TOPMed Freeze 8 on GRCh38 on the Bravo server (https://bravo.sph.umich.edu/freeze8/hg38/), containing 132,345 whole genomes. TOPMed aggregates >80 studies of various disease risk factors and prevalent diseases including heart and lung diseases. For variants present in more than one dataset, we let the allele frequency be the max allele frequency among the datasets. A variant was deemed a singleton if it was only observed once when looking at the datasets individually.

Peptide start/end positions were mapped from UniProt molecule processing information to positions in the Ensembl canonical transcript. To calculate the number of theoretically possible variants, we looped over the entire CDS as a Biopython mutableSeq object (99), substituting all possible bases at all position and translating the resulting codon to amino acid. If the substitution was non-synonymous, did not result in a stop-codon, and was unique, it was used to create a list of unique variants totaling 1075 variants.

For the UK Biobank individual data, samples were pulled as pVCF as described above and loaded into Hail (100) as a MatrixTable which was subsequently row-annotated with CADD and underlying annotations (see below) before being filtered for appropriate loci and consequence equalling “NON_SYNONYMOUS” excluding “start_lost”. Hail’s sample_qc and variant_qc functions were used to generate homo- and heterozygous counts.



Calculations of Predicted Deleteriousness

Combined Annotation Dependent Depletion (CADD) scores were obtained by uploading the all 184 as a VCF file to the CADD web-server (https://cadd.gs.washington.edu/, release 1.5 (48)). Throughout the CADD PHRED score, normalized to all ~9 billion variants across the genome, was used. For primateAI, exome-wide pre-computed scores were downloaded from: https://github.com/Illumina/PrimateAI. Both sets of scores were added by indexing by position, ref, and alt allele.



Conservation Scoring

We sourced GCG orthologue alignments from the All Species Set from Ensembl Compara release 103 (58). High Confidence orthologues were defined as having as having a minimum Gene Order Conservation (GOC) Score of 50, a minimum Whole Genome Alignment (WGA) Coverage of 50, a minimum % identity of 25 as suggested by Ensembl Compara (https://www.ensembl.org/info/genome/compara/Ortholog_qc_manual.html). Filtering for high confidence resulted in 222 high confidence orthologues from 164 vertebrates. Conservation scores, Rate4Site (46), were calculated for each position on the ConSurf server (https://consurf.tau.ac.il/) (47), using an empirical Bayesian method (101). Scores are normalized to 0 mean and 1 standard deviation. The most conserved position has a score of –1. Mean trace is Gaussian smoothed (scipy.ndimage.gaussian_filter1d with sigma=1), and 50% confidence interval is shown. Logo plots were generated from the abovementioned orthologue set using WebLogo (http://weblogo.threeplusone.com/) (57).



Calculation of Stability Effects of Missense Mutations

We assessed the estimated stability effect of all human genetic missense variants using FoldX5.0 (56). FoldX employs energy terms weighted by empirical data from protein engineering experiments to provide a quantitative estimation of each mutant to the receptor-ligand complex stability. The energies for the WT (ΔGfold,wt) and mutant (ΔGfold,mut) receptor-ligand complex were computed to give the stability change ΔΔGfold (kcal/mol) = ΔGfold,mut − ΔGfold,wt (61). We started by obtaining refined complex models for GLP-1/GLP1R (PDBid: 6X18) and glucagon/GCGR (PDBid: 6LMK) from GPCRdb, which pre-deposits refined experimental structures including repaired distorted regions, reverted mutated amino acids, and filled-in missing residues (102). To perform the stability analyses each complex was energy minimized with the FoldX ‘repair pdb’ function at 298K, pH 7.0, and 0.05M ion strength to optimize the structures by removing any steric clashes. To map the energetic landscape of each peptide complex, we mutated each residue to alanine and the respective missense variant using the command ‘BuildModel’. We calculated the average energy contribution and standard deviation for each genetic variant and alanine substitution after performing 10 independent runs to ensure the identification of the minimum energy conformations also for large residues, which possess many rotamers. We classified variants into categories based on the calculated energy difference in kcal/mol: highly destabilizing (ΔΔG > +1.84 kcal/mol), destabilizing (+0.92 to +1.84 kcal/mol), slightly destabilizing (+0.46 to +0.92 kcal/mol), neutral (-0.46 to –0.46 kcal/mol), slightly stabilizing (-0.92 to -0.46 kcal/mol), and stabilizing (-0.92 to -1.84 kcal/mol) (61).
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Patients with diabetes mellitus exhibit hyperglucagonemia, or excess glucagon secretion, which may be the underlying cause of the hyperglycemia of diabetes. Defective alpha cell secretory responses to glucose and paracrine effectors in both Type 1 and Type 2 diabetes may drive the development of hyperglucagonemia. Therefore, uncovering the mechanisms that regulate glucagon secretion from the pancreatic alpha cell is critical for developing improved treatments for diabetes. In this review, we focus on aspects of alpha cell biology for possible mechanisms for alpha cell dysfunction in diabetes: proglucagon processing, intrinsic and paracrine control of glucagon secretion, secretory granule dynamics, and alterations in intracellular trafficking. We explore possible clues gleaned from these studies in how inhibition of glucagon secretion can be targeted as a treatment for diabetes mellitus.
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Introduction

Glucagon is a 29-amino acid peptide hormone produced by the alpha (α) cells of the pancreatic islet. It is known as the primary glucose counter-regulatory hormone, as its main physiological function is to maintain euglycemia by its actions on the liver to promote glycogenolysis and gluconeogenesis. This glucose counterregulation is impaired in both Type 1 (T1D) and Type 2 (T2D) diabetes (1). Intensive insulin therapy in T1D replaces the beta cell deficiency and corrects fasting and postprandial hyperglycemia, but at increased risks of hypoglycemia (2). These findings suggest that insulin therapy alone may not be adequate for optimal glycemic control. In fact, as stated by the bihormonal hypothesis, diabetes progression may be dependent on both excessive glucagon secretion and insulin deficiency (3), and the glucagonocentric hypothesis ascribes even more importance to alpha cell dysfunction in diabetic hyperglycemia (4). Support for the latter hypothesis seemed to be provided by studies showing that glucagon receptor knockout mice are resistant to the effects of beta cell deficiency induced by streptozotocin treatment (5, 6), providing evidence that blocking glucagon action can provide glycemic control even in the relative absence of insulin. However, more recent studies have shown that blocking the glucagon receptor in absolute insulin deficiency does not prevent hyperglycemia (7, 8), indicating that residual insulin signalling is required in order for glucagon receptor antagonism to be effective.

Nonetheless, the idea that blocking glucagon action could be an additional therapy for diabetes has sparked interest in the development of potential pharmacological interventions that target the hepatic glucagon receptor. Blocking glucagon action can be achieved through: i) glucagon receptor antagonists, in particular small molecule antagonists, which can allosterically or competitively inhibit glucagon action (9–11); ii) glucagon receptor neutralizing antibodies (12); and iii) antisense oligonucleotides against the glucagon receptor (13). However, blockade of the glucagon receptor may induce α-cell hyperplasia and exacerbate hyperaminoacidemia (14–16) through impairments in a liver-alpha cell axis [reviewed in (17)], and increased risk of hyperlipidemia (18). Therefore, long-term use of glucagon receptor blockers may result in harmful metabolic sequelae.

An alternate and possibly safer strategy may be to directly target the intracellular mechanisms that govern the secretion of glucagon from the alpha cell. In this review, we discuss aspects of alpha cell biology that may provide such targets: proglucagon processing, sorting, exocytosis and intracellular trafficking, as well as mechanisms of intrinsic and intra-islet regulation of glucagon secretion.



Regulated Secretory Pathway of the Pancreatic Alpha Cell

The alpha cell secretory pathway begins with the synthesis of proglucagon in the endoplasmic reticulum. It is then transported through the Golgi to the trans-Golgi network (TGN). Budding immature secretory granules from the TGN contain proglucagon, its processing enzymes and many other proteins (19). But how does proglucagon find its way to the site of granule budding? Based on one hypothesis, proglucagon may contain a sorting signal within its structure that directs it to a specific sorting receptor on the membrane of the TGN.

Investigations into the mechanisms of the sorting of prohormones have revealed the existence of intrinsic sorting signals that can take the form of amphipathic loops, such as for POMC (20) or proinsulin (21), or amphipathic alpha helices, as is the case for the N-terminal region of prosomatostatin, and in the C-terminal regions of PC1/3, PC2, PC5/6a, and CPE (22–24). These signals may interact directly with membrane lipids, in particular with lipid raft regions (25) or with sorting receptors within the TGN, to be sorted into secretory granules. To this end, it has been proposed that membrane-bound form of the processing enzyme carboxypeptidase E (CPE) may be a prohormone sorting receptor (21, 26–28). It was shown that ablation of CPE disrupted the regulated secretion of proopiomelanocortin (POMC), proenkephalin and proinsulin in related cell lines and the CPEfat mouse model, in which CPE is degraded within the pituitary. Additionally, CPE may interact other resident granule proteins, secretogranin III and chromogranin A, to facilitate the sorting of POMC (29) and neuropeptides (30).

Another possible mechanism of prohormone sorting to granules may be simply through selective retention while constitutively secreted proteins are removed from the nascent immature granule. Evidence for this mechanism lies in the fact that the protein composition of immature secretory granules is altered during the process of granule maturation (31). In this context, proinsulin and the enzymes involved in the post-translational processing to mature insulin are retained within the beta cell secretory granule, while other proteins designated for constitutive secretion are removed (31).

By considering all of these findings, it is likely that both receptor-mediated and retention mechanisms operate in the sorting of prohormones into secretory granules. In this scenario, prohormones could be sorted into secretory granules by means of sorting signals, followed by retention within the granule as maturation of secretory granules takes place. The maturation process involves alterations in the components and composition of the secretory granule, by removal of constitutively-secreted proteins, acidification of the granule milieu, and exclusion of water to condense the intragranular environment.

The cellular events underlying the sorting of proglucagon to secretory granules have not been fully elucidated, and studying this mechanism is complicated by the multi-step processing of proglucagon. The processing of proglucagon in the alpha cell is largely governed by the prohormone convertase (PC) family of enzymes. Proglucagon processing begins early in the secretory pathway (TGN or immature secretory granule) with cleavage at K70R71, which yields glicentin and major proglucagon fragment (MPGF) (Figure 1A) (32). This site is accessible to a number of processing enzymes, and in the alpha cell, is likely cleaved by furin or PC1/3 in the absence of PC2 (33). Subsequent cleavage of glicentin by PC2 at K31R32 results in the production of mature glucagon. This cleavage event likely occurs within the mature secretory granule since the enzymatic activity of PC2 is optimal at the acidic pH and millimolar calcium concentrations within secretory granules (33–36). Thus, the sorting of proglucagon into the secretory granule is vital for the generation of active glucagon, and storage within granules assures a robust secretory response in response to physiological need.




Figure 1 | Proglucagon processing and sorting signals. (A) A schematic representation of proglucagon showing the major prohormone processing sites that yield the peptides glicentin, oxyntomodulin, glucagon, GLP-1 and GLP-2. (B) Computational modelling of the structure of proglucagon showing the alpha helical structures of glucagon (green), GLP-1 (yellow) and GLP-2 (red) (from reference 28) © 2013 Society for Endocrinology. (C) Helical wheel projections of the alpha helices contained within glucagon and GLP-1 (7–37) that function as sorting signals to direct proglucagon to the regulated secretory pathway.



Is there evidence for sorting signals and a sorting receptor for proglucagon? Using the alpha cell line αTC1-6, it was shown that siRNA-mediated knockdown of CPE increased constitutive secretion of glucagon; however, the processing of proglucagon to glucagon remained unchanged, indicating that CPE may have an effect on secretion, but not intracellular sorting (28). The search for sorting signals provided more clarity on the mechanisms of proglucagon sorting. Computational modelling of proglucagon indicates a largely disordered structure comprising alpha helices, some of which correspond to glucagon, GLP-1 and GLP-2 (Figure 1B). Using Fc-tagged proglucagon-derived peptides that could be detected by immunoprecipitation and immunofluorescence microscopy, it was shown that two dipolar α-helices containing hydrophobic patches with three charged residues within the sequences play roles as sorting signals. One amphipathic α-helix was located within the amino acid sequence of glucagon (SDYSKYLDSRRAQDFVQWLMN), and one within GLP-1 (SDVSSYLEGQAAKEFLAWLVK) (32) (Figure 1C). Interestingly, Fc-glicentin was sorted to secretory granules, but Fc-MPGF was not, suggesting that the sorting signal within GLP-1 is masked when contained within the MPGF sequence. These results indicate that the sorting of proglucagon into secretory granules occurs prior to the initial processing event, such that processing occurs exclusively within the granule. Another possibility is that processing to glicentin and MPGF occurs first, with the prediction that glicentin is sorted into granules and processed to glucagon, while MPGF is not sorted, or very inefficiently sorted into granules. Given the emerging evidence of significant amounts of GLP-1 being produced in alpha cells in healthy human islets (37), this model would predict that proglucagon is first sorted into granules, then processed by both PC2 and PC1/3 to yield glucagon and GLP-1, respectively. This proglucagon processing profile changes in diabetes; in human and rodent islets, there is a significant increase in the processing of proglucagon to GLP-1. This alteration in the processing profile was first shown in rats treated with STZ; both PC1/3 and PC2 mRNA levels increased, concomitant with increases in glucagon and GLP-1 secretion (38). These results have since been corroborated in several studies showing significant elevations in PC1/3 expression and activity and GLP-1 production and secretion in αTC1-6 cells (39) and InR1G9 cells (40) grown in media containing high glucose concentrations, well as in islets from rodent models of diabetes. A recent study showed that up to 40% of alpha cells in human islets obtained from healthy donors contain both GLP-1 and glucagon and this proportion increases to 60% in islets from donors with Type 2 diabetes (37). The expression of PC1/3 and the production of GLP-1 and glucagon are increased in response to the diabetes-related pro-inflammatory cytokine, IL-6, in isolated human and mouse islets (41), and in the db/db (42), and ob/ob (43) mouse models of obesity-associated diabetes. Alpha TC1 cells engineered to be depleted in PC2 overexpress PC1/3, and subsequently produce sufficient amounts of GLP-1 to overcome STZ-induced hyperglycemia in mice (44, 45). In contrast to these findings, islets from the NOD mouse model of type 1 diabetes mouse showed a small but significant increase in GLP-1 and PC1/3 in alpha cells (42), but no change in the amount of secreted intra-islet GLP-1.

If both glucagon and GLP-1 are produced in a proportion of alpha cells, and are both sorted to secretory granules, the question arises: are they sorted to distinct granule populations, and released under different glucose conditions? These questions may have been answered in a very recent islet granule peptidomics study showing that both human and mouse islets produce 300-1000 times more glucagon than active GLP-1 (46), indicating that the processing of proglucagon to active GLP-1 in alpha cells is very inefficient. Also in this study, analysis of secreted proglucagon-derived peptides showed that both glucagon and active GLP-1 were released in parallel in response to either low (1 mM), medium (6 mM) or high (16.7mM) glucose concentrations. Therefore, both glucagon and GLP-1 are likely stored in the same granules and secreted under the same conditions, with glucagon being the dominant peptide, and perhaps serving as the intra-islet GLP-1R agonist (47).



Clues to Hyperglucagonemia Lie in Alpha Cell Biology

The control of hyperglucagonemia obviously targets glucagon secretion. But what mechanism(s) are potentially druggable? Inhibition of glucagon secretion by glucose from alpha cells is a long-standing puzzle in islet biology. Unlike insulin secretion from beta cells which is primarily driven by prevailing glucose levels, there is no one single factor that governs glucagon secretion from the alpha cell. Intrinsic glucose sensing, intra-islet paracrine secretion and factors from the alpha cell itself all interact to generate a complex network that regulates glucagon secretion.


Direct Effects of Glucose on the Alpha Cell

In order to examine the direct effects of glucose on glucagon secretion in the absence of paracrine inputs, isolated mouse pancreatic alpha cells, clonal hamster In-R1-G9 cells (48, 49), clonal mouse αTC1-6 and -9 cells (39, 50, 51) and dispersed alpha cells from human islets (52) have been used. All of these preparations show a bimodal response to increasing glucose concentrations. In the range from 1 to ~7 mM, glucagon secretion is suppressed in a dose-dependent manner, and above 7 mM, glucagon secretion increases (Figure 2A). This secretion profile suggests intrinsic mechanisms alone can operate in regulating glucagon secretion below 7 mM glucose, and that these mechanisms may be ineffective at higher glucose concentrations. However, such conclusions must be interpreted with caution, as single dispersed alpha cells are in a highly abnormal environment, and alpha cell lines are not representative of the normal alpha cell phenotype, as discussed in more detail below.




Figure 2 | Glucagon secretion from dispersed alpha cells and alpha cells in intact islets demonstrate the role of paracrine regulation at high glucose concentrations. (A) V-shape curve of glucagon exocytosis in response to glucose in dispersed non-diabetic (black) and T2D (red) human α-cells. (B) Glucagon secretion from intact islets in response to glucose. Created with BioRender.com.



The alpha cell secretory response to both glucose is likely more accurately captured in isolated, intact mouse and human islets, where the paracrine regulatory environment and cell-cell contacts are intact. Similar to dispersed alpha cells, increasing the glucose concentration from 1 to 7 mM dose dependently decreases glucagon secretion from mouse alpha cells (53) and human alpha cells (52) within intact islets, and remains low as glucose levels increase beyond 7 mM, a concentration at which insulin secretion is stimulated (Figure 2B). Therefore, paracrine inputs are significant factors in the inhibition of glucagon secretion as glucose concentrations increase above euglycemia.

One mechanism underlying the intrinsic response to glucose is the direct effect on alpha cell electrical activity. At low (1 mM) glucose concentrations, alpha cells in intact mouse and human islets exhibit low KATP activity and are electrically active (54–56) and as glucose concentrations increase, KATP activity is inhibited. This is an apparent physiological paradox, since further closure of KATP channels should more strongly depolarize the plasma membrane and result in opening of voltage-dependent Ca2+ channels (VDCCs), as in beta cells. In alpha cells, glucagon exocytosis is coupled to the opening of P/Q-type VDCCs (55). A recent review by Zhang et al. (57) nicely explains this apparent paradox: membrane depolarization evoked by KATP inhibition reduces the amplitude of action potentials from Na+ channels. It is this reduction in the amplitude of action potentials that result in the closure of the voltage-dependent P/Q-type Ca2+ channels, leading to inhibition of glucagon granule exocytosis. Therefore, the intrinsic regulation of glucagon secretion by glucose may be explained primarily by the unique electrical properties of the alpha cell, and secondarily by glucose metabolism.

It has been also proposed that another mechanism for the direct effect of glucose on glucagon secretion is the regulation of intracellular Ca2+ flux through store-operated current (SOC) (58, 59). Under low glucose conditions, Ca2+ depletion of the ER causes the translocation of stromal interaction molecule 1 (STIM1) from the ER to the subplasmalemmal junctions, leading to clustering with Orai1, resulting in SOC activation. In contrast, exposure of alpha cells to high glucose conditions and subsequent high ATP levels activates the sarcoendoplasmic reticulum calcium transport ATPase (SERCA) pump, increasing Ca2+ sequestration from the cytoplasm into the ER. Filling the store with Ca2+ inhibits the translocation of STIM1, turns off CRAC channel subunit, reduces VDCC activity and suppresses glucagon secretion (59, 60). However, this hypothesis implicated L-type VDCCs in glucagon exocytosis, which have been shown to mediate intracellular Ca2+ oscillations, but not granule exocytosis, in alpha cells (54).

There is evidence that glucagon secretion becomes uncoupled from intracellular Ca2+ levels under high glucose conditions (61), suggesting the presence of alternate or additional intracellular signalling pathways in the regulation of glucagon secretion. In particular, cAMP signalling may play a key role in the alpha cell secretory response to insulin and somatostatin (62). There is one report that cAMP may also mediate intrinsic glucose sensing within the alpha cell. Using genetically encoded fluorescent cAMP biosensors, it was shown that high glucose suppressed subplasmalemmal cAMP levels in isolated mouse and human islets (63). This effect was not abolished in Ca2+-free media, nor in the presence of insulin receptor or SSTR2 antagonists. Conversely, sustained high cAMP levels abolished the suppression of glucagon secretion by high glucose concentrations. There may specific isoforms of adenylyl cyclase and phosphodiesterases that are associated with cAMP-regulated glucagon secretion/hyperglycemia [reviewed in (64)], and exactly how glucose interacts with these components of cAMP signalling remains to be determined.

Lastly, intrinsic glucose sensing by the alpha cell may also be mediated by the nutrient sensors AMP-activated protein kinase (AMPK) and its downstream target, mammalian target of rapamycin complex 1 (mTORC1). In a series of studies that manipulated alpha cell expression of AMPK itself (65) and its upstream effectors PASK (66) and LKB1 (67), it was shown that components of this nutrient-sensing pathway can mediate the low glucose-induced secretion of glucagon. One of these proteins, PASK, is down-regulated in T2D human islets, thus indicating that components of the AMPK pathway may be potential targets for controlling hyperglucagonemia. Using innovative mouse models that selectively targeted activators and inhibitors of mTORC1, it was shown that loss of mTORC1 activity resulted in a loss of the glucose counter-regulatory response and reduction in response to alpha cell secretagogues (68). Interestingly, depletion of the mTORC1 inhibitor TSC2 in alpha cells resulted in a mouse model of hyperglucagonemia and glucagon resistance (69), which will be an excellent resource for studies on mechanisms of hyperglucagonemia.

Therefore, the mechanisms underlying the intrinsic response to glucose may provide potential targets for the control of abnormally up-regulated glucagon secretion in diabetes.




Intra-Islet Regulation of Glucagon Secretion: Changes in the Alpha Cell Response to Secreted Factors From the Beta Cell

The beta cell secretory granule contains a number of agents that act directly or indirectly on the alpha cell to inhibit glucagon secretion, and also generally modulate mechanisms of alpha cell biology, such as proliferation. Insulin, the primary cargo, is a potent suppressor of glucagon secretion and operates through several mechanisms. Upon binding to its receptor on the alpha cell, signaling through PI3 kinase is activated, reducing KATP-channel activity, causing plasma membrane hyperpolarization and reduced activity of the P/Q type Ca2+ channel (70). Mice lacking the insulin receptor on alpha cells (αIRKO) exhibit hyperglycemia and hyperglucagonemia, indicating that insulin receptor signalling is required for an appropriate alpha cell secretory response to glucose (71). Alpha cell insulin resistance may underlie the abnormal up-regulation of glucagon secretion Type 2 diabetes (72). Additionally, these results also indicate that insulin alone is not sufficient to regulate glycemia in the face of hyperglucagonemia.

Along with insulin, gamma amino butyric acid (GABA) is also released from the beta cell and is a potent suppressor of glucagon secretion from alpha cells (73, 74). Activating the GABAA receptor in alpha cells results in Cl- influx into the cells which hyperpolarizes the membrane and reduces glucagon secretion (75). As well, there is coordination between insulin and GABAA receptor activity, as insulin action leads to the translocation of GABAA receptor to the cell membrane (76), thus augmenting the inhibitory effects of GABA. In addition, GABA also inhibits mTOR activity to suppress alpha cell proliferation. In type 1 diabetes, the destruction of beta cells leads to a reduction in the amount of secreted GABA, resulting in the activation of mTOR and alpha cell proliferation (77). In addition to effects on alpha cell proliferation, some studies have suggested that pharmacologic activation of GABAA receptor by artemisinins or GABA may alter alpha cell identity and trans-differentiate adult alpha cells to beta-like cells (78–80), and have led to clinical trials investigating GABA receptor agonists as protection against the development of diabetes. However, there is still some debate on this topic, as transdifferentiation could not be induced either in isolated mouse islets in which both insulin and glucagon were tagged with fluorescent reporters (81) or in an alpha cell-specific lineage tracing model (82). In any case, the reported immunomodulatory effects of GABA, together with either GLP-1 (83) or the SGLT2 inhibitor empagliflozin (84) also protect newly formed beta cells in the inflammatory environment of T1D, and thus also indirectly restore normal regulation of alpha cell mass and glucagon secretion.

Other beta cell secreted factors that have direct effects on the alpha cell include serotonin, adenosine, and Zn2+. Direct effects of serotonin are mediated by activation of the serotonin receptor, 5-HT1FR, on α-cells, which reduces intracellular cAMP to suppress glucagon secretion (85, 86). In patients with long-standing T2D, the proportion of alpha cells expressing 5-HT1FR is decreased, suggesting that reduced serotonin action on alpha cells may play a role in hyperglucagonemia of diabetes. In STZ-treated mice, administration of the 5-HT1FR agonist LY344864 alleviated hyperglucagonemia and hyperglycemia. However, insulin-induced hypoglycemia was worsened, suggesting that the effects of serotonin are glucose-independent (85). Therefore, while alpha cell HT1FR may be a potential target for the treatment of hyperglucagonemia, it may not be an ideal target.

The effects of adenosine are mediated by the adenosine A1 receptor (Adora1), in which activation is coupled to opening of KATP channels, hyperpolarization of the cell membrane and prevention of granule exocytosis. In NOD mice, autoantibody-positive people and people with long-term T1D, alpha cells gradually lose Adora1 expression, suggesting that the hyperglucagonemia of diabetes is associated with a loss of adenosine action (87).

The Zn2+ transporter, ZnT8, is encoded by Slc30A8, and variants of this gene are associated with an increased risk of T2D and impaired glucose tolerance. ZnT8 is located in the secretory granule membrane of both α-and β-cells. There is a direct relationship between expression of the proglucagon gene and Slc30A8 in α-cells (88). However, there are conflicting findings about the effects of Zn2+ on glucagon secretion (88). There are reports that, in isolated mouse islets and alpha cells, Zn2+ administration decreases glucagon secretion (89), or has no effect (90). In contrast, treatment of isolated human islets with similar concentrations of Zn2+ enhanced glucagon secretion (55). The reason for these discordant results is not clear; it may be that exogenously administered Zn2+ or Zn2+ secreted from the beta cell does not have a direct role in glucagon secretion in normal physiology. Interestingly, in mice lacking Slc30A8/ZnT8 specifically in alpha cells, there is a heightened secretory response to 1 mM glucose (91), and overexpression of ZnT8 specifically in alpha cells restricted glucagon secretion in response to 1 mM glucose (92), suggesting autocrine regulation by Zn2+.



How Does Delta Cell Activity Inhibit Glucagon Secretion?

Somatostatin is a well-known tonic inhibitor of glucagon secretion. Somatostatin binds to the SSTR2 receptor subtype on alpha cells (93), which is coupled to the inhibitory Gi subunit, resulting in decreased production of cAMP as a mechanism for the suppression of glucagon secretion (62). Another mechanism may be more closely coupled to Ca2+ flux and inhibition of glucagon granule exocytosis by de-priming of the alpha cell secretory granules located near L-type Ca2+ channels (94). Notably, secretion of somatostatin and inhibition of glucagon secretion both occur at 3 mM glucose, indicating that the alpha cell response to low glucose may be fine-tuned by somatostatin (95). In rat pancreatic preparations perfused with an SSTR2 antagonist, the suppression of glucagon secretion by 3.5-5 mM glucose was lost (96), suggesting that somatostatin may be required for the fine control of glucagon secretion at euglycemia. However, in isolated human islets, blockade of SSTR2 did not affect suppression of glucagon secretion at 6 mM glucose (55), perhaps reflecting species-specific differences or differences in the models (perfused pancreas vs static islet culture).

There is also evidence that somatostatin is required for the high glucose-induced suppression of glucagon secretion: in perifused islets from mice lacking the prosomatostatin gene (SST-/- mice) (97), glucagon secretion was elevated at 10 and 20 mM glucose. Interestingly, insulin secretion was also elevated, indicating that both insulin and somatostatin are required for the suppression of glucagon secretion at high glucose concentrations. In intact human islets, high glucose (10 mM) inhibition of glucagon exocytosis was lost after administration of the SSTR2 antagonist CYN154806 (52). In diabetes, circulating and pancreatic somatostatin, together with SST mRNA, are elevated. However, expression of SSTR2 on alpha cells is decreased in T2D due to increased receptor internalization (52), indicating alpha cell somatostatin resistance. Together with alpha cell insulin resistance, this could be another mechanism in the hyperglucagonemia of diabetes. Alternatively, somatostatin resistance may be a dominant and direct mechanism of hyperglucagonemia, as eliminating the insulin receptor on delta cells completely abolishes the glucagonostatic effect of insulin, indicating an indirect glucagonostatic effect for insulin (98).

The emerging role of somatostatin in the regulation of alpha cell function and glucagon secretion has been further highlighted by one study in which mice were engineered for optogenetic activation of beta cells to study the paracrine regulation of alpha cells (99). By this approach, opto-activation of beta cells both suppressed alpha cell electrical activity and stimulated action potentials in delta cells mediated by gap junction currents. The suppressive effect of beta cell activation was lost in the presence of the SSTR2 antagonist CYN 154806 (99), indicating that somatostatin secretion stimulated by beta cell electrical activity is critical for the suppression of glucagon secretion. Subsequent modelling predicted that a reduction in gap junction connections between beta and delta cells, perhaps caused by disruptions in islet architecture in T2D (100), may contribute to the hyperglucagonemia of diabetes. Thus these findings highlight a central role for delta cells in the context of intra-islet regulation of glucagon secretion, and may have implications for designing drugs for the treatment of hyperglucagonemia of diabetes.



The Alpha Cell as a Regulator of Glucagon Secretion: Known and Emerging Pathways

The alpha cell itself displays plasticity during the progression of diabetes. In addition to the mechanisms above that describe changes in responses to glucose and paracrine effectors, there are alterations within the alpha cell, including proglucagon processing and secretion of proglucagon-derived peptides, and remodelling of the secretory granules themselves in terms of exocytotic behavior and contents, and alterations in intracellular trafficking pathways.

Secreted glucagon from alpha cells can stimulate its secretion through an autocrine effect. It has been shown that glucagon stimulates glucagon secretion from the rat and mouse isolated alpha cells in an autocrine manner through glucagon receptor-stimulated cAMP signaling (101). In αTC1-9 cells and mouse islets, exogenous glucagon administration, as well as secreted glucagon stimulated by 1 mM glucose, increased glucagon secretion and proglucagon gene transcription through the PKA-cAMP-CREB signalling pathway in a glucagon receptor-dependent manner (102). The apparent interplay between glucagon and its receptor on the alpha cell appears to be of a positive feedback loop, controlled by the pulsatile nature of glucagon secretion.

In addition to glucagon, a novel proglucagon-derived peptide, proglucagon 1-61 (PG 1-61) comprised of GRPP and glucagon, was identified as a major molecular form of glucagon in plasma from human patients with hyperglucagonemia-associated conditions: Type 2 diabetes and renal dysfunction, morbid obesity or gastric bypass surgery, and only after oral ingestion of macronutrients (103). This N-terminally extended form of immunoreactive glucagon was not found in healthy controls, leading the authors to speculate that PG 1-61, and molecular heterogeneity of glucagon in general, could be a biomarker for alpha cell dysfunction. Administration of PG 1-61 decreased glucagon secretion in healthy rats, diverging from the positive feedback observed with glucagon administration. Interestingly, this effect was not observed in diabetic rats, suggesting an impairment in this distinct feedback loop in the alpha cell.

The interplay between glucagon, insulin and somatostatin in the regulation of glucagon secretion at various levels of glucose is illustrated in Figure 3. In diabetes, beta cell deficiency, together with alpha cell insulin and somatostatin resistance, all contribute to alpha cell dysfunction and a loss of the regulation of glucagon secretion, resulting in hyperglucagonemia.




Figure 3 | Cross-talk among α, β, and δ-cells in the paracrine regulation of glucagon secretion. Under low glucose (1-3 mM) conditions, secreted glucagon may act in an autocrine feed-forward loop. In high glucose (> 7 mM) conditions, glucose metabolism in β cells leads to insulin release, and insulin inhibits glucagon secretion by signalling through its receptor on the alpha cell. Additionally, electrical coupling of the beta and delta cells through gap junctions contributes to somatostatin release. Somatostatin may also be secreted independently of insulin when glucose concentrations are > 3 mM. Somatostatin binds to SST receptor 2 (SSTR2) on the α cell membrane, where signalling through Gi inhibits glucagon secretion. Created with BioRender.com.





Role of GLP-1: Intra-Islet or Intestinal?

The glucose-dependent insulinotropic actions of intestinal GLP-1 on the beta cell are well known. GLP-1 also suppresses glucagon secretion in both healthy people and people with type 2 diabetes (104), and poorly-controlled type 1 diabetes (105). The emerging evidence of GLP-1 being produced and secreted by the pancreatic alpha cell has led to a debate on which source of GLP-1 suppresses glucagon secretion from pancreatic alpha cells. To investigate this question, Chambers et al. (106) generated a Gcg knockout mouse and then by reactivation of Gcg in L-cells or alpha cells, showed that islet-generated GLP-1 was primarily responsible for glucose homeostasis by promoting glucose-stimulated insulin secretion and suppressing glucagon secretion. The gut-derived GLP-1 binds to its receptor on local afferent vagal nerve terminals, which ultimately signals for satiety, delaying gastric emptying and suppression of hepatic glucose release (106, 107). However, this model may not translate well to human islets due to differences in islet architecture, and in light of the recent findings that glucagon is the dominant peptide hormone secreted from human alpha cells (46).

The search for a GLP-1 receptor on alpha cells has been hampered by a lack of a reliable GLP-1 receptor antibody (108, 109). GLP-1 appears to mildly reduce action potentials in the alpha cell membrane at 1 mM glucose in isolated mouse alpha cells, and this effect is blocked by the GLP-1R antagonist exendin (9-39) (110), therefore suggesting the presence of GLP-1R, perhaps at a very low density, on a small proportion of alpha cells. The development of near infra-red and fluorescent analogues of GLP-1R ligands has enabled both in vivo (111, 112) and high-resolution tissue imaging (113, 114) of GLP-1R with high specificity, sensitivity, and reproducibility. Coupled with super-resolution microscopy, the fluorescent analog LUXendin645 revealed that 5% of alpha cells in murine islets expressed GLP-1R (114). Given the already small proportion of alpha cells in the mouse islet, the contribution of direct alpha cell action to the glucagonostatic effect of GLP-1 is likely very small.

Islet GLP-1 may also exert its effects through receptors on delta cells (115), resulting in stimulation of somatostatin secretion and inhibition of glucagon secretion via SSTR2 on alpha cells (116, 117). This paracrine effect could not be detected in isolated normal human islets (110); nonetheless, this mechanism may be clinically relevant in the treatment of T2D, as experiments in human islets showed that the GLP-1R agonist liraglutide enhanced somatostatin secretion to reduce hyperglucagonemia induced by the SGLT2 inhibitor dapagliflozin (118).



Secretory Granule Dynamics and Hyperglucagonemia

As drugs targeted to the control of glucagon secretion are now being developed for the treatment of hyperglucagonemia, a deeper understanding of the dynamics of the alpha cell secretory granule is critical for identifying effective targets. However, the study of glucagon granule trafficking and exocytosis presents several technological challenges. Commonly used cell lines such as InR1-G9, αTC1-6 and αTC1-9, while useful for preliminary studies on trafficking and secretion, as a rule do not exhibit robust secretory responses to glucose or other secretagogues. The αTC1-6 cell line in particular differs from primary alpha cells in their complement of transcriptional, epigenetic and metabolic factors (119, 120) which may explain the blunted secretory response to glucose. Dispersed primary alpha cells may offer a slightly better alternative, but as discussed above, both cell lines and dispersed primary alpha cells exhibit aberrant glucagon exocytosis patterns at high glucose levels, likely due to the absence of paracrine inputs and juxtamembrane contacts. The greatest advances in gleaning the mechanisms of glucagon granule exocytosis have been made using patch-clamp approaches in isolated rodent or human islets. In such preparations, alpha cells can identified by their unique electrophysiological signature under low glucose conditions (121) or, in the case of mouse islets, by genetically-encoded fluorescence reporters such as YFP (122, 123) or tdTomato (124).

After proglucagon processing and granule maturation, glucagon is stored in the alpha cell secretory granule until a stimulus triggers exocytosis. As in beta cells, there may be different functional pools of secretory granules: a reserve pool and a readily releasable pool that is primed and situated at the sites of exocytosis. Quantitative ultrastructural analysis of murine islets has shown that, in the presence of 1mM glucose, the mouse α-cell contains ~4400 secretory granules, of which ~140 are in close proximity to the plasma membrane, or primed (125). This means that the reserve pool is large and can resupply the readily releasable pool to maintain euglycemia over extended periods of time. In the presence of 16.7 mM glucose, the numbers of the docked secretory granules increase to ~310, due to both decreased secretion and increased docking in response to increased glucose metabolism (125). Kinetic modelling of the exocytotic behaviour of alpha cell secretory granules under low glucose conditions predicts the relationship between intracellular Ca2+ levels and granule dynamics and mobilization, by which sequential Ca2+ binding events promote granule fusion with the plasma membrane (126).

Following docking, secretory granules are primed through the action of the SNARE protein complex. This complex contains two subsets of proteins; i) the t-SNAREs syntaxin 1A and SNAP-25, located in the plasma membrane; and ii) the v-SNAREs VAMP2 and synaptotagmin VII, which are located in the granule membrane (127). The Ca2+ dependence of glucagon granule exocytosis is due to the actions of synaptotagmin VII (128), a major Ca2+-responsive component. Under low glucose conditions, SNAP-25 and syntaxin 1A are translocated to the plasma membrane. SNAP-25 itself may play a role in the transportation of granules from the releasable pool to the readily releasable pool, and then mediates their fusion with plasma membrane via interaction with syntaxin 1A (125, 126). Following Ca2+ influx and binding, the C2 domain of synaptotagmin VII binds to syntaxin 1A and forms the SNARE complex to prime the secretory granules for exocytosis (125) in a mechanism similar to that in beta cells (129, 130).

Alpha cell membrane SNAREs are located in close proximity to some of the ion channels that govern alpha cell membrane depolarization and Ca2+ entry, possibly at the site of cholesterol-rich lipid microdomains (131). Modelling data predicts that membrane microdomains of P/Q-type Ca2+ channels are closely coupled to glucagon exocytosis (132), suggesting that granules in the readily releasable pool cluster at specific sites within the membrane. Live imaging of exocytosis using a proglucagon-luciferase reporter showed spatial clustering of glucagon secretion sites in αTC1-6 cells (133). Future studies may reveal some interesting dynamics with SNARE proteins that may fine-tune the alpha cell secretory response to glucose and paracrine inputs.

Could disruption of these molecular mechanisms contribute to the hyperglucagonemia of diabetes? In dispersed alpha cells from patients with T2D, voltage-dependent Ca2+ currents were normal; nonetheless, secretory granules remained in the reserve pool for a longer period of time compared to non-diabetic alpha cells, and exocytosis was actually impaired (52). However, neither membrane potential nor exocytosis was responsive to insulin or (to a greater extent) somatostatin, in contrast to normal alpha cells in which both were significantly reduced. Therefore, in T2D, hyperglucagonemia may result from insulin and somatostatin resistance at the level of the readily releasable pool of granules. In alpha cells of patients with T1D, expression levels of genes encoding SNARE proteins, ion channels and cAMP signalling molecules were disrupted (134), which could explain the impaired glucose counter-regulatory response and the inappropriately elevated levels of postprandial glucagon in T1D. Combining patch-clamp electrophysiological measurements with single-cell RNA sequencing (patch-seq) in human islets has given high-resolution insight into mechanisms underlying impairments in alpha cell function in diabetes (135) at the level of granule exocytosis. Further characterization of the link between electrophysiological signatures and the genes regulating the dynamics of granule exocytosis will reveal new mechanisms of alpha cell dysfunction in diabetes.



Novel Proteins in the Regulation of Glucagon Trafficking and Secretion

Identifying new pathways or networks that control glucagon granule biogenesis and trafficking may identify novel targets for the control of hyperglucagonemia in addition to yielding a greater understanding of alpha cell biology in both health and disease. There is an emerging hypothesis that glucagon secretion can be controlled by trafficking through the endosomal-lysosomal pathway, similar to insulin (136), and below, we highlight some recent studies that suggest glucagon may regulated through such an alternate trafficking pathway.

Brefeldin A-inhibited guanine nucleotide exchange protein 3 (BIG3) is a member of the Arf-GEF family of proteins, and was initially found in a database search and found to inhibit insulin granule biogenesis and insulin secretion (137). A subsequent study found that it had a similar role in regulating glucagon granule production and exocytosis (138). Although these studies inferred action of BIG3 through whole-body knockouts and not cell-specific or conditional knockouts, some more recent studies have shown that BIG3 is localized to LAMP1+ lysosomes in hypothalamic neurons (139), thus implicating BIG3 in lysosomal trafficking, at least in neurons. Whether BIG3 can mediate glucagon trafficking through lysosomes remains to be investigated.

The composition and cargo of the alpha cell secretory granule may also hold some determinants of glucagon secretion. While it is known that granule contents and composition are modified during normal granule maturation, a more complete picture of granule remodeling and heterogeneity in the context of intracellular trafficking networks in normal physiology and in diabetes is required. In an effort to identify networks of secretory granule proteins that interact with glucagon and regulate its trafficking and secretion, proteomic analysis was conducted on αTC1-6 cell secretory granule lysates immunoprecipitated with tagged glucagon (51). This qualitative study demonstrated the plasticity in the network of proteins interacting with glucagon in response to insulin or GABA under high (25 mM) or low (5.5 mM) glucose. Stathmin-2, a member of the family of neuronal phosphoproteins that associates with the secretory pathway in neurons, was identified as a candidate protein for the regulation of glucagon secretion and subsequently shown to modulate glucagon secretion through the lysosomal pathway (140) and may be down-regulated in diabetes in humans (141) and in mice (142). Therefore, disruptions in the routing of glucagon through the lysosomal pathway may contribute to the hyperglucagonemia of diabetes (Figure 4).




Figure 4 | Stathmin-2-mediated lysosomal trafficking modulates glucagon secretion. Glucagon (dark blue) and stathmin-2 (light blue) are normally sorted to secretory granules from the Golgi in alpha cells. Stathmin-2 overexpression diverts glucagon-containing secretory granules to lysosomes (black arrows), thus reducing glucagon secretion. In the relative absence of stathmin-2, this regulatory pathway is disrupted; transport of glucagon and stathmin-2 to the LAMP2+ lysosome is inhibited and instead is re-routed to lysosomes (possibly LAMP1+) adjacent to the plasma membrane, thus and allowing for excess glucagon secretion (dotted red arrow). Additionally, secretion from secretory granules is also enhanced (solid red arrow). Created with BioRender.com.



Glucagon trafficking and exocytosis may also be controlled through nutrient-driven pathways. The nutrient sensor O-GlcNAc transferase (OGT) catalyses the O-glycosylation of several proteins including those involved in the conventional secretory pathway (143) and autophagosome-lysosome fusion (144). In mice lacking OGT specifically in alpha cells, glucagon secretion, cell content and alpha cell mass are reduced (145). Possible mechanisms include lack of O-glycosylation of FOXA1 and FOXA2, which regulate genes encoding proteins involved in proglucagon processing and glucagon secretion (146). Whether other trafficking proteins are affected, and how alpha cell function is affected in diabetes in these mice, is not yet known.

So what are the implications of glucagon trafficking through the lysosomal pathway in diabetes? Lysosomal trafficking and autophagy in the beta cell may be a possible mechanism of insulin secretory defects in diabetes, with a recent study providing evidence for impairment of lysosomal function in human T1D (147). How does lysosomal function contribute to defects in alpha cell function? It is tempting to hypothesize that impairments in lysosomal biogenesis and trafficking result in both reduced insulin secretion in the beta cell and unregulated glucagon secretion from the alpha cell. Further investigation into the altered dynamics of glucagon trafficking in the alpha cell in diabetes may reveal key roles for the lysosome in the regulation of glucagon secretion, thus identifying a potential new target for the treatment of hyperglucagonemia.



Advanced Tools for the Study of Alpha Cell Biology in Diabetes

Finally, some excellent single-cell transcriptomics and epigenomics databases are being generated that reveal the dynamics of intracellular trafficking networks at the transcriptional level in human pancreatic alpha cells in both health and diabetes (148–150). The mapping of T2D-associated genetic variants with RNA-seq of human islets (151) may reveal risk factors associated with defects in alpha cell function A novel immunocompromised mouse model in which glucagon-encoding codons were deleted while preserving both GLP-1 and GLP-2 will provide an innovative and much-needed resource for the study of the regulation of glucagon secretion from human islets in vivo (152). In this study, transplantation of islets from people with T2D resulted in hyperglucagonemia with apparent alpha cell insulin resistance, revealing intrinsic alpha cell defects in T2D. Moreover, defects in alpha cell function were more apparent than in isolated islets, thus emphasizing the utility of such an in vivo system to investigate the molecular mechanisms of glucagon secretion in human islets, and the testing of possible treatments for hyperglucagonemia.



Concluding Thoughts on Targeting Glucagon Secretion for Treating Hyperglucagonemia of Diabetes

While the development of glucagon receptor antagonists and other inhibitors of glucagon action has provided some possibilities for the treatment of hyperglucagonemia, there are significant side effects that result from impaired hepatic metabolism and potentially uncontrolled alpha cell proliferation. The advantage to developing such drugs, however, lie in the fact that the glucagon receptor is an easily available target. In contrast, targeting glucagon secretion as a means to treat hyperglucagonemia may alleviate concerns about effects on the liver and alpha cell mass; however, there are potentially many more targets within the alpha cell secretory pathway, and many of those may not be easily accessible for drug treatment. The ongoing discovery of novel proteins and networks that regulate the secretion of glucagon will shed further light on alpha cell biology in health and disease while also searching for improved means to control hyperglucagonemia and hyperglycemia of diabetes.
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Enzymatically stable and specific neuropeptide Y1 receptor (NPYR1) agonists, such as sea lamprey PYY(1-36) (SL-PYY(1-36)), are believed to improve glucose regulation in diabetes by targeting pancreatic islets. In this study, streptozotocin (STZ) diabetic transgenic GluCreERT2;ROSA26-eYFP and Ins1Cre/+;Rosa26-eYFP mouse models have been used to study effects of sustained NPYR1 activation on islet cell composition and alpha- and beta-cell lineage transitioning. STZ induced a particularly severe form of diabetes in Ins1Cre/+;Rosa26-eYFP mice, but twice-daily administration (25 nmol/kg) of SL-PYY(1-36) for 11 days consistently improved metabolic status. Blood glucose was decreased (p < 0.05 - p < 0.001) and both fasted plasma and pancreatic insulin significantly increased by SL-PYY(1-36). In both GluCreERT2;ROSA26-eYFP and Ins1Cre/+; Rosa26-eYFP mice, STZ provoked characteristic losses (p < 0.05 - p < 0.001) of islet numbers, beta-cell and pancreatic islet areas together with increases in area and central islet location of alpha-cells. With exception of alpha-cell area, these morphological changes were fully, or partially, returned to non-diabetic control levels by SL-PYY(1-36). Interestingly, STZ apparently triggered decreased (p < 0.001) alpha- to beta-cell transition in GluCreERT2;ROSA26-eYFP mice, together with increased loss of beta-cell identity in Ins1Cre/+;Rosa26-eYFP mice, but both effects were significantly (p < 0.001) reversed by SL-PYY(1-36). SL-PYY(1-36) also apparently reduced (p < 0.05) beta- to alpha-cell conversion in Ins1Cre/+;Rosa26-eYFP mice and glucagon expressing alpha-cells in GluCreERT2;ROSA26-eYFP mice. These data indicate that islet benefits of prolonged NPY1R activation, and especially restoration of beta-cell mass, are observed irrespective of diabetes status, being linked to cell lineage alterations including transdifferentiation of alpha- to beta-cells.
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Introduction

Recent investigations have confirmed beneficial effects of sustained activation of pancreatic beta-cell neuropeptide Y1 receptors (NPY1R’s) on the growth, survival and overall secretory function of insulin-producing cells (1–5). In this regard, enzymatically stable PYY(1–36) peptides from phylogenetically ancient fish have been demonstrated to function as long-acting, potent and specific NPY1R agonists (4). Although the NPY1R is not believed to be expressed on pancreatic alpha-cells, PYY is known to be locally secreted from these alpha-cells (6), and positive effects of the piscine-derived PYY(1-36) peptides on alpha-cell morphology and glucagon secretion have also been noted (4). Since diabetes is a metabolic disorder characterized by both aberrant alpha- and beta-cell secretory function (7, 8), it suggests NPY1R modulation may have extremely credible antidiabetic potential (9). Indeed, the most efficacious piscine-derived PYY(1-36) sequence, namely sea lamprey PYY(1-36) (SL-PYY(1-36)) (4), has already been shown to combat beta-cell loss in diabetic rodents via augmentation of beta-cell proliferation and a reduction in apoptosis (4).

These positive islet effects are unlikely to account for the full pancreatic architectural benefits of SL-PYY(1-36). As such, although changes in beta-cell growth and survival were significantly improved following sustained SL-PYY(1-36) administration, relative changes were modest in quantitative terms, with less obvious impact on alpha-cell turnover (4). In relation to this, recent elegant cell lineage tracing studies have highlighted the transitioning ability of mature islet alpha- and beta-cells, leading to alterations in islet architecture, especially in diabetes (10–13). Thus, despite their conflicting roles in the control of blood glucose, alpha- and beta-cells share similar transcriptomes (14, 15), and it seems plausible that SL-PYY(1-36) might influence transdifferentiation of both cell types, to help elicit the observed NPY1R-mediated improvements in pancreatic islet morphology (4, 5, 16). Importantly in terms of clinical relevance, islet cell transdifferentiation is not restricted to rodents and has been evidenced in human beta-cells (17–20) and islet cells from patients with diabetes (21). Therefore, the present study was conducted using transgenic mice with alpha- and beta-cell lineage tracing capabilities, to investigate the contribution of transdifferentiation of alpha- and beta-cells to SL-PYY(1-36)-induced improvements of pancreatic islet architecture in diabetes.

Fully characterized GluCreERT2;ROSA26-eYFP and Ins1Cre/+;Rosa26-eYFP transgenic mouse models (22, 23) were used to directly investigate the impact of sustained NPY1R signaling on both alpha- to beta-, as well as beta- to alpha-cell, transdifferentiation, respectively. It is generally considered that islet cell transdifferentiation only occurs following severe pancreatic insult, as experienced in diabetes (11). Thus, in the current setting chemically induced beta-cell ablation was used to provoke and study transdifferentiation of individual alpha- and beta-cells in GluCreERT2;ROSA26-eYFP and Ins1Cre/+;Rosa26-eYFP mice (10). Importantly, this method of diabetes induction aligns well with previous investigations on the antidiabetic and pancreatic architectural benefits of SL-PYY(1-36) treatment (4). Therefore, the impact of sub-chronic pharmacological upregulation of NPY1R pathways in the two diabetic transgenic rodent models was investigated, through 11-day twice daily administration of SL-PYY(1-36). Taken together, our datasets suggest that pancreatic islet architectural benefits of prolonged NPY1R activation in diabetes are partly linked to positive alteration of the transdifferentiation of both alpha- and beta-cells.



Materials and Methods


Peptides

SL-PYY(1-36) was supplied by Synpeptide Ltd (Shanghai, China) at greater than 95% purity and characterized in-house by HPLC with MALDI-TOF, as described previously (24). Specificity of SL-PYY(1-36) for NPY1R has previously been confirmed using receptor knockout cell lines (4).



Generation of GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice

Transgenic GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP C57BL/6 mice were bred in-house at the Biomedical and Behavioural Research Unit (BBRU) at Ulster University, Coleraine. Full details of the generation and characterization of mouse models are provided by Campbell et al., 2020 (22) and Tanday et al., 2020a (23), respectively. It is important to note that GluCreERT2 and Ins1Cre/+ are not equivalent lineage tracers. As such, Ins1Cre/+ will come on as soon as a cell makes Ins1, whereas GluCreERT2 will only label cells producing glucagon when concomitantly exposed to tamoxifen. PCR genotyping for each colony was employed as previously described (12, 22). GluCreERT2;Rosa26-eYFP animals were administered tamoxifen (7 mg/mouse bw, i.p.), 2 days prior to the first STZ injection, to induce expression of the alpha-cell fluorescent lineage marker protein. All experiments were carried out under the UK Animals (Scientific Procedures) Act 1986 & EU Directive 2010/63EU. Animals were used at 14 weeks of age and were maintained in an environmentally controlled unit at 22 ± 2°C with a 12 h dark and light cycle and given ad libitum access to standard rodent diet (10% fat, 30% protein and 60% carbohydrate; Trouw Nutrition, Northwich, UK) and drinking water.



Experimental Protocols

Multiple low dose streptozotocin (STZ) injection regimen (4 h fast, 50 mg/kg bw, i.p., in sodium citrate buffer, pH 4.5) was employed in both mouse models for 5 consecutive days to induce diabetes. Upon biochemical confirmation of diabetes development, mice received twice-daily (09:00 and 17:00 h) treatment with either saline vehicle (0.9% (w/v) NaCl) or SL-PYY(1-36) (25  nmol/kg bw) for 11 days. This dosing regimen was based on previous studies with SL-PYY(1-36) and related peptides in STZ-diabetic mice (4, 5). Body weight, blood glucose, cumulative food and fluid intake as well as circulating glucose levels were assessed at regular intervals. At the end of the treatment period, non-fasting and fasting plasma insulin, as well as non-fasting plasma glucagon concentrations were determined. At termination, pancreatic tissues were excised, divided longitudinally, and processed for either determination of pancreatic hormone content following acid/ethanol protein extraction or fixed in 4% PFA for 48 h at 4°C for histological analysis (4, 5). Despite using an identical approach to STZ administration in both groups of transgenic mice, Ins1Cre/+;Rosa26-eYFP mice, derived directly from breeding pairs obtained from Jackson Laboratories (Bar Harbor, Maine, USA), developed a more severe diabetes phenotype. This most likely reflects differences in background genome compared to the GluCreERT2;Rosa26-eYFP mouse model, which affected STZ susceptibility (25, 26).



Immunohistochemistry

Fixed tissues were processed and embedded in paraffin wax blocks using an automated tissue processor (Leica TP1020, Leica Microsystems), and 5 μm sections cut on a microtome (Shandon Finesse 325, Thermo Scientific), and sections selected at intervals of every 10 sections. Slides were dewaxed by immersion in xylene and rehydrated through a series of ethanol solutions of reducing concentration (100%–50%). Heat-mediated antigen retrieval was then carried out in citrate buffer. Sections were blocked in 4% BSA solution before 4°C overnight incubation with appropriate primary antibodies (Table 1), Slides were then rinsed in PBS and incubated for 45 min at 37°C with appropriate Alexa Fluor secondary antibodies (Table 1). Slides were finally incubated with DAPI for 15 min at 37°C, and then mounted for imaging using a fluorescent microscope (Olympus model BX51) fitted with DAPI (350 nm) FITC (488 nm) and TRITC (594 nm) filters and a DP70 camera adapter system (27).


Table 1 | Target, host and source of primary and secondary antibodies employed for immunofluorescent islet histology and immunocytochemistry studies.





Image Analysis

CellF imaging software (Olympus Soft Imaging Solutions) was used to analyze islet architectural parameters. Positive islet GFP staining was used to track lineage of alpha-cells in GluCreERT2;Rosa26-eYFP mice and beta-cells in Ins1Cre/+;Rosa26-eYFP transgenic mice. For transdifferentiation, cells expressing GFP without insulin or glucagon were termed insulin-ve/GFP+ve or glucagon-ve/GFP+ve, respectively. Cells co-expressing GFP with insulin or glucagon were termed insulin+ve/GFP+ve or glucagon+ve/GFP+ve cells, respectively. The proportion of insulin+ve/GFP+ve or glucagon+ve/GFP+ve cells was expressed as a percentage of the total number of GFP+ve cells analyzed. Every cell that was positive for ether insulin, glucagon and/or GFP was counted. All cell counts were determined in a blinded manner with >100 islets analyzed per treatment group.



Biochemical Analyses

Blood samples were collected from the cut tail vein of animals. Blood glucose was measured using a portable Ascencia Contour blood glucose meter (Bayer Healthcare, Newbury, Berkshire, UK). For plasma insulin and glucagon, blood was collected in chilled fluoride/heparin coated microcentrifuge tubes (Sarstedt, Numbrecht, Germany) and centrifuged using a Beckman micro-centrifuge (Beckman Instruments, Galway, Ireland) for 10 min at 12,000 rpm. Plasma was extracted and stored at −20°C, until required for analysis. For hormone content, snap frozen pancreatic tissues were homogenized in acid/ethanol (75% (v/v) ethanol, distilled water and 1.5% (v/v) 12 M HCl) and protein extracted in a pH neutral TRIS buffer. Protein content was determined using Bradford reagent (Sigma-Aldrich). Plasma and pancreatic insulin content were determined by an in-house insulin RIA (28), while plasma and pancreatic glucagon content were assessed by a commercially available ELISA kit (Glucagon chemiluminescent assay, EZGLU-30K, Millipore) following the manufacturer’s guidelines.



Statistics

Data were analyzed using GraphPad PRISM 5.0, with data presented as mean ± SEM. Comparative analyses between control and experimental groups of GluCreERT2;Rosa26-eYFP or Ins1Cre/+;Rosa26-eYFP mice were carried out using Student’s unpaired t-test, one-way ANOVA with a Bonferroni post hoc test or a two-way repeated measures ANOVA with a Bonferroni post hoc test, as appropriate. Results were deemed significant once p < 0.05.




Results


Effects of SL-PYY(1-36) on Body Weight and Cumulative Food and Fluid Intake in STZ-Diabetic GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP Mice

STZ induced a decline in body weight in GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice (Figures 1A, B). Twice-daily SL-PYY(1-36) administration was unable to reverse this effect in either mouse model (Figures 1A, B), with overall percentage body weight change being remarkably similar to respective STZ-diabetic control mice (Figures 1C, D). There were differences between the mouse models in terms of food and fluid intake, with elevations (p < 0.001) of both parameters being only transient in nature in GluCreERT2;Rosa26-eYFP STZ-diabetic mice and totally absent from day 4 onwards (Figures 1E, G). In Ins1Cre/+;Rosa26-eYFP mice, STZ elevated (p < 0.01 – p < 0.001) food and fluid intake from day 4 onwards (Figures 1F, H), with SL-PYY(1-36) significantly (p < 0.05 – p < 0.001) reducing increased fluid consumption on days 8, 10 and 11 (Figure 1H).




Figure 1 | Effects of twice-daily administration of sea lamprey PYY [SL-PYY (1-36)] on (A, B) body weight, (C, D) % body weight change as well as cumulative (E, F) food and (G, H) fluid intake in streptozotocin (STZ)-diabetic GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice. Parameters were measured prior to, and 11 days during, twice daily treatment with saline vehicle or SL-PYY(1-36) (25 nmol/kg bw) in STZ-diabetic GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice. Values are mean ± SEM (n=6). Δp < 0.05, ΔΔp < 0.01, ΔΔΔp < 0.001 compared to appropriate non-diabetic control. *p < 0.05, **p < 0.01, ***p < 0.001 compared to appropriate STZ-diabetic control.





Effects of SL-PYY(1-36) on Circulating Glucose, Insulin and Glucagon, as Well as Pancreatic Insulin and Glucagon Content, in STZ-Diabetic GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP Mice

Non-fasted circulating blood glucose levels were significantly (p < 0.05 – p < 0.001) elevated when compared to respective saline controls in STZ-diabetic GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice (Figures 2A, B). SL-PYY(1-36) treatment reduced (p < 0.05 - p < 0.001) glucose concentrations in both mouse models, specifically, reversing and substantially delaying overt hyperglycaemia in GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice, respectively (Figures 2A, B). Indeed, terminal blood glucose levels following a 16 hour fast were similar to non-diabetic controls in SL-PYY(1-36) treated GluCreERT2;Rosa26-eYFP STZ mice, but still significantly (p < 0.001) elevated in Ins1Cre/+;Rosa26-eYFP treated STZ mice (Figure 2C). In agreement, corresponding fasted and non-fasted plasma insulin concentrations in SL-PYY(1-36) treated GluCreERT2;Rosa26-eYFP animals were elevated (p < 0.001 and p < 0.05; respectively) compared to STZ-diabetic controls, and not different from non-diabetic control mice (Figures 2D, E). Insulin concentrations were also significantly reduced (p < 0.001) in all STZ-diabetic Ins1Cre/+;Rosa26-eYFP mice (Figures 2D, E). Interestingly, fasted insulin concentrations, but not non-fasted, were increased (p < 0.05) in SL-PYY(1-36) treated Ins1Cre/+;Rosa26-eYFP mice when compared to STZ-diabetic controls (Figures 2D, E), but still reduced (p < 0.001) in comparison to lean control mice (Figure 2E). Non-fasted plasma glucagon levels were not different in any of the GluCreERT2;Rosa26-eYFP mice, but elevated (p < 0.05 and p < 0.01) when compared to non-diabetic controls in all STZ Ins1Cre/+;Rosa26-eYFP mice (Figure 2F). Pancreatic insulin content was dramatically (p < 0.001) increased in SL-PYY(1-36) treated GluCreERT2;Rosa26-eYFP mice when compared to STZ-diabetic controls, with pancreatic glucagon elevated (p < 0.01 and p < 0.001) in all STZ GluCreERT2;Rosa26-eYFP mice (Figures 2G, H). SL-PYY(1-36) treatment decreased (p < 0.05) pancreatic glucagon content when compared to STZ-diabetic and non-diabetic control Ins1Cre/+;Rosa26-eYFP mice (Figure 2H), with pancreatic insulin content increased (p < 0.05) compared to STZ-diabetic controls but still reduced (p < 0.001) in comparison to lean control mice (Figure 2G).




Figure 2 | Effects of twice-daily administration of sea lamprey PYY [SL-PYY (1-36)] on blood glucose as well as plasma and pancreatic insulin and glucagon concentrations in streptozotocin (STZ)-diabetic GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice. Blood glucose was measured at regular intervals during 11 days twice daily treatment with saline vehicle or SL-PYY(1-36) (25 nmol/kg bw) in STZ-diabetic (A) GluCreERT2;Rosa26-eYFP or (B) Ins1Cre/+;Rosa26-eYFP mice. Terminal analysis included measurement of overnight fasted (C) glucose and (E) insulin, non-fasted (D) insulin, and (F) glucagon as well pancreatic (G) insulin and (H) glucagon. Values are mean ± SEM (n=6). Δp < 0.05, ΔΔp <.01, ΔΔΔp < 0.001 compared to appropriate non-diabetic control. *p < 0.05, **p < 0.01, ***p < 0.001 compared to appropriate STZ control.





Effects of SL-PYY(1-36) on Pancreatic Islet Morphology in STZ-Diabetic GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP Mice

The detrimental effects of multiple low dose STZ administration on pancreatic islet morphology in both GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice is clear from the representative islet images depicted in Figures 3A–F, and largely consistent between models apart from substantially greater beta-cell loss in Ins1Cre/+;Rosa26-eYFP mice. Specifically, STZ induced significant (p < 0.001) reductions in average islet and beta-cell areas, with increased (p < 0.05 to p < 0.001) alpha-cell area (Figures 3G–I) in both transgenic mouse models. SL-PYY(1-36) had no impact on STZ-induced elevations of pancreatic alpha-cell area (Figure 3I). In contrast, SL-PYY(1-36) treatment substantially (p < 0.001) increased islet and beta-cell areas in both GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice (Figures 3G, H). Indeed, these parameters were similar to non-diabetic control mice in the GluCreERT2;Rosa26-eYFP model (Figures 3G, H). Interestingly, SL-PYY(1-36)-induced changes of islet cell areas in both models were accompanied by architectural modifications that included a reduced penetration of alpha-cells into the central portion of the islet, especially in GluCreERT2;Rosa26-eYFP animals (Figure 3J) and increased (p < 0.05) numbers of islets per mm2 tissue (Figure 3K).




Figure 3 | Effects of twice-daily administration of sea lamprey PYY [SL-PYY (1-36)] on pancreatic islet morphology in streptozotocin (STZ)-diabetic GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice. Parameters were assessed after 11 days treatment with saline vehicle or SL-PYY(1-36) (25 nmol/kg bw). (A–F) Representative images (40×) from each treatment group for (A–C) GluCreERT2;Rosa26-eYFP and (D–F) Ins1Cre/+;Rosa26-eYFP mice are depicted. Average (D) islet, (H) beta-, and (I) alpha-cell areas, as well as (J) the proportion of islets possessing centrally located alpha-cells and (K) number of islets per mm2. Values are means ± SEM of 6 mice per group, with approximately 100 islets being analyzed per group. Δp < 0.05, ΔΔp < 0.01, ΔΔΔp < 0.001 compared to appropriate non-diabetic control. *p < 0.05, ***p < 0.001 compared to appropriate STZ control.





Effects of SL-PYY(1-36) on Islet Cell Lineage in STZ-Diabetic GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP Mice

In GluCreERT2;Rosa26-eYFP mice, STZ resulted in a reduction (p < 0.001) in the number of cells co-expressing insulin and GFP (insulin+ve/GFP+ve), an effect that was fully reversed (p < 0.01) by twice daily SL-PYY(1-36) treatment (Figure 4A). Representative images of islets from GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice co-stained for GFP and insulin or glucagon are shown in Figures 5B–D, F–H. Representative images of insulin and GFP stained islets from each group of mice are provided in Figures 4B–D. Interestingly, while STZ did not alter the number of islet cells co-expressing glucagon and GFP (glucagon+ve/GFP+ve) in GluCreERT2;Rosa26-eYFP mice, SL-PYY(1-36) decreased the number of these co-expressing cells when compared to both STZ-diabetic (p < 0.001) and non-diabetic (p < 0.05) control mice (Figures 4E). Representative images of glucagon and GFP stained islets are depicted in Figures 4F–H. Similar, albeit in mice with non-inducible GFP expression, islet cell lineage investigations were conducted in Ins1Cre/+;Rosa26-eYFP mice, revealing comparable beneficial effects of SL-PYY(1-36) despite differences in the diabetes phenotype of the two transgenic models (Figure 5). As such, STZ treatment in this mouse model resulted in increased (p < 0.001) percentages of insulin negative, GFP positive (insulin-ve/GFP+ve) as well as glucagon+ve/GFP+ve cells (Figures 5A, E). Twice daily SL-PYY(1-36) treatment significantly (p < 0.01) reduced percentages of insulin-ve/GFP+ve islet cells (Figure 5A) and returned percentages of glucagon+ve/GFP+ve cells similar to those observed in non-diabetic control mice (Figures 5E). Representative images of islets from GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice co-stained for GFP and insulin or glucagon are shown in Figures 5B–D, F–H.




Figure 4 | Effects of twice-daily administration of sea lamprey PYY [SL-PYY (1-36)] on islet cell lineage in streptozotocin (STZ)-diabetic GluCreERT2;Rosa26-eYFP mice. Parameters were assessed after 11 days treatment with saline vehicle or SL-PYY(1-36) (25 nmol/kg bw). Quantification of (A) glucagon+ve/GFP+ve and (E) insulin+ve/GFP+ve islet stained cells. Representative images (40×) of islets showing (B–D) insulin (red) or (F–H) glucagon (red) as well as GFP (green) and DAPI (blue) immunoreactivity from each group of mice; scale bar 50 μm. Values are means ± SEM of six mice per group, with approximately 100 islets being analyzed per group. Δp < 0.05, ΔΔΔp < 0.001 compared to appropriate non-diabetic control. **p < 0.01, ***p < 0.001 compared to appropriate STZ control.






Figure 5 | Effects of twice-daily administration of sea lamprey PYY [SL-PYY(1–36)] on islet cell lineage in streptozotocin (STZ)-diabetic Ins1Cre/+;Rosa26-eYFP mice. Parameters were assessed after 11 days treatment with saline vehicle or SL-PYY(1–36) (25 nmol/kg bw). Quantification of (A) insulin-ve/GFP+ve and (E) glucagon+ve/GFP+ve islet stained cells. Representative images (40×) of islets showing (B–D) insulin (red) or (F–H) glucagon (red) as well as GFP (green) and DAPI (blue) immunoreactivity from each group of mice; scale bar 50 μm. Values are means ± SEM of six mice per group, with approximately 100 islets being analyzed per group. ΔΔΔp < 0.001 compared to appropriate non-diabetic control. *p < 0.05, **p < 0.01 compared to appropriate STZ control.






Discussion

As expected, multiple low dose STZ administration resulted in characteristic pancreatic islet beta-cell destruction, acute insulin deficiency and elevations of blood glucose in both GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP transgenic mice. Interestingly, appreciable differences were apparent between these transgenic mice in terms of STZ susceptibility and effects on body weight, food and fluid intake as well as alpha-cell derived circulating glucagon and degree of hyperglycaemia, that indicated a more severe diabetic phenotype in Ins1Cre/+;Rosa26-eYFP mice.

Although unlikely given the mechanism of action of STZ (29), presence of the transgene within beta-cells of Ins1Cre/+;Rosa26-eYFP mice could contribute to the difference in susceptibility to the toxin. However, studies in GluCreERT2;ROSA26-eYFP mice confirm that activation of the Cre recombinase enzyme does not affect normal islet cell processes (22), and although unlikely, production of fluorescent GFP protein within beta cells of Ins1Cre/+;Rosa26-eYFP mice could increase metabolic demand leaving cells more susceptible to STZ. GluCreERT2;Rosa26-eYFP mice, unlike Ins1Cre/+;Rosa26-eYFP, also require a single, low-dose, tamoxifen injection to induce Cre-lox recombination, raising the possibility that estrogen receptor antagonism might curb some detrimental effects of STZ, but this appears only to occur during sub-chronic dosing regimen (30). Indeed, the use of tamoxifen-dependent Cre recombinase induction is a commonly employed tool to successfully study gene function with minimal adverse effects. However, we recognize that an additional group of control GluCreERT2;Rosa26-eYFP mice would have been useful to confirm lack of effect of the single dose of tamoxifen on diabetic phenotype. A more likely explanation relates to variations in STZ susceptibility between (25), and even within (26), strains of mice, comparable to the established gender variations of STZ effects in rodents (31). However, given both transgenic mouse models displayed clear STZ-induced beta-cell ablation, with distinct diabetes-induced alterations in islet cell transitioning (23, 32), they represent valid tools to assess the impact of sustained NPY1R agonism on alpha- to beta- and beta- to alpha-cell transdifferentiation. Moreover, the difference in presenting diabetic phenotype of GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice allows for differentiation between direct positive effects of SL-PYY(1-36) on islet cell transdifferentiation, as opposed to indirect benefits related to improved glycaemic control and metabolic status. However, because GluCreERT2 and Ins1Cre/+ are not equivalent lineage tracers, labeling islet cells either during tamoxifen exposure or from the moment of Ins1 expression, respectively, direct quantitative comparisons of islet cell changes between the models should be avoided.

In keeping with earlier observations (4), SL-PYY(1-36) increased beta-cell area, plasma and pancreatic insulin in both GluCreERT2;Rosa26-eYFP and Ins1Cre/+;Rosa26-eYFP mice, as well as reversing the characteristic infiltration of glucagon positively stained central alpha-like cells (4, 5). Beta-cell benefits are undoubtedly linked, in part, to increased proliferation and reduced beta-cell apoptosis, as documented previously with sustained NPY1R activation in diabetic mouse models (1, 4, 5). Interestingly, previous studies in insulin-deficient mice also demonstrated reductions in alpha-cell area following SL-PYY(1-36) treatment, which coupled with increased beta-cell mass, resulted in no obvious change in overall pancreatic islet area (4, 5). In the current setting, islet area increased with 11-day SL-PYY(1-36) treatment in both diabetic transgenic models, as a result of elevations in alpha- and beta-cell areas. We assume that the slightly different scenario compared to our previous study (4) is related to differences in the strain of mice employed and associated physiological responses to STZ (26), as well as duration of SL-PYY(1-36) treatment. Nonetheless, observed metabolic and islet benefits reaffirm the recognized beta-cell pro-survival effects of NPYR1 signaling (16). This established benefit, coupled with evidence of beta-cell loss following selective KO of PYY expressing cells (1), as well as expansion of PYY expressing alpha-cell like islet cell populations during regeneration of the adult pancreas (33), indicate the importance of NPY receptor signaling for positive islet cell adaptations in response to metabolic stress. Furthermore, upregulation of NPY receptor activation has also been linked to the improved insulin secretion and resolution of diabetes following bariatric surgery (34–36).

In terms of islet cell lineage tracing, studies in Ins1Cre/+;Rosa26-eYFP mice revealed that STZ induced notable increases in the number of pancreatic beta-cells losing their identity, as well as mature beta-cells transitioning to glucagon positive alpha-like cells (23). Interestingly, in GluCreERT2;Rosa26-eYFP mice a seemingly high intrinsic transition of glucagon positive alpha-cells to insulin positive beta-cells was decreased by STZ intervention. Triple staining of GFP, glucagon and insulin would have been useful to provide additional insight on these islet cell lineage processes, especially in GluCreERT2;Rosa26-eYFP mice, but was not possible due to methodological constraints. Furthermore, STZ susceptibility of cells transitioning from/to beta-cells and the relevance of established cytoprotective effects of SL-PYY(1-36) in such cell populations are unknown. However, when taken together, the data suggest that a likely source of the additional positively stained glucagon cells in both diabetic models in the present study is linked to transdifferentiation of beta-cells toward alpha-cells and possible lack of alpha-cell dedifferentiation, although the latter point requires further investigation. Most importantly, SL-PYY(1-36) treatment appeared to be able to fully, or partially, counter each of these STZ-induced detrimental islet cell transdifferentiation events. Intriguingly, despite increased alpha-cell area, pancreatic glucagon content was decreased by SL-PYY(1-36) treatment in both mouse models. This might suggest that a significant number of alpha-cells were currently in the process of transition, probably toward a more beta-cell like phenotype, and therefore have reduced glucagon content. In full agreement, SL-PYY(1-36) reduced the percentage of glucagon+ve/GFP+ve cells in GluCreERT2;Rosa26-eYFP mice, and augmented alpha- to beta-cell transdifferentiation. The location on different mouse islet cells of NPY1R, which we detected previously to be expressed at relatively low levels by alpha-, beta- and delta-cells and the role of endogenous PYY, expressed in adult mouse alpha- and delta-cells (37), will need to be determined in the future. In terms of alpha-cell secretion, non-fasted circulating glucagon concentrations were unaltered by SL-PYY(1-36), however it is envisaged that any effect on glucagon would be more apparent under fasting conditions, which unfortunately were not assessed in the current study.

Unlike Ins1Cre/+;Rosa26-eYFP mice, the GluCreERT2;Rosa26-eYFP transgenic model exhibited an almost complete restoration of normoglycaemia, suggesting that exogenous peptide administration can directly influence islet cell transdifferentiation. As such, improvements in glycaemic status have been shown to independently alter pancreatic islet cell lineage (38). Related NPYR1 dependent mechanisms still need to be investigated, and although beyond the scope of the current study, consideration of levels of specific alpha- and beta-cell transcription factors such as aristaless-related homeobox (Arx) (39), paired box gene 4 (Pax4) (40), pancreatic and duodenal homeobox 1 (Pdx-1) or forkhead box O1 (FOXO1) (41) would be interesting. Indeed, in the absence of such additional investigations, some constraint is required in terms of interpretation of the full impact of SL-PYY(1-36) on transdifferentiation of alpha- to beta-cells. Findings should also be interpreted in relation to the decrease in islet PYY expression observed following STZ-induced insulin deficiency in rodents (1, 16), although islet PYY levels were not directly assessed in the current setting. In addition, observations of increased numbers of individual islets following SL-PYY(1-36) treatment might suggest islet neogenesis is involved in beneficial NPYR1 mediated islet adaptations, but this would also require further, more detailed study. Indeed, an established role for PYY during rapid islet cell development and replication within the embryo makes this scenario plausible and worthy of investigation (42). In this regard, it may be interesting to assess the impact of SL-PYY(1-36) on islet cell lineage under normal physiological conditions.



Conclusion

The present study demonstrates that sustained NPYR1 activation by SL-PYY(1-36) rescued beta-cell loss and augmented beta-cell function in chemically induced insulin-deficient diabetes, leading to significantly enhanced overall metabolic control. As well as increased proliferation and reduced apoptosis of beta-cells (3–5, 16), SL-PYY(1-36) also appeared to positively influence the transitioning of both islet alpha- and beta-cells. This newly discovered, beneficial islet cell lineage effect emphasizes the potential of stable long-acting NPYR1 agonists to promote prevailing, disease-modifying benefits in diabetes, linked to possible alteration of alpha cell function and transdifferentiation of alpha- to beta-cells.
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Synthetic glucagon-like peptide-1 (GLP-1) analogues are effective anti-obesity and anti-diabetes drugs. The beneficial actions of GLP-1 go far beyond insulin secretion and appetite, and include cardiovascular benefits and possibly also beneficial effects in neurodegenerative diseases. Considerable reserves of GLP-1 are stored in intestinal endocrine cells that potentially might be mobilized by pharmacological means to improve the body’s metabolic state. In recognition of this, the interest in understanding basic L-cell physiology and the mechanisms controlling GLP-1 secretion, has increased considerably. With a view to home in on what an L-cell is, we here present an overview of available data on L-cell development, L-cell peptide expression profiles, peptide production and secretory patterns of L-cells from different parts of the gut. We conclude that L-cells differ markedly depending on their anatomical location, and that the traditional definition of L-cells as a homogeneous population of cells that only produce GLP-1, GLP-2, glicentin and oxyntomodulin is no longer tenable. We suggest to sub-classify L-cells based on their differential peptide contents as well as their differential expression of nutrient sensors, which ultimately determine the secretory responses to different stimuli. A second purpose of this review is to describe and discuss the most frequently used experimental models for functional L-cell studies, highlighting their benefits and limitations. We conclude that no experimental model is perfect and that a comprehensive understanding must be built on results from a combination of models.
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The Physiological Function of GLP-1 and Pharmacological Utilization of GLP-1

Glucagon-like peptide-1 (GLP-1) is an intestinally produced hormone secreted by the L-cell; it is released in response to meal intake (1–3) and plays an important role in glucose homeostasis. GLP-1 lowers postprandial glucose levels by potentiating glucose-stimulated insulin secretion and by inhibiting postprandial glucose absorption rate through delaying gastric emptying (2–4). In addition, GLP-1’s glucose lowering effects are further amplified by a concurrent inhibition of glucagon secretion. This is particularly important in subjects with type 2 diabetes, as they often have inappropriately elevated levels of glucagon in spite of hyperglycemia; the hyperglucagonemia, in turn has been demonstrated to contribute importantly to the hyperglycemia (5–10).

Accordingly, the glucoregulatory actions provide the peptide with a considerable potential for the treatment of type 2 diabetes, and GLP-1 based therapies have now been part of standard care for its treatment for more than a decade (11). More recently, because of the appetite inhibiting effects of GLP-1, GLP-1 based therapies have been approved for treatment of obesity and currently represent the most efficacious pharmacological therapy for weight loss (12).

However, the native GLP-1 peptide is unsuitable as a drug, as it is rapidly degraded upon secretion by the ubiquitous proteolytic enzyme, dipeptidyl peptidase-4 (DPP-4), which cleaves intact GLP-1 (7-36amide/7-37) into the truncated metabolite, GLP-1 (9-36 amide/37) (1, 13–15). Therefore, GLP-1 receptor (GLP-1R) targeting strategies are based on the use of either DPP-4 inhibitors to prolong the half-life of the endogenous GLP-1, or on GLP-1 receptor agonists (GLP-1RAs) that are DPP-4 resistant per se and/or become DPP-4 resistant when bound to a larger protein such as albumin (1, 13, 14).

In addition to the insulinotropic and appetite-inhibiting actions, GLP-1 based therapies are also being investigated for potential effects on Alzheimer’s disease (16), nonalcoholic steatohepatitis (17), and cardiovascular risk. In particular regarding cardiovascular risk, the evidence of beneficial effects is strong, with several large outcome studies showing risk reduction for cardiovascular death, nonfatal myocardial infarction and nonfatal stroke (18–23). When combined, these clinical data therefore suggest that the therapeutic use of GLP-1 based drugs may increase in the future. Accordingly, as the source of endogenous GLP-1, the L-cell and its physiology take on renewed significance.



What Is an L-cell?


Morphological Definition of L-Cell

The classification of different enteroendocrine cells was originally based on their electron microscopy characteristics and on their hormone content by immunostaining (24, 25). Thus, cholecystokinin (CCK)-containing cells were classified as I-cells (26, 27) and GLP-1 as L-cells, whereas glucose-dependent insulinotropic peptide (GIP) was designated as being produced in K-cells and neurotensin (NT) in intestinal N-cells (28). In addition, the intestinal mucosa was noted to harbor endocrine cells that resembled the α-cells of the endocrine pancreas (29). However, later research, using electron microscopy and immunogold labeling, showed that, in contrast to α-cells, L-cells (sometimes called enteroglucagon cells) have large dense core granules which appear homogeneous, without the typical halo formation of the α-cell (30, 31). Like the majority of enteroendocrine cells, L-cells are open-type endocrine cell and have a cone-shaped appearance, with the base resting on the basal lamina of the intestinal epithelial lining. Microvilli protrude from the apical projections into the intestinal lumen, and hormone-containing granules are situated on the basolateral side facing the capillaries (32). A representative image of the L-cell morphology is provided in Figure 1.




Figure 1 | L-cells in non-human primate colon (Cynomolgus macaque). L-cells were identified based on proglucagon immunoreactivity (green). In upper panel two L-cells are shown. Lower panels shows a close-up of the L-cell in the upper panel (indicated by arrow). At the highest magnification, the individual GLP-1 granules are visible. Cell outlines are labelled by e-cadherin (red) and nuclei are stained with DAPI (grey). Cynomolgus necropsy and tissue collection was conducted at Charles River Laboratories, Montreal, Canada, according to regulations specified under the Protection of Animals Act by the Authority in the European Union (directive 2010/63/EU). Tissue samples were stained with antibodies against proglucagon (rabbit-anti-glucagon,Glu001, NovoNordisk A/S) and ecadherin (610182, BD Transduction Laboratories) detected with Cy3 and Cy5 conjugated secondary antibodies raised in donkey (Jackson ImmunoReserach) with DAPI nuclear contrast agent. The tissue section was imaged on a Leica TCS SP8 laser scanning confocal microscope with 10x/0.40 and 63x/1.30 objectives.





Which Peptide Are Present in L-Cells?

L-cells are mainly classified by their production of the hormone precursor, proglucagon – a 160 amino acid pro-peptide encoded by the proglucagon gene (33), located on chromosome 37, 2q36(2). After translation, proglucagon undergoes tissue-specific processing through site-specific cleavage by prohormone convertase 1/3 (intestine and brain) or prohormone convertase 2 (pancreatic islets), cleaving at different sites to yield glicentin, GLP-1 and GLP-2 in the intestine and brain and glicentin-related pancreatic polypeptide (GRPP), glucagon and major proglucagon fragment in α-cells (34, 35) (Figure 2). In the intestine, further enzymatic activity cleaves part of the glicentin (about a third) into oxyntomodulin and GRPP (36, 37). In addition to these major L-cell and α-cell products, N-terminally elongated glucagon (glucagon 1-61) has been detected in human plasma (38).




Figure 2 | Products of proglucagon processing in L-cells and α-cells. GRPP, glicentin-related pancreatic polypeptide; and IP, intervening peptide.



In addition to the proglucagon-derived peptides, immunohistochemical studies revealed that L-cells also co-express PYY (peptide YY) in distal (ileal and colonic), but not proximal, L-cells (31, 39–41), and that a smaller sub-population of (the very few) duodenal L-cells may co-express GIP (31, 42–45). Newer research, based on cell sorting of murine cells expressing fluorescent markers under the control of the promotor coding for either CCK (46), GIP or GLP-1 (47, 48) have challenged the one hormone-one cell type dogma further. Such studies have provided evidence that enteroendocrine cells often express a broader repertoire of gut hormone genes than was appreciated earlier (49). This is particularly the case for L-cells from upper part of the small intestine, which, in the mouse, also express mRNA transcripts for CCK, GIP, NT and secretin (46, 48) in addition to proglucagon. However, the extent to which these transcripts are actually processed to mature peptides varies considerably. Thus, further immunohistochemical characterization showed that, for example, CCK was detected in all proximal L-cells, whereas GIP was only detected in only 15% of the proglucagon positive cells (48). And in spite of this, CCK and GLP-1 are not secreted in parallel from the upper gut (39). By comparison, L-cells from the distal small intestine and from the colon showed a more restricted repertoire of prohormone mRNAs, expressing mainly Gcg, Cck and Pyy, and with about 40 and 10% of GLP-1 positive cells also staining for PYY and GIP, respectively. Neither CCK nor GIP are secreted to any appreciable extent from the colon, however. Detailed gene profiling (48, 50) revealed that duodenal L-cells have more similarity to duodenal K-cells than they have to ileal and colonic L-cells, while the latter are more similar to each other than to the duodenal L-cells (48, 50). In comparison to the mouse, GLP-1/GIP co-localization is rare in the rat, while PYY tends to be present in more L-cells throughout the intestine, with CCK being restricted to the upper intestine (39). Further studies on isolated perfused intestinal segments from the upper or lower half of the small intestine showed that these differences in co-localization translate into differences in secretory profiles, with L-cells from the proximal small intestine secreting GLP-1, whereas L-cells from the distal half secrete both GLP-1 and PYY (39). It, therefore, appears that in both rats and mice, at least two sub-populations of L-cells exist in the small intestine. Interestingly, transcriptome analysis of fluorescence-activated cell sorted (FACS) human enteroendocrine cells recently showed that the expression patterns of mRNA precursors for gut peptides down the human intestine largely match the pattern found in mice (51).



Distribution of the L-Cells Along the Intestine

The distribution of L-cells in the intestine has been assessed in immunohistochemical studies, showing that L-cell density (number of L-cells/mucosal area) in mice, pig and humans is low in the upper small intestine and increases down the length of the intestine to the rectum (28, 31, 42, 43, 52–54). However, such studies are laborious and, therefore, usually rely on examining sections of tissue that only cover a small fraction of the overall area and length of the intestinal mucosa. Even for small animals like the mouse, the studies usually include small specimens from selected anatomical regions (e.g. duodenum, jejunum ileum and colon), providing limited coverage of the entire intestine. Immunohistochemical analyses are, by default, two-dimensional and do not routinely take into account the difference in villus surface (the third dimension), which varies considerably down the intestine. Moreover, various methods of tissue preparation, antigen retrieval and specificity of the employed antibody may all confound interpretation of the results. As such, immunohistochemical studies are not ideal for quantitative assessment of L-cell density/total L-cell number down the gut. To overcome some of the limitations of immunohistochemical studies with regards to the third dimension (villus size), other studies have characterized the concentration of extractable GLP-1 in different parts of the intestine in mice, rats and pigs rather than detailing L-cell density. These studies showed that in mouse intestine, GLP-1 concentrations increased gradually from the duodenum towards the distal colon, in agreement with previous immunohistochemical studies. In rats and pigs, however, a different pattern was seen. In rats, GLP-1 concentrations peaked in the distal ileum and proximal colon, with no significant differences between jejunum, caecum and distal colon, whereas for the pig, concentrations were similar from the distal ileum to the distal colon, but below the detection limit in the duodenum and jejunum (pig) (55). However, despite having overcome the limitation with regards to the third dimension, this extraction study (55) is still limited by being based on the analysis of relatively few tissue samples covering a small fraction of the total gut mucosa, while differences in segmental length were also not taken into account. A more true and fair assessment of total L-cell distribution may be gained from two other studies. In one, L-cell numbers were directly quantified by mathematically unbiased stereology throughout the entire rat small intestine, while in the second, segmental GLP-1 content from the upper jejunum to the rectum in humans was calculated by combining published information on L-cell densities (31, 56–58) with data on respective segmental weights (59). By these approaches, the study in rats showed that L-cells were distributed rather evenly throughout jejunum, ileum and colon (52), whereas total GLP-1 concentrations in humans were found to be 3-5 times higher in jejunum and ileum compared to colon and rectum (60). Therefore, although L-cell density may be highest in colon, the significant higher surface area in the small intestine means that the upper small intestine have significant L-cell numbers despite relative low density.



L-Cell Differentiation Pathway and Regulation of Proglucagon Production

All epithelial cells in the intestine, including the L-cells, originate from a single type of intestinal stem cell positioned in the bottom of the crypt. These Lgr5+ (leucine-rich repeat-containing G-protein coupled receptor 5)-expressing stem cells (61) are guided by paracrine factors from neighboring Paneth cells to enter the fast-dividing pool of non-specified progenitors (transit-amplifying cells). Further development of secretory cells is then initiated through inhibition of Notch signaling followed by expression of Atoh1, as reviewed elsewhere (61). Already in the crypt, some of these cells differentiate into L-cells, guided by a number of transcription factors (62). Neurogenin 3 induces endocrine specialization (63), while NeuroD1 (64), Arx and Rfx6 direct the specific L-cell development (65). Several other homeodomain proteins (such as Isl1, Cdx-1 and Pax6) have been found to promote Gcg expression by interacting with motifs of the gcg promoter elements and, theoretically, can drive the L-cell specification, but this role was confirmed in vivo for only a few of them (as reviewed elsewhere) (66). Apparently, effectors of the Wnt pathway (which are provided by Paneth cells in the crypt) also have positive effect on Gcg expression (67).

Preproglucagon expression increases as the cell “travels” from the bottom of the crypt up to the villus, and, as mentioned above, the cell’s hormone profile changes, possibly influenced by mediator gradients secreted by neighboring cells, which trigger the expression of other hormones. For studies of these events, an appropriate in vitro model and a suitable L-cell identifier such as expression of a fluorescent protein are essential to enable analysis of the transitions (65, 68, 69).

From a therapeutic point of view, these guiding cues may potentially be exploited to increase the number of functional L-cells pharmacologically in order to increase the total GLP-1 pool, and indeed, pharmacological inhibition of Notch or ROCK (Rho-associated coiled-coil-containing protein kinases 1 and 2) signaling in mice and human intestinal organoids has been shown to increase the L-cell number several fold with a corresponding increase in GLP-1 secretion (70). Application of short chain fatty acids (SCFAs), certain bile acids or GPBAR1 agonist may also increase the number of L-cells in vitro and in vivo in mice (71). Even more impressive results can be achieved in vitro using a combination of Notch, Wnt and MEK inhibitors (72). However, although these preclinical studies are encouraging, the safety and effectiveness of these methods for increasing the GLP-1 pool have not yet been investigated sufficiently for human trials.

In their natural environment, L-cell numbers could be regulated by feed-forward “on demand” signaling [72], presumably to cope with increasing caloric load. This is supported by reported observations of increased numbers of L-cells in individuals living with obesity and in obese rodents (73, 74). However, other studies reported reduced numbers of L-cells and their functional markers in response to short term high fat diet (up to two weeks) in mice (75) and in zebrafish (76). Consistent with the latter observation, most studies have found secretion of L-cell products to be characteristically decreased in individuals living with obesity (77, 78). Thus, the time span and capacity for L-cell adaptation requires further study. Bariatric surgery is another condition that may alter L-cells numbers. In rodents, bariatric surgery (Roux-en-Y gastric bypass) was associated with a doubling of proglucagon expression and L-cell numbers in the region of the gut that was exposed to nutrients. L-cell density was, however, not different. Rather, the increases were found to be driven by mucosal hypertrophy (79). In humans, L-cells numbers also increased after RYGB (again in the part of the intestine still exposed to nutrients), and in this case L-cell density was also increased (80). Whether the increased L-cell numbers in the parts of the intestine still in continuity represent an increase compared to preoperative numbers (before the upper part of the small intestine was excluded and underwent atrophy) warrants further investigation. Moreover, the underlying signals mediating the increases in L-cells after bariatric surgery also needs to be clarified.

Cytokines, in particular IL6, have also been reported to increase the number of L-cells and GLP-1 production (81) [although IL-6 does not appear to potentiate meal-stimulated GLP-1 secretion in humans (82)]. This may potentially be a compensatory response to provide protection against intestinal damage and stress, given that several peptides secreted by L-cells play an important role in intestinal growth and regeneration. These include GLP-1 itself (83, 84) and its sister peptide, GLP-2, which is co-secreted with GLP-1. GLP-2 has powerful intestinotrophic activity in mice (85, 86) and rats (86–88) when administered in pharmacological doses, leading to expansion of the intestinal mucosal area and increased nutrient absorption, which is seen in both healthy animals (89) and in different rodent models of intestinal injury (90–92), including rats with surgical gut resections that mimic short bowel syndrome (93). These effects of pharmacological doses of GLP-2 are also present in humans and have been exploited for therapeutic use in patients with short bowel syndrome (94). Subsequent studies showed that once daily administration of teduglutide [a DPP-4 resistant form of GLP-2, h[Gly2]-GLP-2) (87)] resulted in increased intestinal fluid reabsorption and nutrient absorption, and led to a reduction in the requirement for parenteral support (95). Teduglutide was approved for chronic treatment of patients with severe (parenteral-nutrition-dependent) short bowel syndrome in the US in 2012 (96). While both GLP-1 and GLP-1 are involved in intestinal healing and repair (83, 84), it is still debated whether these hormones are crucially important for normal intestinal growth and adaptation (97).

L-cell hormone expression patterns and function seem to vary, not only as a function of the anatomical location of the cells in the intestine, but are likely also to be influenced by their state of maturation. In this context, it is worth considering that the turnover time of enteroendocrine cells is short in comparison to other endocrine cell types and in mice, for example, is about 10 days (98). L-cells are no exception to this general pattern, and appear to be fully renewed within 7 days (in mice) (99), meaning that at any given time, considerable numbers of L-cells are in different stages of maturation. A number of studies have investigated, in detail, the association and causality between certain transcription factors and translation of those into the expression of specific hormones that are produced at unique times during the L-cell’s life span (63–65). Secretin was described as being present in early L-cells (100), while neurotensin and PYY appeared in mature L-cells, as indicated by the presence of these hormones higher up along the crypt-villus axis (47). As discussed above, the extent to which these different non-proglucagon hormone precursor RNAs are translated into functional peptides, however, warrants further investigation and, more importantly, the quantitative importance of L-cell derived “non-L-cell peptides” for total circulating concentrations remains to be clarified.




Stimulation of GLP-1 Secretion as a Therapy for Obesity and Type 2 Diabetes


The Sensory Machinery of L-Cells

GLP-1 is a classical postprandial hormone and diurnal dynamics of plasma GLP-1 concentrations thus follow meal intake patterns (101, 102). The tight coupling between meal intake and GLP-1 secretion is, at least partially, driven by direct nutrient sensing of L-cells during the phase of nutrient absorption. Over the last two decades, considerable effort has been invested into uncovering the molecular sensors involved, and important nutrient sensors (different G-protein coupled receptors and molecular transporters) expressed by the L-cells have now been described. It has long been assumed based on the morphological appearance, that the apical microvilli of the L-cells that protrude into the intestinal lumen are somehow capable of directly sensing the nutrients in the luminal content (31) to induce postprandial GLP-1 secretion. However, it was not until the development of the three GLP-1 secreting cell lines GLUTag, NCI-H716 and STC-1 in the 1990s (discussed later) (103–106) that the molecular and cellular mechanisms of nutrient-stimulated secretion began to be unraveled. A comprehensive detailing of these sensors is outside the scope of the current review, but excellent reviews can be found elsewhere (107, 108). In short, the L-cell senses nutrients via a number of nutrient-specific mechanisms that span from substrate uptake via electrogenic transporters to various G-protein coupled receptors linked to different effector proteins (Gq and Gαs).

Briefly, some nutrients, such as glucose and di-/tri-peptides, induce GLP-1 secretion through electrogenic effects and membrane depolarization (109–114), whereas lipids are thought to stimulate secretion by activation of various G-protein-coupled receptors, depending on their length. As shown in vitro, SCFAs stimulate GLP-1 secretion via activation of FFAR2 and FFAR3 (115–117) or via events secondary to intra-cellular metabolism (isolated perfused rat colon) (117), but only appear to do so in concert with cAMP generation by other factors. In humans, neither fermentation nor direct intracolonic application of SCFAs cause measurable increases in circulating GLP-1 (118–121), although PYY was found increased in two of the studies (120, 121). Long chain fatty acids may stimulate secretion via activation of FFAR1 (117, 122) although this is not easy to demonstrate in humans. Monoacyl glycerols (MAGs) however appear to stimulate secretion via activation of GPR119 (123), and bacterial metabolites such as indole (124), a metabolite produced from tryptophan, and S-equol (125), and prebiotics (126, 127) also appear to stimulate GLP-1 release. Furthermore, bile acids stimulate secretion of GLP-1 by activation of TGR5 receptors (128–132). However, as discussed next, the secretory responses of L-cells to these different secretagogues are not uniform, and the magnitude of the response appears to be largely related to their location in the gut.



L-Cell Responses and Their Nutrient Exposure in Different Parts of the Intestine

Interestingly, L-cell characteristics vary along the intestine, not only with respect to co-expression of non-proglucagon derived peptides, but also with respect to the secretory responses elicited by different stimuli. Thus, duodenal and jejunal L-cells are considered generally to be more nutrient-responsive than L-cells in the colon, and they are thought to be responsible for the immediate GLP-1 response to nutrient intake that occurs within 10 min after food ingestion (101, 102). As such, the amplifying effect of GLP-1 on insulin secretion (peaking 15-30 min after food ingestion) would be expected to be mediated by GLP-1 predominantly secreted from the proximal intestine. Nevertheless, comparison of plasma GLP-1 responses to isocaloric glucose infusion into either the duodenum or the jejunum shows that the GLP-1 secretory capacity of the small intestine and its insulinotropic action increases in the distal direction (133). Importantly, GLP-1 responses to nutrients were similar from isolated perfused segments of the upper or lower small intestine of rats (whereas PYY was only secreted from the lower segment) (39). Furthermore, it was observed that GLP-1 secretion correlated tightly with the glucose absorption rate (134).

With regards to postprandial GLP-1 secretion, it is important to mention that only the L-cells in the small intestine are likely to be directly stimulated by meal intake, in spite of the many L-cells found in the colon. This is related to the fact that most macro-nutrients are absorbed in the proximal small intestine so that the colonic L-cells are not exposed to direct nutrient stimulation from the lumen. Instead colonic L-cells may be exposed to significant amounts of secondary bile acids, SCFAs and other microbial metabolites which can stimulate or modulate colonic GLP-1 secretion, albeit with a considerable delay compared to the initial intake of food. This variation in direct exposure appears to resonate into differential expression of nutrient sensors and secretory responses between L-cells in the small intestine and colonic L-cells. For instance, studies on perfused intestine preparations have shown that while glucose is a powerful stimulator of GLP-1 secretion in the small intestinal segment, colonic GLP-1 secretion is stimulated to only a small extent by glucose but is, instead, robustly stimulated by bile acids (109, 130, 134). Thus, it would be logical to propose that colonic L-cells rather function as sensors for microbiota products rather than sensors of the main macronutrients. As mentioned above it is also important to realize that any response from the colonic cells would be much delayed or unrelated in time to nutrient intake. The range and amounts of microbial metabolites reflect the diversity of the microbial community, which also shows associations with metabolic diseases and dietary intake (135) and, thus, metabolic state of the host. As the microbial community and its metabolites are unlikely to change acutely after a nutrient intake, the colonic L-cells are presented with less fluctuation in levels of stimulants, and GLP-1 release from this anatomical region is, therefore, likely to be more steady.



Therapeutic Potential of Stimulation of Endogenous GLP-1 Secretion

The use of GLP-1 receptor agonists and the DPP-4 inhibitors have clearly demonstrated that targeting the GLP-1 axis has a great therapeutic value for T2D and obesity treatment (13, 136, 137). However, it could be speculated that a similar effect could be brought about by pharmacological stimulation of L-cell secretion (particularly if used in combination with a DPP-4 inhibitor to prevent the subsequent degradation of GLP-1). This approach could potentially be particularly effective, since stimulation of L-cell secretion will not only release GLP-1, but also, as mentioned, other anorectic peptides (neurotensin, peptide-YY, oxyntomodulin) which may be co-stored and co-released with GLP-1 (28, 46, 48).

For stimulation of endogenous L-cell secretion for therapeutic purposes it is necessary that a sufficient pool of GLP-1 is available for pharmacological targeting. Indeed, the existence of such a reserve pool is supported by both pre-clinical and clinical studies. In vitro secretion studies of primary mucosal mouse cultures have, for instance, shown that the amount of GLP-1 secreted over a 2 hour period of glucose stimulation results in a drop of only 4-10% of the total GLP-1 content (73). Similarly, in our own laboratory, we have never been able to deplete GLP-1 stores from isolated perfused rodent intestines, even after prolonged, repeated stimulation using powerful GLP-1 secretagogues [e.g. glucose and bile acids (109, 129)]. Collectively, therefore, these studies suggest that the diminished GLP-1 responses observed in individuals living with obesity (77, 78) are unlikely to be due to depleted stores. This is consistent with human studies showing that greatly enhanced GLP-1 secretion can elicited by increasing nutrient delivery rate to the small intestine by e.g. nutrient instillation via intestinal intubation or in conditions with an accelerated gastric emptying, such as vagotomy with pyloroplasty, gastrectomies or after bariatric surgery, which may augment responses up to 30-fold (138–145).

These findings have led to several attempts to stimulate the secretion of endogenous GLP-1 as an alternative to using exogenous administration of GLP-1 analogues. For instance, an orally available, potent, and selective partial-agonist of FFAR1 (TAK-875, or fasiglifam) reached phase three of clinical development (146) [but was terminated after concerns regarding liver safety (147)] and orally available and potent agonists of the bile acid-sensitive receptor TGR5 have also been developed (132).




How to Best Study the Secretion of GLP-1?

Mechanistic studies of GLP-1 secretion rely on human studies, in vivo studies in animals and in vitro models (cell lines, primary epithelial cultures, isolated perfused intestine, etc.). As described in the following sections, the different models have their benefits and limitations (also summarized in Table 1). Therefore, to increase mechanistic depth and potentially provide human relevance application of more than one model is appropriate.


Table 1 | Frequently used models to study L-cell secretion.






Studies in Humans

Studies in humans are the only way to provide definitive experimental answers on human physiology. Indeed, the experiments that confirmed the existence of the incretin effect were based on studies carried out in humans (148, 149). Since then, studies in humans have contributed indisputably to the general understanding of L-cell physiology, and have been instrumental in deciphering the stimuli that causes GLP-1 secretion in humans (2, 3), and the extent to which each macronutrient evokes GLP-1 secretion (139). Studies involving procedures more invasive than the simple ingestion of a certain nutrient(s) can also be performed in humans. For instance, infusion of the GLP-1R antagonist Exendin-9 has been used to investigate the relative importance of GLP-1 secretion on postprandial gastric emptying rate, - glucose absorption and -glucose excursions (150), and the role of exaggerated GLP-1 secretion for improved β-cell function and glucose tolerance after Roux-en-Y gastric bypass (151). They have also shown that the incretin effect is reduced in humans living with type-2-diabetes (152), and that this is due to loss of GIP’s (153, 154), but not GLP-1’s, insulinotropic activity (155–157). This is a significant discovery that shaped the direction of further incretin research. However, as important human studies are for generating data on human physiology, they have obvious limitations with respect to the level of control (invasiveness) that can ethically be justified and detailed mechanistic aspects of L-cell physiology and L-cell secretion therefore has to rely on other experimental models. Intracellular L-cell signaling can, for instance, not be investigated in vivo and direct stimulation of the vascular side of the gut (through the mesenteric artery) is not ethically justifiable. Naturally occurring mutations can, to some extent, be useful for studying the effect of a certain receptor, sensor, enzyme, etc. on L-cell secretion, and have, for instance been used to elucidate molecular mechanisms involved in the appetite and weight reducing effects of GLP-1 based treatment in a certain patient population (158). However, only a few individuals carry mutations in the target of interest, and results from such experiments are more difficult to interpret, as the magnitude of any change of function resulting from naturally occurring mutations varies. Studies carried out in humans have obvious advantages over rodent studies, in that the risk of any species differences confounding interpretation of results is eliminated, and that relatively large plasma samples can be obtained, allowing several hormones/molecules to quantified in the same sample. However, human studies are expensive and time-consuming, and usually run over several years.



In Vivo Animal Studies

Animal models, particularly mice and rats, are commonly used for studying aspects of L-cell physiology, where clinical studies have limitations. One major benefit of using mice as study animals is that there are endless opportunities for genetic modification (including single nucleotide editing), allowing assessment of the impact of specific target genes on GLP-1 secretion. Countless gene knockout and knock-in studies have revealed the molecular mechanisms underpinning GLP-1 secretion induced by bile acids, glucose, SCFA and proteins, as thoroughly reviewed elsewhere (107). However, a clear limitation of these studies is the small volume of blood which can be withdrawn from a mouse during a GLP-1 secretion test, which restricts temporal resolution. Furthermore, quantification of L-cell peptides in plasma is not trivial, as not all assays, including the GLP-1 assays, are reliable with respect to accuracy, sensitivity and specificity (159, 160). In the case of GLP-1, secretion is best estimated by measuring “total GLP-1” i.e. the sum of intact GLP-1 (of which there is usually very little) and its primary metabolite, GLP-1 9-36amide (or metabolites, since GLP-1 9-36amide may also be broken down to small fragments) (160). This requires assays that can measure both the intact peptide and the metabolite(s), and is possible with assays directed against the amidated C-terminus (161). GLP-1 also exists as a glycine-extended isoform (GLP-1 7-37) but this does not circulate in appreciable concentrations in humans (57). Murine and human GLP-1 are identical (in fact all mammalian GLP-1s are similar) (34, 162) and the mouse GLP-1 is also predominantly amidated (163), but in contrast to humans, the primary metabolite (9-36amide) is processed further, within minutes, by endoproteolytic cleavage by NEP 24.11 (164). Sandwich assays directed at GLP-1 9-36amide will, therefore, vastly underestimate GLP-1 secretion. Thus a GLP-1 response to an OGTT in mice is detectable with 9-36amide sandwich assays for only 6 minutes after glucose administration, whereas the response is much bigger and lasts for at least 30 minutes when measured with a C-terminally directed GLP-1 assay (which also detects the fragments from NEP-mediated degradation) (164). Currently, no low-volume C-terminal assays are available and measurement of GLP-1 secretion in mice, therefore, relies on just a few, or perhaps just a single terminal sample, which makes assessment of the time-course of the GLP-1 responses to a given stimulus difficult. Because of their larger size, rats (typically 10-15 times larger than mice) do not generate the same problems. However, unlike mice and humans (57, 163), rats do not amidate GLP-1 as effectively, with about 35% being glycine-extended. This has implications for the choice of assay (163, 165), but probably does not have physiological consequences, as glycine-extended GLP-1 and amidated GLP-1, at least in humans, have similar elimination half-lives and equal effects on the endocrine pancreas and on cephalic phase acid secretion (i.e. regulation of parasympathetic nervous activity) (166, 167). A more general limitation of in vivo studies is the level of experimental control that can be achieved, albeit that experiments in e.g. anaesthetized animals will allow more invasive approaches. For instance, administration of a test compound via a physiologically relevant route (e.g. the vascular supply of the gut) cannot always be easily done, while intra-cellular signaling pathways cannot directly be investigated. Additionally, pharmacological tools, such as blockers of molecular sites that may be part of the secretory pathway, cannot always be used in vivo since they may be toxic in the intact animal. For example, we used KCl, lidocaine (a blocker of voltage-dependent sodium channels, veratridine (activator of voltage-dependent sodium channels), and 2-4-dinitrophenol (mitochondrial uncoupler that, in high concentrations, blocks mitochondrial ATP-generation) in the isolated perfused rat small intestine model (109) to explore the mechanisms underlying glucose-stimulated GLP-1 secretion, but the concentrations required to be effective would, most likely, be lethal in an in vivo model. In anesthetized animals, the anesthetic itself may also confound the study by influencing neuronal regulation and/or directly or indirectly, affecting physiological processes. For instance, anesthetics can increase blood glucose and influence gastric emptying, intestinal motility and insulin secretion, and the effects may vary according to the feeding status and the type of anesthetic used (168–176). The confounding effects of anesthetics on the secretion of GLP-1 have not been studied in detail, but are likely to be strong and similar to the changes in blood glucose excursions after an OGTT, which are dramatically influenced by most frequently used types of anesthetics: hypnorm/midazolam, ketamin/xylazin, pentobarbital or isoflurane), presumably as a result of pronounced interference with neuronal regulation of secretion and gastrointestinal motility (176). Finally, variation in housing and experimental conditions and animal-to-animal and strain-to-strain variation are significant general limitations of studies in rodents, causing many studies to involve too few animals to allow for definitive conclusions, and reproducibility between laboratories to be a challenge (177). Even when housing conditions and experimental procedures are standardized, the choice of species and strains may still profoundly affect results. For example glucose tolerance significantly varies between four commonly used inbred mouse strains (178), despite the use of standardized housing and experimental conditions.




In vitro Models to Study GLP-1 Secretion and L-Cell Characteristics


Immortalized L-Cell Cell-Lines

As mentioned above, different GLP-1 secreting cell lines originating from different species have been developed. Studies using these cell lines have been instrumental in demonstrating that L-cells can directly sense glucose and secrete GLP-1 in response, and they provided the first evidence that L-cells are electrically excitable (179). In addition, the GLP-1 secreting cell lines also allowed additional studies of the molecular sensors responsible for direct L-cell stimulation by other types of nutrients, as thoroughly reviewed elsewhere (107). However, although GLUTag and STC-1 cells exhibit many similarities to native L-cells, they also diverge in a number of aspects. Thus, altered expression of some G-protein-coupled receptors (48) and hormone content (180). The GLUTag cell actually in many ways resemble I-cells more than L-cells, and the STC-1 cells resemble K-cells [e.g. they contain more GIP than GLP-1 (180)]. Therefore, data from the cell lines must be interpreted with caution, but also provide an inexpensive and high throughput platform for screening purposes. Further analysis may then be done, using other experimental models (discussed below) with greater physiological relevance.



Primary Mucosal Cultures

During the last 15 years, primary intestinal epithelial cultures have been widely used for studies on GLP-1 secretion and intra-cellular L-cell signaling. In particular, epithelial primary colonic mouse cultures, e.g. (44, 47, 71, 114, 115, 181), and primary colonic human cultures (182, 183), which are more robust in culture than small intestine epithelium (184), have been used and have partially replaced the use of GLP-1 secreting cell lines. Small intestinal epithelial cells release proteolytic enzymes which may complicate the experimental conditions and cell survival. In addition, small intestine cultures begin to undergo apoptosis once the villus structure is disrupted. The use of primary cultures has, therefore, mainly been restricted to studies of sensing and signaling in the more resilient colonic L-cells. However, as mentioned earlier, colonic L-cells (and distal small intestinal L-cells) differ from the proximal L-cells with regard to co-expression of non-proglucagon-derived hormones as well as expression of nutrient sensors. Accordingly, therefore, cultured colonic L-cells may not be the optimal model for studying meal-related GLP-1 secretagogues. For instance, the GLP-1 response elicited by glucose is considerably smaller in this model, both compared to that from isolated perfused mouse and rat small intestines (109, 134, 185), as well as that observed in humans (after intake of a standardized glucose containing solution, 75g) (139). An advantage of cultured colonic L-cells, however, is that they, like the GLP-1 producing cell lines (44), permit intracellular signaling and electrophysiological signaling to be studied directly (44, 51). However, they only provide a small window for cell differentiation studies, as the cells lose their ability to proliferate, making these cell lines unsuitable for studies on L-cell development and differentiation.



Organoids

Organoids are self-organized cell aggregates, which can be generated from primary cultures containing stem cells or from induced or embryonic stem cells to resemble miniature organs or tissues. Accordingly, they are a popular platform for studies on tissue development. However, because organoid cells differentiate from stem cells in vitro, and the precise factors guiding differentiation and maturation of cells are often unknown, the functional capacity of the intact tissue is poorly mimicked in some organoids systems. Fortunately, human (186) and mouse intestinal organoids display a high degree of functionality and can be generated using just a small number of growth factors (187). These self-organizing structures accurately reconstruct the small intestinal epithelial layer, and have similar rates of renewal and cell composition, including L-cells. Traditionally, the organoids can be grown as three-dimensional structures embedded in an extracellular matrix (187), but can also be grown as monolayers (188), or as gut-on-chip containing permeable membrane and controlled in vivo-like microenvironment by perfusion and providing intestinal peristalsis-like motions and flow (189). Organoid studies have provided new knowledge on the mechanisms of intestinal cell differentiation and renewal (61). As other cell types, functional L-cells are generated in organoids (63) and small intestine organoids are now used in studies on secretion of GLP-1 and other intestinal hormones (70, 188, 190, 191). If the organoids are prepared from cells from GLP-1 reported mice with fluorescent L-cells it is possible to easily identify the L-cells in the organoid (see Figure 3). Now, with the use of precision gene editing at specific genomic loci, such as CRISPR, which uses RNA-guided endonucleases, such as Cas9, real-time L-cell studies have become possible also in primary human organoid cultures generated from patients. Thus, a study on CRISPR-Cas9 engineered primary human ileal organoid cultures showed that L-cells could be identified and characterized with respect to gene expression and intracellular signaling (electric signals and intracellular calcium levels), allowing simultaneously investigation of intracellular signaling and L-cell secretion (188). Another advantage of organoids is that these self-renewing cultures can be maintained for years, as was shown for mouse organoids (192). When it comes to human cell-based organoids, neither primary nor human induced-pluripotent stem cell-derived organoids (193) effectively mimic the self-renewing fully functional gut epithelium, but provide valuable insight into developmental enteroendocrine cell biology aspects (65, 193). Compared to primary mucosal cultures (which will be discussed next), organoids are capable of forming a ‘mini-lumen’, thereby providing a polarized cell layer (i.e., cells with a luminal and a basolateral side) (61, 194) (as illustrated in Figure 3). However, because of its small size, it can be difficult to access the luminal side of organoids in order to stimulate receptors and transporters that are expressed on apical side of the cells (195). Recently, substantial progress has been made to alleviate this limitation, by generating scaffold-based intestinal cultures. This technique relies on using a silicone (or similar material) matrix, where the stem cells can be seeded; these then develop into crypt-like invaginations of the matrix and proliferating cells form a monolayer of intestinal epithelial cells (195). Such matrix-based culture systems would not only allow for intra-luminal stimulation, but would also permit non-intestinal epithelial components (such as fibroblasts, immune and endothelial cells) to be introduced into the tissue, which may help bring the functionality closer to the native state.




Figure 3 | Intestinal organoid. Left panel: Small intestine organoid generated from Glu-Venus mouse. L-cells are labelled by expression of Venus (shown in green) and have cone-like appearance similar to native L-cells in intact mucosa. Right panel: L-cells (green) in an organoid crypt. Luminal side and apical surface of cells is outlined by F-actin staining. Cell nuclei are labeled by DAPI (blue).



In addition to studies on GLP-1 secretion, organoids also allow for tests on paracrine GLP-1 and GLP-2 signaling in the intestine, due to colocalization of the different cell types in the organoid. Moreover, organoids in several ways have an advantage over ex-vivo and primary cultures, because they lend themselves to plasmid, virus or RNA-mediated gene manipulation, thanks to the possibility of long term maintenance in culture with preserved functionality.



Gut Tissue Specimens (Intestinal Fragments)

GLP-1 secretion has also been studied in human gut tissue biopsies or surgical specimens taken from duodenum, ileum and colon (111, 196). As for the other in vitro platforms, test compounds can readily be applied to dissected intestinal fragments to elicit GLP-1 secretion. The major benefit of the gut tissue specimen model is that it allows for direct studies of human L-cells without prior cultivation. As such, these studies are less laborious, and since the tissue is processed immediately after isolation and the behavior of the L-cell in the fragments is presumably similar to L-cells in situ. Tissue handling and the integrity and health of the studied tissue, however, needs to be monitored closely to assure that data derived using this methodology are meaningful. It is also misleading to study luminal stimuli with these fragments, which will expose mainly the basolateral aspect of the cells and are not protected by the mucus and glycocalyx etc. like the small luminal processes of the endocrine cells.



Ussing Chambers

Ussing chambers, designed by the zoologist Hans Ussing in 1950, are a classical model for studying gastrointestinal physiology and pharmacology such as ion secretion (measured indirectly by transepithelial resistance), paracellular flow, and to some extent intestinal permeability (e.g. passage of fluorescently labeled bacteria) (197). However, Ussing chambers have also been used to study hormone mechanisms of L-cell secretion (128, 198–202). Technically, Ussing chambers involve mounting mucosal tissue segments in specialized chambers, enabling live quantification of the trans-epithelial resistance and potential difference of the mounted specimen. While these parameters may not be strictly relevant for L-cell secretion, they provide an indication of integrity of the mounted tissue. As with the perfused intestine model (described next), the epithelial barrier in this model is maintained, enabling administration of test compounds specifically to either the luminal or basolateral side of the epithelial layer. However, it comes at the cost of a relatively short window of time for experiments, as the mounted tissue usually only remains viable for a few hours. This is particularly the case for upper small intestinal tissue, which seems less resilient than tissue from more distal regions (203). Studies on L-cell secretion by Ussing chambers are, therefore, most often performed on ileal/colonic tissue specimens and investigations are often restricted to include just a few test compounds at a time. Unlike isolated perfused intestines, but as with studies on cell lines, primary mucosal cultures and organoids, incubations are typically performed under static conditions for up to a few hours, which bears little resemblance to normal physiology, where peristaltic movements constantly move luminal chyme down the intestine and where blood perfusion rapidly removes secreted molecules (e.g. GLP-1) as well as waste products. Moreover, this model, like the organoid model, lacks extrinsic factors which influence intestinal function, e.g. autonomic nerves.



Isolated Perfused Intestines

Isolated perfused intestines from different species have been used for decades for studying basic gut physiology, including nutrient absorption and gut secretion (ions and hormones). Experimentally, isolated perfused intestines can be prepared in a variety of ways, but the core concept is the same; namely to isolate and perfuse the organ by cannulation of the supplying arteries and collection of the venous effluent. As such, this approach is particularly suitable for investigation of dynamic events, such as absorption (e.g. glucose) or gut secretion (e.g. GLP-1) (110, 134, 204). Because of the minimal manipulation of the gut itself, the strength of this experimental model is that the vasculature and cytoarchitecture are preserved, whereby this model becomes particularly physiologically relevant (204). This means that all relevant interactions, both paracrine, neuronal and interactions via for instance gap junctions are preserved in the model. As an example of this, blockade of somatostatin signaling by infusing a somatostatin-receptor antagonist increases GLP-1 secretion from the isolated perfused mouse small intestine to a large extent (205). Moreover, because the anatomical relationships are undisturbed in the isolated perfused intestine, this model allows for administration of test compounds via the physiological relevant route, enhancing the translatability of the results. For instance, we have used the isolated perfused intestine to demonstrate that bile acids stimulate secretion of GLP-1 by activation of basolateral sensors (TGR5) (128, 129), SCFAs stimulate secretion via basolateral FFAR1 (GPR40) (206), glucose exclusively stimulates secretion via a luminal pathway and requires SGLT1 mediated uptake (109) while peptone-mediated secretion depends on absorption and activation of basolateral calcium-sensing receptors (110). The most important aspect of this model is the preservation of secretory dynamics, both in terms of magnitude and timing, due to the natural perfusion of the tissue. This not only ensures adequate respiration and removal of waste products, but also ensures adequate export/removal of secreted products, as opposed to the accumulation which occurs in interstitial tissues in static incubations. Note that perifusion of tissue specimens only solves this problem with regards the most superficial cell layers; for the majority of the tissue, conditions remain static. Another benefit of isolated perfusion models is the time resolution that this model offers, enabling secretory dynamics to be studied in detail according to how frequently effluent (venous) samples are collected (we normally collect samples at minute intervals). This time resolution ensures that short lasting, but potentially pronounced, secretory responses are not missed, which could occur under conditions of static incubations where short lasting responses may be ‘lost’ in the background basal secretion during the incubation period (normally 1-2h) (see example in Figures 4A, B).




Figure 4 | GLP-1 secretion from isolated perfused rat small intestine (lower half) in response to luminal infusion of taurodeoxycholic acid (TDCA) and vascular (inter-arterial) infusion of bombesin (BBS). Samples were collected at minute intervals, allowing the short lasting, but pronounced, GLP-1 response to BBS to be identified (A). Had a sampling frequency of 5-min intervals instead been used (B), the GLP-1 response would not have been noticed. Methods used are described in details elsewhere (204). Data are presented as means+SEM, n = 2. are presented as means+SEM, n = 2.



From an analytical point of view, the isolated perfused intestine model(s) also offers benefits compared to in vivo rodent studies, since large sample volumes (determined by perfusion flow) may be collected (204, 205) and because GLP-1 concentrations are higher than in peripheral systemic plasma, because of sample collection before dilution in the splanchnic and systemic circulation. Nevertheless, the isolated perfused intestine model does also have limitations. The surgical procedure requires some practice, and experiments are laborious compared to in vitro studies; both during the actual experiment and regarding the subsequent sample analyses (since a substantial number of samples usually are generated). The isolated perfused intestine is, therefore, not the ideal experimental tool for screening purposes or for other experimental designs requiring high throughput. Moreover, intra-cellular signaling (for instance calcium dynamics) cannot be directly investigated, and siRNA mediated knock-down is not possible (but knockout animals are readily studied). Inhibition of targets (receptors, transporters, ion channels, etc.) therefore has to rely on either infusing inhibitors or on genetic knock out. With these limitations in mind, the isolated perfused intestine model may be considered a useful model to bridge and expand upon observations made in vitro and in vivo.




Concluding Remarks

The original definition of an L-cell was based on electron microscopical appearance and immunohistochemical stainings, characterizing L-cells as open-type enteroendocrine cells with large dense core granules and containing GLP-1 and/or the other proglucagon-derived peptides (glicentin, oxyntomodulin and GLP-2). It turned out that GIP may also be found in a in small subset of proximal L-cells, while PYY is found in most of the distal L-cells. During the last decade, detailed expression analyses of sorted primary L-cells have shown that L-cells are not as uniform as previously thought. Instead, they vary, depending on their anatomical site as well as their position along the crypt/villus axis, with respect to expression of prohormone transcripts and hormone content, as well as to their expression of nutrient sensitive G-protein-coupled receptors. L-cell expression of molecular sensors responsible for macronutrient-stimulated GLP-1 secretion also varies depending on the macro-anatomical location resulting, for example, in a loss of glucose responsiveness in colonic L-cells, but strong responses to microbiota metabolites, such as secondary bile acids. These previously underappreciated features of L-cell functionality make it clear that the original characterization of L-cells as a uniform cell type needs to be revised, and that the L-cell population needs to be subclassified. In this regard, we suggest to sub-classify L-cells into at least two different populations based on their differences in expression profiles and functional characteristics – proximal and distal L-cells. Moreover, such sub-classification(s) should also take into account that proximal and distal L-cells presumably serve different functions in terms of metabolic regulation. Thus proximal L-cells appear to be the main sensors and responders to nutrient ingestion, and are, as such, responsible for most of the postprandial rise in GLP-1 secretion, whereas distal L-cells are likely to function as metabolic sensors that register overall basal levels (for example, bacterial metabolites). This distinction is important for both biological studies as well as the search for new pharmacological targets. With evolving understanding of L-cell(s) transcriptomics and functionality, biological and pharmacological studies could benefit from even further sub-classification.

Given the substantial stores of endogenous GLP-1, pharmacological mobilization of these reserves holds a potential promise as an alternative to current GLP-1R based treatment strategies for type 2 diabetes and obesity, and may potentially prove to be more efficacious than GLP-1R mono-therapy, since it would be accompanied by co-secretion of other anorectic hormone products of the L-cell. Harnessing endogenous GLP-1 for therapeutic purposes, however, requires detailed knowledge of the molecular sensors responsible for GLP-1 secretion and, because of the differences outlined above, it would be important to take into consideration which L-cell subtype is intended to be targeted (proximal or distal L-cells?, L-cells in the crypt or in the villus?). While studies in humans and in vivo animal models are essential for setting the direction (e.g. which molecules stimulates L-cell secretion) they usually provide limited information about the molecular mechanisms that mediate the secretory responses. However, genetically modified rodents, with deletions e.g. of a receptor of putative importance for L-cell sensing and secretion, have enabled the molecular sensing machinery of the L-cell to be studied to some extent in vivo. Detailed studies on the sensing machinery of the L-cell, L-cells differentiation and the factors involved, however, requires use of other models.

While immortalized GLP-1 secreting cell lines paved the way for studies on L-cell sensing machinery, and remain an important tool for high-throughput (screening), development of more advanced and more physiologically relevant experimental models provided further understanding of L-cell sensing and function. These include in particular (1) primary mucosal cell cultures from mouse and human colon, (2) mouse and human intestinal organoids, (3) human intestinal gut specimens, and (4) isolated perfused mouse and rat small intestines. In addition to GLP-1 secretion studies, cell based models (1 and 2) allow for intracellular cell signaling studies and gene editing. Tissue-based models (3 and 4) are more restricted in terms of investigation of intra-cellular signaling, but benefit from having maintained the natural L-cell polarization (2,3 and 4) and cell contacts with no or minimal alterations induced by culturing conditions. In the isolated perfused intestine model, test compounds can be administered at the site of the gut where they would normally occur in highest concentration (e.g. luminal glucose), rendering this model the one that it is closest to normal physiology, while also offering a high temporal resolution (by the minute). The drawback with this model is that it is not suitable for screening purposes or for direct investigations on intra-cellular events. In summary, each of these experimental models has its own benefits and limitations. Accordingly, the best and most thorough study approach is to combine the different experimental models to generate the most detailed and physiologically representative data.
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The present study was conducted to examine region-dependent glucagon-like peptide-1 (GLP-1) responses to “meal ingestion” under physiological (conscious and unrestrained) conditions using rats with a catheter inserted into either the portal vein (PV) or the ileal mesenteric vein (ILMV). After recovery from the cannulation surgery, blood samples were collected from either PV or ILMV catheter before and after the voluntary ingestion of test diets. After an AIN-93G standard diet ingestion, GLP-1 concentration was higher in ILMV than in PV, and postprandial responses of peptide-YY (PYY) had similar trend, while that of glucose dependent-insulinotropic polypeptide showed an opposite trend to GLP-1/PYY responses. In a separated experiment, a protein-enriched diet containing casein at 25% wt/wt transiently increased GLP-1 concentration only in ILMV; however, a protein-free diet did not increase GLP-1 concentrations in PV or ILMV. These results indicate that postprandial GLP-1 is immediately released from the distal intestine under physiological conditions, and that dietary protein has a critical role in the enhancement of postprandial GLP-1 response.
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Introduction

Gut hormones are considered to be locally produced in specific regions of the gastrointestinal tract (1, 2). Thereby, it has been also considered that secretin, cholecystokinin (CCK), and glucose dependent-insulinotropic polypeptide (GIP) are immediately released from the proximal small intestine, while glucagon like-peptide-1 (GLP-1), glucagon like-peptide-2 (GLP-2), and peptide-YY (PYY) are released from the distal intestine later, in response to meal ingestion. However, GLP-1 and PYY production in the proximal small intestine (3–5) could contribute to a rapid response of these hormones (6, 7) after a meal. There is no study to prove this hypothesis under conscious conditions in an animal model.

The primary purpose of the present study was to demonstrate regional gut hormone responses to voluntary meal ingestion under physiological (conscious and unrestrained) conditions, in a rat model. For this purpose, we developed surgical model rats by inserting a catheter into the mesenteric vein of the distal small intestine (ileal mesenteric vein, ILMV). We firstly compared gut hormone concentrations in the plasma samples collected from the ILMV to those from the portal vein (PV) of another group of rats with a portal catheter (8, 9).

In our previous studies using rats, oral administration of dietary peptides (2 g/kg dose) significantly increased plasma GLP-1 concentrations (10, 11), while the same dose of glucose did not (10, 12). These observations raised a hypothesis that proteins in the meal have a critical role in postprandial GLP-1 secretion. To test this hypothesis, we further examined the role of dietary protein in postprandial GLP-1 responses using the PV- or ILMV-cannulated rats, under a voluntary feeding condition.



Materials and Methods


Animals and Diets

Male Sprague–Dawley rats (7 weeks old) were purchased from Japan SLC (Hamamatsu, Japan). All the animals were housed in individual cages and had free access to water and a semi-purified AIN-93G diet (13). All animal experiments were performed after an acclimation period (3−7 days) in a temperature-controlled room maintained at 23°C ± 2°C with a 12-h light/dark cycle (08:00−20:00 h, light period). This study has been approved by the Hokkaido University Animal Committee, and animals were maintained in accordance with the Guide for the Care and Use of Laboratory Animals of Hokkaido University.



Surgical Preparation

Rats were anesthetized with sodium pentobarbital (50 mg/kg body weight; Somnopentyl Injection, Kyoritsu Seiyaku Co., Tokyo, Japan), and then the laparotomy was performed. The small tip (6–7 mm) of a polyethylene catheter (SP 28; ID 0.4 mm, OD 0.8 mm for PV, SP 10; ID 0.28 mm, OD 0.61 mm for ILMV, Natsume Seisakusyo, Tokyo, Japan) was connected to a silicone catheter (Silascon no. 00, ID 0.5 mm, OD 1.0 mm; Dow Corning Co.) approximately 30 cm long. The polyethylene catheter was directly inserted into the PV and/or ILMV at the position where 2-3 of ileal veins join (Figure 1), and then fixed with an instant adhesive. The catheter was prefilled with sterile saline that contained heparin (50 IU/ml; Ajinomoto, Tokyo, Japan). The free end of the catheter was dorsally exteriorized and fixed behind the neck, and the abdomen was then closed with surgical threads. The abdominal skin incision was closed with Michel clips. We flushed the catheter with heparinized saline daily to maintain patency. After a recovery period of 3–4 days, rats without catheter-clogging were used for following experiments. Using these model rats, we conducted the experiments under non-anesthetized and unrestrained conditions (8). After the experiments, rats were euthanized by exsanguination under anesthesia with sodium pentobarbital (50 mg/kg body weight).




Figure 1 | Summary of cannulation into the ileal mesenteric vein and the portal vein in rats.





Meal Tolerance Tests (MTTs)

During the acclimation period, rats were trained to consume a certain amount of diet (10 g/kg) within 60 min, after overnight fasting. After the recovery period, rats were fasted for 24 h, and the basal (0 min) blood sample (200 µL), was collected from the catheter. The rats were then provided the test diet (10 g/kg, Table 1) for 60 min. Blood samples (200 µL each) were collected at 15, 30, 60, 90, and 120 min after providing the diet. MTTs were started around 10:00 AM and conducted during the light period. All blood samples were mixed with ethylenediamine tetraaceticacid (EDTA) solution (1.8 mg/mL blood), Pefabloc SC (AEBSF; 4-(2-aminoethyl)benzenesulfonyl fluoride; Roche, 1 mg/mL blood), Protease inhibitor Cocktail (P2714; SIGMA, 1 µL/mL blood), and DPP-IV inhibitor (DPP4-010; Millipore, 10 µL/mL blood), in a syringe. Plasma was separated and frozen at −80°C until measurement of glucose and gut hormone concentrations. Plasma glucose concentrations were measured using the Glucose CII test kit (Wako). Active GLP-1, total GIP, total PYY, and insulin concentrations were measured using the MILLIPLEX MAP Rat Metabolic Hormone Magnetic Bead Panel (Millipore, Billerica, MA). Intra-assay precision is 1–8%; inter-assay precision is 7–29%; standard curve ranges for GLP-1 (Active) is 41–30,000 pg/mL, for GIP (Total) is 2.7–2,000 pg/mL, for PYY (Total) is 7–5,000 pg/mL, respectively. Total GLP-1 levels were measured using the ELISA kits (EZGLP1T-36K, Millipore). Intra-assay precision is < 5%; inter-assay precision is < 12%; standard curve range is 4.1–1000 pM.


Table 1 | Compositions of diets.



Experiment 1 was conducted to compare gut hormone and glycemic responses after ingestion of a standard meal. Rats with the PV or ILMV catheter were fed the standard diet (AIN-93G) containing casein at 20% as a protein source (Table 1).

Experiment 2 was conducted to compare gut hormone and glycemic responses to the diet with or without protein source (Table 1). The control diet contained casein (25% wt/wt) as a protein-enriched diet, in order to emphasize the impact of dietary proteins. The protein-free diet was devoid of casein, and the amount of casein (250 g/kg diet) was replaced by corn starch.



Statistical Analysis

Results are expressed as mean ± SEM. Area under the curve (AUC) of plasma parameter concentrations during the MTT was calculated by the trapezoidal rule. Statistical significance was determined using two-way repeated-measures ANOVA to assess the main effects (time, region of blood sampling, or diet), as well as their interaction effects, using JMP Pro software version 12 (SAS Institute, NC, USA). Statistical significance (P < 0.05) between mean values was evaluated using Student’s t-test or Dunnett’s test as described in figure legends.




Results

In experiment 1, rats consumed more than 95% of the diet (2.80 ± 0.05 g in the PV group and 2.75 ± 0.04 g in the ILMV group) provided at the dose of 10 g/kg, within 15 min. As both groups consumed almost equivalent amount of the diet, the following results could not be attributed to a difference in the amount of food intake.

Plasma glucose concentrations (Figure 2A) elevated immediately in both groups, glucose concentrations at 15, 60, and 120 min were significantly higher in the PV group than those in the ILMV group, accordingly, the PM group had higher AUC of glucose than the ILMV group (Figure 2B). The concentration of active GLP-1 increased in the ILMV group immediately (15 min) after ingesting the meal, whereas it showed no increment in the PV group (Figure 2C). The AUC of GLP-1 was higher in the ILMV group than in the PV group (Figure 2D). GIP concentrations continuously increased over time in both groups, but the increment and the AUC were higher in the PV than in the ILMV group (Figures 2E, F). The concentration of PYY transiently increased only in the ILMV group, and a significant difference between the regions was detected by two-way ANOVA (Figure 2G). The AUC of PYY was not significantly different between two groups (Figure 2H). Insulin concentrations were similarly elevated both in the PV and the ILMV, and not significantly different between the regions (Supplementary Figures 1A, B).




Figure 2 | Changes in glucose and gut hormone concentrations in the portal vein (PV) plasma and in the ileal mesenteric vein (ILMV) plasma after ingestion of the standard diet. Rats were provided the AIN-93G diet at the dose of 10 g/kg body weight, after 24-h fasting. Blood samples were collected from the catheter before (0 min) and after providing the meal. Data are presented as mean values and SEM (n = 10 in PV, and n = 6 in ILMV). P values calculated by two-way repeated-measures ANOVA for effects of time (T), the region of blood sampling (R), and their interactions (TxR) are presented in each of the panels. Asterisks (*) indicate significant difference between the value at the same time point (A, C, E, G) or between the AUC (B, D, F, H) (P < 0.05, Student’s t-test).



In experiment 2, rats with the PV catheter consumed more than 95% of test diets (2.63 ± 0.05 g in the control group, 2.51 ± 0.05 g in the protein-free group) provided at a dose of 10 g/kg, within 15 min. Rats with the ILMV catheter consumed more than 92% of test diets (2.48 ± 0.05 g in control group, 2.38 ± 0.11 g in the protein-free group) within 15 min, and more than 97% of the respective diets within 60 min.

Basal (0 min) glucose concentrations (mg/dL) were similar in all the groups; 86.5 ± 2.5, 84.5 ± 4.0, 83.3 ± 4.4, and 90.9 ± 4.8 in Control/PV, Protein-free/PV (Pro-free/PV), Control/ILMV, and Protein-free/ILMV (Pro-free/ILMV), respectively. Glycemic response to both of test diets were higher in the PV group than in the ILMV group (Figures 3A, B).




Figure 3 | Changes in glucose, active and total GLP-1, and PYY concentrations in the portal vein (PV) plasma and the ileal mesenteric vein (ILMV) plasma after the ingestion of the diet-containing protein (control) or the diet-not containing protein (pro-free), respectively. Rats were provided the control diet (containing casein at 25% wt/wt) or the pro-free diet at the dose of 10 g/kg body weight, after 24-h fasting. Blood samples were collected from the catheters before (0 min) and after providing the meal. Results are presented as the change (Δ) from the basal values of individual parameters in each group. Data (A, B) glucose, (C, D) active GLP-1, (E, F) Total GLP-1, (G, H) Total GIP, (I, J) Total PYY) are presented as mean values and SEM (n = 10 in Control/PV, n = 8 in Pro-free/PV, n = 5 in Control/ILMV, n = 6 in Pro-free/ILMV for glucose, active GLP-1 and total PYY; n = 10 in Control/PV, n = 8 in Pro-free/PV, n = 4 in Control/ILMV, n = 5 in Pro-free/ILMV for total GLP-1). P values calculated by two-way repeated-measures ANOVA for effects of time (T), diet (D), and their interactions (TxD) are presented in each of the panels. Asterisks (*) indicate significant difference between the value at the same time point (P < 0.05, Student’s t-test). Plus (+) signs indicate significant difference compared to the basal value of each group (P < 0.05, Dunnett’s test). Dashed lines represent the basal level (Y = 0) in each of the parameters.



Because basal values of gut hormone concentrations had unexpectedly high variances, results are presented as changes from the basal values (Figure 3). Active GLP-1 concentrations (pM) were 28.4 ± 7.1, 60.3 ± 17.3, 239.0 ± 146.1, and 292.1 ± 150.5; total GLP-1 concentrations (pM) were 25.7 ± 4.8, 54.8 ± 11.4, 46.8 ± 17.5, and 75.2 ± 27.0; total GIP concentrations (pM) were 9.6 ± 1.3, 8.8 ± 0.8, 13.9 ± 1.6, and 15.4 ± 2.5; PYY concentrations (pM) were 28.0 ± 6.0, 44.3 ± 6.6, 94.8 ± 55.8, and 106.1 ± 44.2, in the Control/PV, Pro-free/PV, Control/ILMV, and Pro-free/ILMV groups, respectively.

In the PV, plasma glucose was higher in the Pro-free group than the control group (Figure 3A). No significant differences were observed between two groups in the ILMV (Figure 3B). Active GLP-1 concentration was transiently (15 min) elevated only in the Control/ILMV group with a significant difference as compared to the value at the same time point in the Pro-free/ILMV group (Figures 3C, D). We additionally measured the total GLP-1 concentration, as it reflects GLP-1 release rather than biologically active GLP-1. Because plasma samples in two rats (one in the Control/PV group and another in the Pro-free/ILMV group) did not remain sufficient for total GLP-1 measurement, the data were obtained respectively from 4 and 5 rats in these groups. Only in the ILMV group, total GLP-1 concentration sharply increased (P < 0.05 vs 0 min within the group, and, vs Pro-free group at the same time point) 15 min after ingestion of the control diet (Figures 3E, F). The Protein-free diet failed to increase total GLP-1 concentrations in the ILMV group. Total GIP concentrations increased similarly by both of diets in the PV and ILMV, respectively  (Figures 3G, H). The Protein-free diet failed to increase total GLP-1 concentrations in the ILMV group. Postprandial responses of PYY (Figures 3I, J) were overall similar to those of GLP-1 both in the PV and ILMV groups. Incremental AUC (Supplemental Figure 2) of glucose was higher in PV of the Pro-free group than in PV of the control group, and incremental AUC of total GLP-1was higher in ILMV of the control group than the Pro-free group.



Discussion

It has been widely accepted that postprandial glucose absorption occurs in the proximal small intestine based on old and valuable studies (14–16). In the present study, differences in glycemia between the PV and ILMV groups probably reflects avid glucose absorption in the proximal small intestine. This is also supported by the result in experiment 2, in which the glycemic response was higher to the Pro-free diet than to the control diet in the PV group, but the difference was not observed in the ILMV group. To the best of our knowledge, this is possibly the first study demonstrating postprandial glycemia in veins of different regions of the intestine under physiological (conscious, unrestrained, and voluntary feeding) conditions.

Although we had expected similar profiles of GLP-1 responses, possibly at different degrees between the PV and ILMV groups, GLP-1 responses to the normal diet apparently differed. These results strongly suggest that GLP-1 is initially released from the ileum in response to meal ingestion. Such an interpretation agrees with the abundant distribution of GLP-1 producing cells in the distal than in the proximal small intestine (3–5). The immediate response (at 15 min) appears discrepant when considering the transit of luminal nutrients after meal ingestion. This could be explained by a “proximal-distal enteroendocrine loop” (17–19), in which certain proximal signals and the vagus nerve mediate GLP-1 release from the distal intestine. However, it is still possible that some of nutritional components immediately reached the middle-distal part of small intestine so that they directly stimulated L cells locally.

In contrast to GLP-1, postprandial GIP concentrations were higher in the PV than in the ILMV, which could be explained by the localization of GIP-producing K cells in the proximal small intestine (3–5). Such region-dependent responses in glucose, GLP-1, and GIP levels help to validate that our cannulation models (especially ILMV) are useful for distinguishing the events that occur in the proximal and distal intestine.

The protein-free diet failed to increase GLP-1 concentrations both in the PV and ILMV, indicating that protein is an essential component for the induction of GLP-1 release in response to the “meal”. This is partially supported by previous studies demonstrating that dietary proteins had a potent effect on GLP-1 secretion (20–23) as compared to that of carbohydrate and fat. As expected, profiles of PYY response were largely similar to that of GLP-1 responses in both experiments. This is consistent with the fact that these hormones are co-produced in L cells of the distal intestine, and with previous studies demonstrating the potent effect of dietary proteins on PYY secretion (21, 23, 24).

GLP-1 and PYY-producing cells exist abundantly in the ileum and colon, nevertheless these responses appeared within 15 min postprandially. Such quick responses might be mediated by neurohumoral reflexes triggered by sensing nutrients in the proximal small intestine (17–19, 25, 26).

Dietary fat is known to stimulate PYY in animal models and humans (2). Although all of test diet contained soybean oil at 7% (wt/wt), PYY concentrations did not increase in the ILMV after Pro-free diet ingestion (Figure 3H). In previous rat (approx. 300 g body weight) experiments, ileal infusion of 100 mM (28.2 mg/mL, 200 µL/min) oleic acid for 30 min (totally 169 mg oleic acid) induced much smaller PYY response than that of 5% peptone (totally 300 mg peptone) (27), and duodenal administration of 3 ml of 150 mM (42.3 mg/mL) oleic acid (totally 127 mg oleic acid = 1.14 kcal) induced much smaller PYY response than that of a liquid meal (totally 21 kJ = 5 kcal) (28). In the present study, rats ingested approximately 200 mg (70 mg fat/g diet x 2.5-2.8 g diet) of fat in MTTs. Because fat content was apparently lower than carbohydrate and protein contents in the diets, and these nutrients need to be emptied from the stomach into the small intestine to exert stimulatory effect on GIP/GLP-1/PYY secretions, we speculate that the amount of fat presented in the small intestine was not sufficient to trigger PYY secretion.

Insulin is not secreted from the intestine, and its secretion is stimulated by multiple factors such as GLP-1, GIP, glucose, amino acids, and fatty acid in the plasma, therefore, we are not able to provide relevant reasons for similar insulin responses observed in the present study regardless of the regions of blood sampling and of the diets given (Supplementary Figure 1).

Concentrations of plasma gut hormones could be affected by the rate of blood flow and by merging with the blood outside from the intestine such as the pancreas and kidney (29). Portal blood flow is increased by meal ingestion and plasma glucose (30–33). Decrements in GLP-1 concentrations observed in PV of rats fed the protein free diet may be due to dilution by these physiological factors. Blood sampling from a mesenteric vein tributary from the proximal small intestine would be desirable to exclude these effects, though it is technically challenging for repeated blood sampling in awake rats.

Liberated peptides (10, 11, 34–36) and/or amino acids (37, 38) from the dietary proteins likely stimulated GLP-1 release. We speculate that dipeptidyl peptidase-IV (DPP-IV) inhibitory peptides liberated from the dietary proteins (10, 34, 39–43) are absorbed in the small intestine, wherein they protect GLP-1 from degradation by DPP-IV in the plasma. Measurements of active GLP-1, total GLP-1 concentrations, their ratio, and DPP-IV activity in systemic bloods collected without full protease protection will be needed to examine the hypothesis in future studies. A previous study demonstrated greater effect of carbohydrates than proteins on GLP-1 release in conscious rats (44) using lymph fistula and duodenal nutrient infusion. The opposite conclusion to our study would be attributed to the differential experimental conditions.

It seemed surprising that the protein-free diet did not increase GLP-1 concentrations even though the diet mainly (more than 80% wt/wt) consisted of digestible carbohydrates. This could be because carbohydrates were rapidly digested and absorbed as monosaccharides in the proximal small intestine, as suggested by the data obtained for glycemic and GIP responses (experiment 1). The dose of the test diet at 10 g/kg was possibly insufficient to detect an elevation of GLP-1 concentrations for the protein-free (high carbohydrate) diet, even in the mesenteric and the portal veins. Indeed, we could not detect any increment in GLP-1 levels by oral administration of glucose or dextrin at the dose of 2-3 g/kg (45, 46), whereas oral administration of protein hydrolysates at 2 g/kg sufficiently enhanced GLP-1 concentrations in the peripheral vein of normal rats (10, 11).

It is unclear why the values of active GLP-1 concentration were higher than that of total GLP-1 concentration in the present study. The discrepancy might come from the difference in methodology (a multiplex assay system and a conventional ELISA kit). However, the postprandial responses were almost parallel between both forms of GLP-1s. Therefore, our results seem to appropriately represent GLP-1 secretory response at the postprandial state. Another limitation in the present study is that it is not possible to separate circulated blood from the ILMV and PV blood samples. In addition, comparing with postprandial GLP-1 concentrations in systemic blood samples would help to distinguish secreted, circulated, and degraded GLP-1s. If we can successfully cannulate into the cecal vein or mesenteric artery, it will be possible to evaluate the region-specific hormone responses or nutrient/drug absorption.

In summary, using novel ILMV cannulated model rats and comparing them to PV cannulated model rats, it was demonstrated that postprandial GLP-1 is released from the distal intestine under physiological conditions. Furthermore, by comparing postprandial GLP-1 responses to the diets with or without protein, it was revealed that protein in the meal has a critical role in triggering postprandial GLP-1 responses from the distal intestine.
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Dietary fiber has been linked to improved gut health, yet the mechanisms behind this association remain poorly understood. One proposed mechanism is through its influence on the secretion of gut hormones, including glucagon-like peptide-1 (GLP-1) and glucagon-like peptide-2 (GLP-2). We aimed to: 1) investigate the impact of a fiber deficient diet on the intestinal morphological homeostasis; 2) evaluate L-cell secretion; and 3) to ascertain the role of GLP-1, GLP-2 and Takeda G protein-receptor-5 (TGR5) signaling in the response using GLP-1 receptor, GLP-2 receptor and TGR5 knockout mice. Female C57BL/6JRj mice (n = 8) either received a standard chow diet or were switched to a crude fiber-deficient diet for a short (21 days) and long (112 days) study period. Subsequent identical experiments were performed in GLP-1 receptor, GLP-2 receptor and TGR5 knockout mice. The removal of fiber from the diet for 21 days resulted in a decrease in small intestinal weight (p < 0.01) and a corresponding decrease in intestinal crypt depth in the duodenum, jejunum and ileum (p < 0.001, p < 0.05, and p < 0.01, respectively). Additionally, colon weight was decreased (p < 0.01). These changes were associated with a decrease in extractable GLP-1, GLP-2 and PYY in the colon (p < 0.05, p < 0.01, and p < 0.01). However, we could not show that the fiber-dependent size decrease was dependent on GLP-1 receptor, GLP-2 receptor or TGR5 signaling. Intestinal permeability was increased following the removal of fiber for 112 days. In conclusion, our study highlights the importance of dietary fiber to maintain intestinal weight, colonic L-cell secretion and intestinal integrity.
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Introduction

Non-digestible carbohydrates, termed dietary fibers, have been linked to improved health outcome, especially concerning gut health (1). Their presence in the diet can delay gastric emptying rate (2), increase fecal bulk and moisture content (3), and impact bacterial diversity (4) and fermentation (5). Despite these attributes, fiber consumption in the diets of westernized nations continues to fall below the recommended guidelines (6). This ‘western diet’ is characterized by calorie-rich processed foods, high in sucrose and saturated fats with reduced dietary fiber (7) and is linked to the rise in noncommunicable diseases (1) and a decrease in microbial diversity (8, 9). Additionally, low fiber diets are recommended to patients to manage intestinal symptoms such as diarrhea in a range of gastrointestinal conditions including Crohn’s disease, ulcerative colitis, irritable bowel syndrome, as well as following chemotherapy and radiotherapy (10). One proposed mechanism by which diet composition can influence health is through its influence on the secretion of gut hormones, including glucagon-like peptide-1 (GLP-1) and glucagon-like peptide-2 (GLP-2) (11, 12). The glucagon-like peptides are co-secreted from enteroendocrine L-cells, predominantly located in the distal small intestine (SI) and colon. GLP-1 is a multifunctional incretin hormone best known for modulating glucose metabolism (13) but also has a mild trophic effect in the intestine of rodents (14, 15). GLP-2 plays an important role in gut epithelium function by being the major regulator of the intestinal size as well as absorptive capacity (16–19). Together GLP-1 and GLP-2, synergistically ameliorate intestinal injury and improve intestinal healing (20).

Classically, luminal nutrient delivery has been described as the stimulus for enteroendocrine L-cells (21), but more recently other stimuli such as short-chain fatty acids (SCFA) and bile acids have also been reported to be stimulators in experimental animals (22, 23) and humans (24, 25). SCFAs are the primary fermentation products of dietary fiber by bacteria located in the proximal colon (26) and exert their secretagogue function by binding to the free fatty acid receptors 2 and 3 (FFAR2 and FFAR3) located on L-cells (27, 28). The gut microbiota metabolizes and modifies bile acids and regulates the expression of their synthesizing enzymes (29, 30). They exert their secretagogue function by binding to the bile acid receptor Takeda G protein-receptor-5 (TGR5) located on intestinal L-cells (31).

Given the ability of dietary fiber to modulate the gut microbiota (5) and its fermentation products we hypothesized that the removal of dietary fiber would decrease the gut size and available absorptive capacity due to the moderation in L-cell secretion. We aimed to investigate the impact of a fiber deficient diet on the intestinal morphological homeostasis and L-cell secretion and to evaluate GLP-1 receptor (GLP-1r), GLP-2 receptor (GLP-2r) and TGR5 signaling in the response using knockout mice.



Materials and Methods


Animals

All experiments adhered to guidelines of Danish legislation governing animal experimentation (1987) and were approved by the Danish animal experiments inspectorate (license no. 2013-15-2934-00833). Female C57BL/6JRj mice, 8 weeks of age, were purchased from Janvier Laboratories, Saint-Berthevin Cedex, France. Female GLP-1r knockout mice (GLP-1r-/-), 8–12 weeks of age, were generated using the loxP/Cre system as described previously (32). Female GLP-2r knockout mice (GLP-2r-/-), 8–12 weeks of age, were generated via CRISPR/Cas9-mediated gene editing as described previously (33). Female TGR5 knockout mice (TGR5-/-), 8–12 weeks of age, were bred in-house with permission from the Laboratory of Integrative and Systems Physiology, Ecole Polytechnique de Lausanne, Switzerland (34). All knockout mice were bred by heterozygote breeding and GLP-1r+/+, GLP-2r+/+ and TGR5+/+ littermates were used as controls. All animals were housed in the same animal facility under standard 12:12 h light-dark cycles with ad libitum access to food and water.



Experimental Setup


Fiber-Free Diet in C57BL/6JRj Mice

Female mice (n = 8), housed 8 per cage, either continued to receive a standard chow diet herein referred to as ‘chow’ (Altromin, Lage, Germany, cat.no. 1310) or were switched to a crude fiber-deficient diet (Altromin, cat.no. 1013) referred herein to as ‘fiber-free’ for 21 or 112 days (Table 1; for full nutritional composition, see Supplementary Data Table 1 https://doi.org/10.6084/m9.figshare.13568261.v1). All animals from the 21 days experiment were weighed every four days and their daily food intake was determined by hand weighing the remaining food per cage. Daily nutritional consumption per mouse was calculated by dividing the total intake (g) per cage by the number of mice in the cage, multiplied by the macronutrient distribution of the diets per g (Figure 1).


Table 1 | Nutritional composition of diets per g/100 g.






Figure 1 | Dietary intake and body weight change in C57BL/6JRj mice fed a fiber-free diet for 21 days. (A) Total dietary intake calculated by dividing the total food intake (g) per cage by the number of mice in the cage. (B) Total calories consumed per mouse. (C) Body weight (BW). (D) Change in be BW expressed as percentage BW change from day 0. BW and change in BW was compared using a two-way ANOVA followed by a Sidak’s multiple comparisons test and data are presented as mean ± SEM. *p < 0.05, **p < 0.01, and ****p < 0.0001.



Mice were given an intraperitoneal injection of bromodeoxyuridine (BrdU) (50 mg/kg) (Sigma-Aldrich, Missouri, US, cat.no. B5002) (only the 21 days experiment) and an oral gavage of fluorescein isothiocyanate dextran (FITC-dextran) (400 mg/kg) (Sigma-Aldrich, cat.no. 60842-46-8) 2 h before sacrifice. Mice were anesthetized with an intraperitoneal injection of ketamine (90 mg/kg) (MSD Animal Health, Madison, New Jersey, US, cat.no. 511485) and xylazine (10 mg/kg) (Rompun Vet, Bayer Animal Health, Leverkusen, Germany, cat.no. 148999). From a midline incision, a total blood draw was made from the vena cava and the blood was collected in pre-cooled 3.9 mmol/l EDTA-coated tubes (Eppendorf, Hamburg, Germany, cat.no. 20901-757) and stored on ice until centrifuged (3500 rpm, 15 min, 4°C). Plasma was transferred to pre-cooled Eppendorfs and stored at -20°C until further analysis. The small intestine (SI) was resected and partitioned into the duodenum, jejunum and ileum and the colon was resected. All the resected tissue was flushed and weighed as previously described (35). Transverse sections of the duodenum, jejunum, ileum and colon were fixed in 10% neutral formalin buffer for 24 h and subsequently transferred to 70% ethanol until further processing for histology and immunohistochemistry (IHC). Additional tissue samples were collected in the same manner, then snap-frozen and stored at -80°C until protein extraction and radioimmunoassay (RIA) (only 21 days).



Fiber-Free Diet in Knockout Mice

Female GLP-1r-/-, GLP-2r-/- and TGR5-/- (n = 8–10) mice and their GLP-1r+/+, GLP-2r+/+ and TGR5+/+ littermates (n = 8–10) either continued to receive the chow diet (Altromin, cat.no. 1310) or were switched to the fiber-free diet (Altromin, cat.no. 1013) for 21 days. All animals were weighed every four days and intestines were resected, flushed and weighed as described previously.




Histology

Formalin-fixed tissue from the duodenum, jejunum, ileum and colon was first dehydrated and paraffin-embedded. Slices of the embedded tissue (4 μm) were cut using a microtome (pfm Slide 4005 E, pfm medical, Köln, Germany) and stained with hematoxylin/eosin. The average crypt depth and villus height were approximated by measuring these parameters in 20 well-oriented villi and crypts. Mucosa area was measured by subtracting the luminal circumference from the submucosal circumference. All measurements were made from histological photographs taken using a light microscope connected to a camera (Zeiss Axio Lab.A1, Brock & Michelsen, Birkeroed, Denmark) and Zeiss Zen lite software (Carl Zeiss Microscopy GmbH, Göttingen, Germany) (demonstrated in Supplementary Data Figure 1A https://doi.org/10.6084/m9.figshare.13594058.v1). The observer was blinded as to the origin of the section.



Immunohistochemistry

Slides were stained using the Ultravision Quanto Detection System HRP DAB (Thermo Fisher Scientific, Massachusetts, US, cat.no TL-060-QHD), according to the manufacturers’ instructions and pre-treated by heat-induced epitope retrieval in Tris/EDTA buffer pH 9.0 (Thermo Fisher Scientific, cat.no TA-125-PM4X). Non-specific binding was blocked using Rodent Block Buffer (Ultravision Quanto Mouse on Mouse kit, Thermo Fisher Scientific, cat no. TL-060-QHDM) according to the manufacturers’ instructions. The monoclonal mouse anti-BrdU antibody BU20a (Thermo Fisher Scientific, cat.no MA1-81890, RRID : AB_927209) diluted 1:500 was applied to the tissue for 1 h. Slides were counterstained with hematoxylin and visualized using a light microscope. Proliferation was quantified by counting the total number of crypt cells and calculating the percentage of BrdU positive cells per crypt. At least 20 well-orientated crypts were selected in each section. The observer was blinded as to the origin of the section.



Protein Extraction

Intestinal tissue was subject to peptide extraction as previously described (33). In short, the tissue samples were homogenized in 1% trifluoroacetic acid (TFA; Thermo Fisher Scientific, cat.no. TS-28904) then left to stand at room temperature for 1 h and were then centrifuged for 10 min at 2000xg. After determination of the concentration of protein (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, cat.no 23225), the supernatants were fractionated using tc18 cartridges (Waters, Massachusetts, US, cat.no 036810). After evaporation, ethanol-eluted peptides were reconstituted in assay buffer (phosphate buffer 80 mM, 0.1% human serum albumin, EDTA 10 mM, pH 7.5, plus 0.01 mM of the dipeptidyl peptidase-4 inhibitor valine-pyrrolidide).



Radioimmunoassay

Total concentrations of amidated GLP-1 were quantified using antiserum (code name 89390) targeting the C-terminus of the GLP-1 molecule and reflects the sum of intact GLP-1 (7–36)amide, the primary metabolite GLP-1 (9–36)amide and any other GLP-1(x-36)amide isoforms (36). Intact GLP-2 (1–33) was measured using antiserum (code name 92160) targeting the N-terminus of the GLP-2 molecule (37). Total PYY, sum of 1–36 and 3–36 forms, was quantified using antiserum (code name T-4093) (38). Concentrations were normalized to measured protein content in the extract.



Plasma Determination of FITC-Dextran

Total intestinal permeability was indirectly measured by the determination of the non-digestible 4-kDa dextran conjugated with fluorescein isothiocyanate (FITC-dextran) in plasma (39). Following oral administration, FITC-dextran transits through the gastrointestinal tract and can passively pass through the intestinal epithelium. The concentration of FITC-dextran in plasma represents the permeability of the intestinal epithelium. Plasma was diluted in an equal volume of phosphate-buffered saline (PBS) and subjected to fluorescence analysis using an excitation wavelength of 485 nm and an emission wavelength of 528 nm in a SpectraMax iD3 multi-mode microplate reader (Molecular Devices, San Jose, US). The results of the fluorescence measurements were compared to a standard curve of known FITC-dextran concentrations.



Calculation and Statistical Evaluation

All statistics were performed using GraphPad Prism 6 (La Jolla, California, US). Statistical evaluations of the data were carried out using two-sided, unpaired t tests when comparing two independent groups and a two-way analysis of variance (ANOVA) when comparing multiple independent groups followed by a Sidak’s multiple comparisons test. Values of p < 0.05 were considered significant and all data in the text and graphs were presented as mean ± SEM.




Results


Fiber-Free Diet in C57BL/6JRj Mice


Dietary Intake and Body Weight

After the 21 days of feeding, fiber-free fed mice had a lower total intake of diet per mouse (47 vs. 67 g) (Figure 1A). This resulted in a lower total calorie intake (171 vs. 214 kcal per mouse) (Figure 1B). Unsurprisingly, total fiber intake after 21 days was lower in the fiber-free group (0.08 vs. 4.11 g). Total fat (2.37 vs. 2.75 g) and carbohydrate (29 vs. 27 g) consumption after 21 days was similar in both treatment groups. Fiber-free mice had a lower total protein intake (8 vs. 13 g) compared to the chow fed mice after 21 days. Body weight (BW) was significantly decreased from day 17 in the fiber-free mice (Figure 1C) and the percentage BW change was significantly different from day 8 until the end of the study (Figure 1D).



Weight and Morphometric Estimates in the Intestine

Fiber-free fed mice had significantly reduced intestinal weights, relative to BW, in the duodenum (11%), the jejunum (28%) and the ileum (32%) after 21 days of feeding (Figure 2A). Total small intestine (SI) weight relative to BW, was significantly reduced by 25% (Figure 2B). Additionally, fiber-free feeding significantly decreased SI weight per length (Figure 2C). Given this, surprisingly fiber-free mice had a significant increase in duodenal villus height (Figure 2D). Villus height in the jejunum and ileum remained unchanged (Figure 2D). Fiber-free feeding significantly reduced crypt depth in the duodenum by 13%, in the jejunum by 36%, and in the ileum by 23%, crypt depth remained unchanged in the colon but the overall mucosa area in the colon was significantly decreased (Figures 2E, F). Images of representative hematoxylin and eosin-stained intestinal tissue are displayed in Supplementary Figures 1B, C; https://doi.org/10.6084/m9.figshare.13594058.v1). Colon weight, relative to BW, was significantly decreased by 41% (Figure 2G) and colon weight per length was significantly decreased (Figure 2H). Fiber-free feeding did not affect the number of BrdU immunopositive cells per crypt in the SI or colon (Figure 2I).




Figure 2 | Morphometric estimates in the intestine of C57BL/6JRj mice fed a fiber-free diet for 21 days. Weight of the intestine in mice receiving either a fiber-free or chow diet for 21 days. (A) Duodenum, jejunum and ileum weight relative to final body weight (BW); (B) Total small intestinal (SI) weight relative to BW; (C) SI weight relative to SI length; (D) SI Villus height; (E) SI and colon crypt depth; (F) SI and colon mucosa area; (G) Colon weight relative to BW; (H) Colon weight relative to colon length; (I) BrdU immunopositive (BrdU+) cell number expressed as a percentage of total crypt cell number. Data were compared using a two-sided, unpaired students t-test and presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Long-term fiber-free fed mice had significantly reduced intestinal weights, relative to BW, in the duodenum (13%), the jejunum (29%) and the ileum (38%) (Figure 3A). Total SI weight, relative to BW, was significantly reduced by 28% (Figure 3B) and there was a tendency (p=0.0594) for reduced SI weight per length (Figure 3C). Fiber-free feeding did not affect the villus height in the duodenum and jejunum, but in the ileum, the villus height was significantly decreased by 19% (Figure 3D). Fiber-free feeding significantly reduced crypt depth in the duodenum by 28%, in the jejunum by 35% and in the ileum by 30% and tended to reduce crypt depth in the colon (p=0.0558) (Figure 3E). Mucosa area was significantly decreased in the ileum and colon (Figure 3F). Images of representative hematoxylin and eosin-stained intestinal tissue are displayed in Supplementary Figure 1, panel D and E https://doi.org/10.6084/m9.figshare.13594058.v1). Colon weight, relative to BW, was significantly decreased by 44% following a long-term fiber-free diet (Figure 3F). Colon weight per length was significantly decreased in fiber-free mice compared to chow (Figure 3G).




Figure 3 | Body weight and morphometric estimates in the intestine of C57BL/6JRj mice fed a fiber-free diet for 112 days. Weight of the intestine in mice receiving either a fiber-free or chow diet for 112 days. (A) Duodenum, jejunum and ileum weight relative to final body weight (BW); (B) Total small intestinal (SI) weight relative to BW. (C) SI weight relative to SI length; (D) SI Villus height; (E) SI and colon crypt depth; (F) SI and colon mucosa area. (G) Colon weight relative to BW; (H) Colon weight relative to colon length. Data were compared using a two-sided, unpaired students t-test and presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.





L-Cell Hormone Production

Fiber-free feeding for 21 days significantly decreased the concentration of total GLP-1, by 37% and 55% in the ileum and colon, respectively (Figure 4A). The concentration of intact GLP-2 (1–33) remained unchanged in the ileum but was significantly decreased in the colon by 80% (Figure 4B). Total PYY, remained unchanged in the ileum but was significantly decreased by 48% in the colon (Figure 4C).




Figure 4 | L-cell hormone production in C57BL/6JRj mice fed a fiber-free diet for 21 days. L-cell hormone production in mice receiving either a fiber-free or chow diet for 21 days. (A) Total amidated GLP-1 (sum of intact GLP-1 (7–36)amide, the primary metabolite GLP-1 (9–36)amide and other GLP-1(x-36) amide isoforms) concentration, normalized to pmol per g protein, in the ileum and colonic tissue. (B) Intact GLP-2 (1–33) concentration normalized to pmol per g protein, in the ileum and colonic tissue. (C) Total PYY, sum of 1-36 and 3-36 isoforms, concentration, normalized to pmol per g protein, in the ileum and colonic tissue. Data were compared using a two-sided, unpaired students t-test and presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.





Intestinal Permeability

Fiber-free feeding did not affect the level of FITC-dextran in the plasma after 21 days (Figure 5A). After 112 days, the concentration of plasma FITC was significantly tripled in the fiber-free mice compared to chow (Figure 5B).




Figure 5 | Intestinal permeability in C57BL/6JRj mice fed a fiber-free diet for 21 and 112 days. Intestinal permeability in mice receiving either a fiber-free or chow diet (A) for 21 or (B) 112 days measured as the level of FITC-dextran in sera 2 h post oral administration. Data were compared using a two-sided, unpaired students t-test and presented as mean ± SEM. **p < 0.01.






Fiber-Free Diet in Knockout Mice

In GLP-1r-/- and GLP-1r+/+ mice, genotype did not affect BW change (Figure 6A). Total SI weight, normalized to BW, was significantly increased in the chow fed GLP-1r-/- mice compared to chow GLP-1r+/+ with no differences between genotypes found in the fiber-free mice (Figure 6B). Genotype did not affect colon weight normalized to BW (Figure 6C). In GLP-2r-/- and GLP-2r+/+ mice, genotype did not affect BW change, SI or colon weight normalized to BW (Figures 6D–F). Similarly, in the TGR5-/- and TGR5+/+ mice, genotype did not affect BW change, SI or colon weight normalized to BW (Figures 6G–I).




Figure 6 | Fiber-free diet in in knockout mice. GLP-1r-/-, GLP-2r-/- and TGR5-/- mice and their GLP-1r +/+, GLP-2r+/+ and TGR5+/+ littermates received either a fiber-free or chow diet for 21 days. (A, D, G) Body weight (BW) change, expressed as percentage BW change; (B, E, H) Small intestinal (SI) weight, normalized to BW; (C, F, I) Colon weight normalized to BW. Data were compared using a two-way ANOVA followed by a Sidak’s multiple comparisons test and data are presented as mean ± SEM. **p < 0.01, ****p < 0.0001 and ns, non-significant.






Discussion

This study emphasizes the importance of dietary fiber for maintaining intestinal weight, colonic L-cell secretion and intestinal integrity in mice. We show that the removal of crude fiber from the diet dramatically decreased the intestinal size during both the short (21 days) and long-term (112 days) study periods and, additionally, drastically decreased colonic L-cell hormone content after 21 days. Intestinal permeability was unaffected following the 21 days deficient fiber feeding but was significantly increased after 112 days of feeding.

Traditionally, the physiological influence of dietary fiber was thought to be limited to the intestinal lumen, affecting gastric emptying rate (2), contributing to fecal bulk and moisture content (40). These attributes made fiber an ideal candidate to maintain healthy intestinal transit, yet increasingly fiber and its derivatives have been shown to play a role beyond lumen. Fiber has been shown to alter the physical characteristics of the rodent gut, such as increasing intestinal weight (41) and increasing intestinal epithelial cell proliferation (42), which could make fiber a potential candidate for ameliorating intestinal injury. These effects could also have implications for populations consuming low fiber diets such as part of a western diet or for patients following advice to consume low-fiber diets to alleviate intestinal side effects such as diarrhea (10).

To assess the impact of low fiber diets on the gut size, we switched mice from their normal chow diet to a fiber-deficient diet for 21 days. Here, we show that removal of crude dietary fiber significantly decreased the weight of the SI and, to a larger extent, the colon. Additionally, removal of fiber significantly decreased crypt depth in the SI and significantly decreased the mucosa area in the colon. These findings support previous data describing a dose-dependent effect of fiber on gut size in rats (41). Similar to our study, the authors reported a fiber-mediated effect on crypt depth in the jejunum and ileum. Additionally, they report that fiber supplementation increased villus height whereas paradoxically we report a significant increase in villus height, in the duodenum, upon the removal of fiber after 21 days. This difference in outcome could be attributed to the different experimental setup, with Adam et al. (41) supplementing diets with the soluble fiber pectin, compared to the total removal of crude fiber exemplified in this study. The total removal of fiber could trigger a compensatory response in the proximal SI due to a loss of absorptive capacity, as a product of reduced intestinal size.

We further investigated this possible compensatory response by repeating the experiment but with a long-term feeding schedule of 4 months (112 days). Comparable to the 21 days feeding regime, long-term fiber deficiency reduced SI and colon weights by a similar proportion that coincided with a decrease in crypt depth in the small intestine and a decrease in mucosa area in the colon. Uniquely in the long-term study, there was a decrease in villus height and overall mucosa area in the ileum following fiber-free feeding. These results suggest that the fiber-free fed mice were not able to compensate for their loss of intestinal weight over time. Instead, the reduction in crypt depth preceded villous atrophy in the ileum. At the cell level, atrophic loss may be a product of decreased proliferation or increased apoptosis. Here, we report no changes in proliferative activity measured using BrdU immunopositivity, therefore, it could be speculated that the atrophic loss was due to an increased apoptotic rate.

The observed decrease in colonic weight could be assumed to be a product of the decreased fermentation processes, yet similar to previous findings utilizing soluble fiber in rats (41), the morphological changes were also present in the SI. This suggests that the observed growth effect was independent of the local actions of dietary fiber fermentation. Instead, we hypothesized the growth response in the SI could be mediated by the intestinal gut hormones GLP-1 and GLP-2. GLP-2 is a well-documented intestinal tropic hormone shown to increase proliferation and reduce apoptosis (16) (17) (43). GLP-1 can protect against mucosal loss following intestinal injury (44). Both hormones are co-secreted upon a number of nutritional stimuli including in response to dietary fiber fermentation products (22) (27). Indeed, we show that the absence of fiber in the diet decreased the tissue levels of GLP-1, GLP-2 and additionally PYY. The present results agree with previous studies assessing L-cell secretion following fiber supplement in rodents and humans (3) (45) (46). However, in contrast to measuring plasma hormone levels we measured the local tissue concentrations and showed that the L-cell hormones were primarily affected in the colon and to a lesser extent in the distal SI. This ultimately suggests that the fiber-mediated stimulation of the gut growth is controlled by colonic L-cells. Targeting this colonic endocrine function has a large therapeutic potential since the largest density of L-cells is found in the colon (47). These L-cells are situated away from classical luminal nutrient stimulation thereby attributing a different source of stimuli for this subset of L-cells that we are just beginning to characterize.

Given that a decrease in intestinal size corresponded with a decrease in L-cell content in the colon following a fiber deficient diet, we hypothesized that the intestinotrophic actions of GLP-2 and to a lesser extent GLP-1 could drive this response and investigated our hypothesis using global

GLP-1r-/- and GLP-2r-/- mice. Abolition of GLP-1 receptor signaling did not affect the decreased SI or colon weight observed following deficient dietary fiber feeding; however, loss of fiber from the diet removed the significant increase in SI weight observed in GLP-1r-/- mice. This suggests an interaction between GLP-1 signaling, gut size and the presence of fiber, whereby in the presence of fiber, GLP-1r-/- mice develop increased SI weight, while the signal is lost following the removal of fiber. Abolition of GLP-2 receptor signaling did not affect the intestinal size. To assess if the growth response could be impacted by the indirect manipulation of GLP-1 and GLP-2 we used the bile acid receptor TGR5-/- mice. TGR5 is located on the L-cell and we have previously shown that TGR5 stimulation led to a GLP-2 mediated increase in intestinal size from colonic L-cells (33). However, in the current experiments intestinal size was not impacted by TGR5 signaling. Therefore, we were not able to show the mechanistic drivers of the fiber-mediated growth response using these knockout mouse models. Future studies should focus on assessing the contribution of other microbial modulated metabolites or by assessing receptor contributions in inducible knockout models since germline knockout models, as used in this study, are limited by the risk of evolved compensatory mechanisms to maintain their intestinal capacity.

Dietary fiber has been proposed to improve gut and overall health by helping maintain the intestinal barrier (4, 48). Upon the removal of dietary fiber, bacteria switch their glycan metabolism from fiber degradation to mucus glycan degradation thereby reducing the colonic mucus layer thickness which increases microbial translocation, triggering systemic inflammation (4, 48, 49). Here, we investigated intestinal permeability following the removal of dietary fiber using FITC-dextran. Surprisingly, there were no differences in permeability after 21 days but a large increase after 112 days of fiber-free feeding. This suggests that long-term fiber interventions are required to moderate permeability to an extent that can be detected at the serum level but does not rule out short-term precursor modifications such as mucus layer thickness, which were not assessed in this study.

The present study is limited by a difference in the composition of the two compared diets. Both diets were purchased from the same distributor but had micro and macronutrient differences beyond the content of fiber including a higher kcal/kg in the fiber-free diet. Likely due to the higher kcal/kg, fiber-free fed mice consumed less diet which at the end of the 21 day feeding period increased the disparities between macronutrient consumption and led to a significant decrease in BW from day 8. In particular, after 21 days the fiber-free mice had consumed less protein compared to the chow mice (8 vs. 13 g) therefore, we cannot exclude the influence of decreased protein in the investigated intestinal parameters. Despite this, previous studies investigating the effect of low protein diets on the intestine have shown they correlate with a significant reduction in villus heights (50, 51) which was not observed in our study. Additionally, protein diets have been shown to have little effect on the GLP-2 secretion (52).

Despite the numerous studies describing the health benefits of dietary fiber consumption in humans, the doses needed to emulate the benefits are often not realized in practice due to a combination of logistical reasons affecting compliance and adverse effects such as bloating (53) and flatulence (54). Therefore, it remains important to investigate the mechanisms behind these health benefits to develop dietary recommendations to yield new approaches to prevent or treat a range of human diseases. Here, we show that fiber is essential to maintain intestinal size, colonic L-cell hormone levels and maintain intestinal integrity. These findings could have important implications for populations consuming low-fiber diets such as part of a western diet, who could have an increased susceptibility to intestinal disease. In particular, patients recommended to consume low-fiber diets following intestinal injury, such as in the case of pelvic radiotherapy (55), could be at particular risk since despite the low-fiber diet improving intestinal side effects such as diarrhea, simultaneously it might prolong the radiation-induced intestinal damage (56). Despite showing here that a deficient fiber status dramatically altered the colonic endocrine function, the mechanistic drivers of this response were not elucidated. The spatiotemporal location of the colonic endocrine cells implicates alternative stimuli to classical luminal nutrients such as microbially modulated metabolites like SCFA that are produced and bile acids that are modified and by bacteria-driven processes. Given this, future fiber mediated metabolomics studies are necessary to define likely candidates of L-cell secretion in the colon.
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Background

Altered bile acid (BA) turnover has been suggested to be involved in the improved glucose regulation after Roux-en-Y gastric bypass (RYGB), possibly via stimulation of GLP-1 secretion. We investigated the role of exogenous as well as endogenous BAs for GLP-1 secretion after RYGB by administering chenodeoxycholic acid (CDCA) and the BA sequestrant colesevelam (COL) both in the presence and the absence of a meal stimulus.



Methods

Two single-blinded randomized cross-over studies were performed. In study 1, eight RYGB operated participants ingested 200 ml water with 1) CDCA 1.25 g or 2) CDCA 1.25 g + colesevelam 3.75 g on separate days. In study 2, twelve RYGB participants ingested on separate days a mixed meal with addition of 1) CDCA 1.25 g, 2) COL 3.75 g or 3) COL 3.75 g × 2, or 4) no additions.



Results

In study 1, oral intake of CDCA increased circulating BAs, GLP-1, C-peptide, glucagon, and neurotensin. Addition of colesevelam reduced all responses. In study 2, addition of CDCA enhanced meal-induced increases in plasma GLP-1, glucagon and FGF-19 and lowered plasma glucose and C-peptide concentrations, while adding colesevelam lowered circulating BAs but did not affect meal-induced changes in plasma glucose or measured gastrointestinal hormones.



Conclusion

In RYGB-operated persons, exogenous CDCA enhanced meal-stimulated GLP-1 and glucagon secretion but not insulin secretion, while the BA sequestrant colesevelam decreased CDCA-stimulated GLP-1 secretion but did not affect meal-stimulated GLP-1, C-peptide or glucagon secretion, or glucose tolerance. These findings suggest a limited role for endogenous bile acids in the acute regulation of postprandial gut hormone secretion or glucose metabolism after RYGB.
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Introduction

Roux-en-Y gastric bypass (RYGB) is the most effective treatment of both obesity and type 2 diabetes (1, 2). Interestingly, glucose metabolism is improved in patients with type 2 diabetes within days after surgery indicating causal mechanisms other than weight loss (3, 4). Several factors seem to be involved including an accelerated transit of nutrients to the small intestine and augmented absorption, which leads to altered gut hormone secretion and among these a greatly enhanced (up to 10-fold) secretion of glucagon-like peptide-1 (GLP-1) (5, 6). GLP-1 is an insulinotropic and appetite inhibiting hormone, and in studies involving the GLP-1 receptor antagonist, Exendin 9-39, the GLP-1 response has been shown to be important for the reduction in food intake and improved beta-cell function observed after RYGB (7–9).

The mechanisms driving the increased secretion of GLP-1 are not fully clarified, but bile acids have been suggested to play a role. Apart from their role in lipid digestion and absorption, bile acids are signal molecules that stimulate GLP-1 secretion through activation of the G-protein coupled receptor TGR-5 (10), as demonstrated both in vivo (11) and in vitro (12–17). Moreover, activation of the bile-acid sensitive nuclear receptor FXR has also been suggested to modulate GLP-1 secretion (18, 19). After RYGB, increased concentrations of plasma bile acids are positively correlated to the increase in GLP-1 concentrations (20, 21) and improved glucose tolerance (22, 23) months to years after RYGB. These observations led to the hypothesis that bile acids are involved in the metabolic improvements after RYGB. However, there is a dissociation in the timing of the postoperative changes since total plasma bile acid concentrations are unchanged in the early postoperative period (21, 24), whereas postprandial GLP-1 secretion is enhanced immediately after surgery, concomitantly with increased insulin secretion and improved glucose tolerance (25, 26). Thus, the role of bile acids for the exaggerated postprandial GLP-1 secretion and glucose metabolism after RYGB remains unclear.

We have previously demonstrated that administration of the unconjugated primary bile acid chenodeoxycholic acid (CDCA) [a potent TGR5 and FXR agonist (27, 28)] to RYGB operated subjects stimulates both GLP-1, PYY, neurotensin, glucagon, and insulin secretion even in the absence of nutrient ingestion.

The primary aim of the current study was to expand on this observation of a link between bile acids and GLP-1 secretion by examining the effect of CDCA in a different cohort and during meal-ingestion and, more importantly, to investigate the contribution of endogenous bile acids for meal-stimulated GLP-1 secretion. The latter was done by inhibiting bile acid reabsorption through administration of the bile acid sequestrant colesevelam (COL), which efficiently blocks reabsorption by cross-linking of bile acids in the intestinal lumen leading to increased fecal bile acid excretion (29, 30). As acute bile acid-stimulated GLP-1 secretion has been demonstrated to be mediated by activation of basolaterally located TGR5 receptors on the L-cell (27, 31), blocking reabsorption would be expected to reduce GLP-1 secretion. The ability of COL to attenuate bile acid absorption and decrease GLP-1 secretion was tested by administration of exogenous CDCA with and without COL in the absence of nutrients in a sub-study (study 1) before testing the postprandial responses (study 2). In addition, we investigated the modulatory effects of exogenous (CDCA) and endogenous bile acids (by COL administration) on meal-induced plasma concentrations of glucose, including the risk of hypoglycemia, and other glucoregulatory hormones including insulin, glucagon, CCK, neurotensin and FGF-19. Apart from in the N-cell, neurotensin is co-expressed with GLP-1 in some L-cells (32) and its secretion, like GLP-1, depends on intestinal absorption and receptor activation, which might be modulated by CDCA and COL (27, 32).



Methods


Participants

For study 1, eight participants (four women and four men), and for study 2 twelve participants (six women and six men) were recruited from the bariatric surgery program at Hvidovre Hospital (Tables 1 and 2).


Table 1 | Study participants from study 1 (n = 8). Data are presented as mean ± SEM.




Table 2 | Study participants from study 2 (n = 12). Data are presented as mean ± SEM.



Inclusion criteria for both studies were uncomplicated RYGB >3 months prior to inclusion and only participants without diabetes were included (defined as fasting plasma glucose <7.0 mmol/L and HbA1c <48 mmol/mol before and after RYGB). Exclusion criteria were hemoglobin <6.5 mmol/L, cholecystectomy, dysregulated thyroid diseases (TSH outside reference range), use of anti-thyroid medication, renal insufficiency, prior pancreatitis, certain RYGB related complications (severe reactive hypoglycemia or dysphagia), pregnancy or lactation. All participants were weight stable at inclusion (defined as +/− 2 kg within the last month), and none had symptoms of postprandial hypoglycemia. Written informed consent was obtained from all participants before entering the study. The protocols were approved by the Regional Ethical Committee of the Capital Region in accordance with the Helsinki II declaration, by the Danish Data Protection Agency, and both studies were registered at www.clinicaltrial.org (NCT02952963 and NCT02876484).



Study Design

In both studies, participants were instructed to refrain from strenuous physical activity and alcohol for three days and to fast overnight before all study days, which were separated by at least 48 h. On each study day participants were weighed, and a catheter was inserted into a forearm vein for blood sampling.

In study 1, participants were examined on two separate study days performed in randomized order with the following interventions: CDCA: Intake of 1.25 g chenodeoxycholic acid (Xenobilox capsules, Juers Pharma, Germany) suspended in 200 ml water, followed by 50 ml water; CDCA + COL: Intake of 1.25 g chenodeoxycholic acid and 3.75 g colesevelam suspended in 200 ml water followed by 50 ml water. After three basal blood samples (t = −10, −5, 0 min) CDCA or CDCA + COL was ingested evenly during a 5-min supervised period. Blood was sampled frequently for a total of 4 h (at t = 5, 10, 15, 20, 25, 30, 45, 60, 90, 120, 180, 240 min).

In study 2, participants were examined on four separate study days performed in a randomized order: 1. Meal: Mixed meal (1,523 kJ, 53E% carb, 33E% fat, 14E% protein) consisting of both solid and semisolid components: yoghurt, oatmeal, raisins, rye bread, margarine, cheese, and almonds) and with 1 g of paracetamol (PCM) (Pamol, Nycomed, Roskilde, Denmark) added to estimate pouch emptying, 2. Meal + CDCA: Mixed meal with 1.25 g chenodeoxycholic acid (Xenobilox capsules, Juers Pharma, Germany) mixed into the yoghurt, 3. Meal + COL Mixed meal with 3.75 g colesevelam suspended in 25 ml water and mixed into the yoghurt, 4. Meal + COL × 2: Mixed meal with 2 × 3.75 g colesevelam with the first dose of colesevelam given as capsules the night before the study day and the second dose given with the mixed meal as described for meal + COL.

At t = 0 the mixed meal was ingested during 20 supervised minutes, where participants were instructed to ingest the different components of the meal in the same order on every study day. PCM was added to the first bite of the meal. Blood was sampled as in study 1.

The doses of CDCA and COL reflected the clinically recommended daily doses of both drugs. We administered COL in two dosing regimens on separate experimental days, one involving a single dose immediately prior to meal intake and the other with an extra dose of COL given the night before the study day in addition to the dose with the mixed meal. This strategy was chosen because recent scintigraphic data suggests that bile acids in RYGB-operated subjects may be released independently of meal-ingestion and are present in the small intestine already in the fasting state (pre-meal) due to an altered bilio-enteric flow after RYGB, which may be mediated by enhanced passive re-uptake and decreased fecal bile acid loss (33, 34).



Sample Collection and Laboratory Analyses

Blood was collected into a) prechilled EDTA-coated tubes containing in addition the dipeptidyl peptidase-4 substrate valine-pyrrolidide (final concentration 0.01 mmol/L; courtesy of Novo Nordisk) for analyses of plasma GLP-1, CCK, neurotensin, total bile acids (TBA) and fibroblast growth factor 19 (FGF-19) and b) clot activator tubes for analysis of serum C-peptide, insulin, and PCM (PCM, only in study 2).

EDTA tubes were centrifuged at 4°C (2,000 × g for 10 min) immediately after blood collection, and clot activator tubes after 30 min at room temperature for coagulation.

Plasma for analysis of plasma glucose was stored at 5°C before analysis at the end of each experimental day, using YSI model 2300 STAT plus (YSI, Yellow Spring, OH). Plasma and serum for all other analyses were stored at −20 and −80°C, respectively until batch analysis. Serum C-peptide concentrations were measured using an Immulite 2000 analyzer (Siemens Healthcare Diagnostics Inc., Tarrytown, NY, USA). Plasma samples were assayed for total GLP-1 and total neurotensin immunoreactivity using inhouse RIA using antiserum 89390 and 3D97, respectively, as reported previously (35, 36). CCK was measured by RIA using antiserum no. 92128, which binds all the bioactive forms of CCK in circulation (CCK-58, -33, -22, -8) with equal potency as reported previously (37). TBA concentrations were determined using an enzyme cycling based TBA Assay Kit from Diazyme (Cat No DZ042A-K, San Diego, CA, USA). FGF19 concentrations were determined using a commercial human FGF19 sandwich ELISA kit from BioVendor (Cat No RD191107200R, BioVendor, Brno, Czech Republic). Paracetamol was measured using a colorimetric assay (Roche Diagnostics GmbH, Mannheim, Germany).



Statistical Analyses and Calculations

Basal concentrations were estimated as the mean of the three fasting samples. Total area-under-the-curve (AUC) was calculated using the trapezoidal rule and incremental AUC (iAUC) by subtracting baseline values. Positive incremental area-under-the-curve (piAUC) was calculated from postprandial concentrations above baseline concentrations. Beta-cell function was evaluated by two indices based on the results obtained from the mixed meal tests in study 2. Firstly, to estimate the initial beta-cell response during a meal, the insulinogenic index (IGI) was calculated from plasma C-peptide and plasma glucose: (C-peptidet = 30 – C-peptidet = 0)/(plasma glucose t = 30 – plasma glucose t = 0). Secondly, an index of beta-cell function covering the whole postprandial period was calculated as AUCC-peptide/AUCglucose throughout the 240 min of the mixed meal test. Insulin resistance was calculated using the homeostasis model assessment of insulin resistance (HOMA-IR: insulinfasting × glucosefasting/(22.5 × 6.945)). Rate of intestinal nutrient entry was evaluated by using time to peak of plasma paracetamol concentrations.

In study 1, effects of CDCA alone were evaluated as iAUC vs. 0 using paired t-tests, and differences between the two study days were analyzed using paired t-tests.

In study 2, the importance of exogenous and endogenous bile acids for outcome parameters was analyzed separately. Accordingly, the test days with meal + CDCA were compared with meal alone using paired t-tests, and the two days with COL administration were compared with meal in a one-way ANOVA with post hoc comparisons using Wald tests. Logarithmic transformations were used where appropriate. Data are expressed as mean ± SEM. P-values <0.05 were considered significant. Statistical analyses were performed in R version 3.5.1 (http://www.r-project.org/).




Results


Study 1


Total bile acids

TBAs increased markedly after CDCA administration, and increases were almost eliminated (~90%) when COL was co-administered (CDCA + COL) compared with CDCA alone (p < 0.01 for piAUC and peak values) (Figure 1, Table 3).




Figure 1 | Concentrations of (A) total bile acids, (B) plasma glucose, (C) GLP-1, (D) C-peptide, (E) glucagon, (F) neurotensin, (G) cholecystokinin, and (H) FGF-19 following ingestion of chenodeoxycholic acid (CDCA) or CDCA in combination with the bile acid sequestrant colesevelam (COL) suspended in water (CDCA + COL), n = 8. Data are mean ± SEM.




Table 3 | Concentrations of glucometabolic- and gut hormones, VAS and blood pressure in response to CDCA administration with or without COL in study 1 (n = 8).





GLP-1, Neurotensin, and CCK

CDCA clearly increased concentrations of GLP-1, NT, and CCK (iAUC vs. 0, p < 0.01) and administration of CDCA + COL decreased the responses of both GLP-1 (piAUC by 67%, p < 0.01) and neurotensin (piAUC by 58%, p < 0.01) compared with CDCA alone. Neither piAUC nor peak of CCK differed between study days, but addition of COL shortened the duration of the CCK response (Figure 1, Table 3).



Plasma Glucose, Serum C-Peptide, Glucagon and FGF-19

Plasma glucose was unaltered by CDCA, whereas C-peptide, glucagon, and FGF-19 increased significantly (iAUC vs. 0, p < 0.01). Neither peak nor piAUC of plasma glucose concentrations differed between study days, but concentrations of C-peptide were lower after CDCA + COL compared with CDCA alone (piAUC p < 0.01), (Table 3, Figure 1). For glucagon, peak concentrations decreased after CDCA + COL compared with CDCA alone (p < 0.01), and a numerical decrease was seen for piAUC (p = 0.17). Concentrations of FGF-19 decreased by >90% after CDCA + COL compared with CDCA (p = 0.01 for both piAUC and peak) (Figure 1, Table 3).




Study 2


Total Bile Acids

Plasma TBA concentrations increased markedly during meal + CDCA compared with meal alone (both peak and piAUC p < 0.01). On the contrary, a significant decrease of piAUC of TBA by ~68% was seen after both doses of COL (both p < 0.01) (Figure 2, Table 4).




Figure 2 | Plasma concentrations of (A) total bile acids and (B) total bile acids (without the CDCA concentration curve drawn) following ingestion of a mixed meal alone (Meal), mixed meal in combination with CDCA added to the meal (Meal + CDCA), mixed meal in combination with COL added to the meal (Meal + COL), or mixed meal in combination with COL administered both the night before the study day as tablets and added to the meal (Meal + COL × 2), n = 12. Data are mean ± SEM.




Table 4 | Concentrations of glucometabolic- and gut hormones, VAS and blood pressure in response to a mixed meal alone (Meal), meal with CDCA administration (Meal + CDCA), meal with single dosage of COL (Meal + COL) and meal with double dosage of COL (Meal + COL × 2) in study 2.





GLP-1, Neurotensin, and CCK

Postprandial GLP-1 responses were prolonged and higher during meal + CDCA compared with the meal alone (p = 0.04 for piAUC), whereas peak GLP-1 concentrations were comparable (p = 0.3). In contrast, GLP-1 responses after COL administration (both piAUC and peak) were similar to meal alone regardless of COL doses. Concentrations of neurotensin did not differ between test days. Similarly, postprandial CCK secretion appeared unaffected by the addition of CDCA or COL to the meal (Figure 3, Table 4).




Figure 3 | Concentrations of (A) plasma glucose, (B) serum C-peptide, (C) glucagon, (D) GLP-1, (E) neurotensin, (F) FGF-19, (G) CCK and (H) paracetamol following ingestion of a mixed meal alone (Meal), mixed meal in combination with CDCA with the meal (Meal + CDCA), mixed meal in combination with COL added to the meal (Meal + COL), or mixed meal in combination with COL administered both the night before the study day as tablets and added to the meal (Meal + COL × 2), n = 12. Data are mean ± SEM.





Plasma Glucose, Serum C-Peptide, Glucagon, FGF-19 and Paracetamol

Fasting plasma glucose, insulin, and HOMA-IR did not differ between any of the study days (Figure 3, Table 4).

Adding CDCA to the meal tended to decrease piAUC of plasma glucose concentrations compared with meal alone (p = 0.07) and lowered peak of plasma glucose concentrations by ~0.5 mM (p = 0.03). In contrast, adding COL to the meal did not change plasma glucose, neither with single nor double COL dosing. Time to nadir and nadir of plasma glucose did not differ between study days.

The piAUC of C-peptide concentrations decreased slightly (7%) during meal + CDCA compared with meal alone (p = 0.04), whereas neither doses of COL changed C-peptide concentrations. Peak concentrations of glucagon increased when CDCA was added to the meal and were unaffected by COL.

FGF-19 concentrations increased during meal + CDCA compared with meal alone (p < 0.01 for both piAUC and peak) and tended to decrease during COL administration (ANOVA p = 0.14 and 0.12 for peak and piAUC, respectively) (Figure 3, Table 4).

Time to peak of PCM increased numerically when CDCA was added to the meal and time to peak was unaffected by COL (Figure 3, Table 4).



Measures of Beta-Cell Function

IGIC-peptide was unaffected both by adding CDCA and by both dosages of COL. The beta-cell index covering the whole postprandial period decreased slightly during CDCA and was unaffected by COL (Table 4).





Discussion

We investigated the effect of exogenous CDCA and the importance of endogenous bile acids for postprandial plasma GLP-1 concentrations and for plasma glucose, insulin, glucagon, CCK, neurotensin, and FGF-19 concentrations in individuals that had undergone RYGB by acute administration of CDCA and the bile acid sequestrant COL.

First, we administered CDCA alone or together with COL to RYGB operated participants in the absence of nutrients. This confirmed that CDCA elicits a rise in plasma GLP-1, glucagon, neurotensin, cholecystokinin, and FGF-19 concentrations. This was reported previously both in RYGB-operated (38) and in non-operated subjects after either gastric (15–17) or rectal administration (12, 13). The combined administration of CDCA and COL attenuated both plasma TBA, GLP-1, glucagon, neurotensin, C-peptide, and FGF-19 responses as compared with CDCA alone. Since bile acids stimulate GLP-1 secretion via activation of basolaterally located TGR-5 receptors on the L-cell (27, 28), absorption of bile acids across the gut epithelium is required for stimulation of GLP-1 secretion (11). Accordingly, the attenuated bile acid absorption and GLP-1 secretion after combined administration of CDCA and COL in study 1 is consistent with this notion and confirms findings from un-operated subjects (15, 39). Importantly, these results also demonstrate that bile acid sequestrants provide a suitable experimental tool for investigations of the physiological effects of meal-induced bile acid absorption also in RYGB-operated patients. Interestingly, the rise in glucagon and neurotensin concentrations seen during CDCA was also attenuated after administration of COL. The responses of neurotensin to CDCA likely involve similar mechanisms as for GLP-1 (27), whereas stimulation of glucagon secretion by CDCA probably involves other mechanisms. The presence of TGR-5 receptors on pancreatic beta and alpha cells is debated, and the stimulatory effects of glucagon by CDCA may be either indirectly or of intestinal origin (27, 40, 41). The CDCA induced glucagon response could be specific to RYGB given the well documented postprandial hyperglucagonemia due to de novo synthesis in the small intestine (26, 40).

Of note, the magnitude of the GLP-1 response obtained after CDCA in study 1 and our previous study (38) was accompanied by a small albeit significant increase in C-peptide without changes in glucose concentrations. When plasma glucose concentrations are within the fasting range, the potentiating effect of GLP-1 on insulin secretion is limited per se (42, 43), and therefore the insulinotropic effect of CDCA mediated GLP-1 secretion was expected to be small.

After RYGB, the postprandial GLP-1 secretion is many-fold increased and the contribution of bile acids to this response has been debated but not directly examined previously. Therefore, in study 2 we investigated postprandial GLP-1 concentrations after addition of an exogenous bile acid (CDCA) to a meal or after inhibiting endogenous bile acid reabsorption with COL in RYGB operated subjects. We found that CDCA increased both postprandial TBA concentrations and stimulated overall GLP-1 secretion, indicating that the GLP-1 secreting L-cells were not maximally stimulated by the meal ingestion alone. Also, peak glucagon concentrations were higher during CDCA administration. Meanwhile, both plasma glucose and C-peptide responses were slightly decreased, and no beneficial effect on beta-cell function was found despite the increased GLP-1 secretion. This finding is surprising, but may be explained by lower peak concentrations of plasma glucose after CDCA, which might be mediated by effects of CDCA on intestinal nutrient entry or glucose absorption although time to peak of paracetamol concentrations, reflecting rate of nutrient absorption, was only numerically increased after CDCA. Notable, bile acids have been suggested to be involved in the pathogenesis of postprandial hypoglycemia via the bile acids-GLP-1-insulin-axis or indirectly via stimulation of FGF-19. Subjects developing postprandial hypoglycemia have been shown to have higher postprandial bile acids levels coinciding with augmented GLP-1 and insulin responses during a mixed meal (44). However, the present study does not support a role for acutely altered intestinal bile acids concentrations for the development of postprandial hypoglycemia as no differences in nadir or in time to nadir of plasma glucose concentrations were found between the four days with mixed meal and differences in plasma bile acid concentrations.

Administration of COL together with the meal decreased postprandial plasma concentrations of TBA with ~68%, indicative of reduced postprandial bile acid absorption, as intended. We added COL in two dosage regimens based on the recent findings with altered bile acid circulation (33), and the extra dose of COL was added to secure binding of the bile acids within the gut lumen already before food ingestion. However, the results obtained from the two different dosage regimens of COL were comparable including fasting bile acid concentrations, which suggests that insufficient inhibition of absorption is not a concern with the single dose of COL. The large decrease in TBA concentrations after COL administration did not affect GLP-1 secretion, which suggests that endogenous bile acids do not appear to be quantitatively important for the total postprandial GLP-1 response after RYGB despite the fact that exogenous CDCA can increase plasma GLP-1 concentrations after RYGB. This difference might be driven by differences in plasma TBA concentrations, which were substantially (nine-fold) higher after adding CDCA suggesting that the levels of endogenous BAs stimulated by meal intake did not have a similar stimulatory capacity. Moreover, CDCA is known to be a relatively good agonist for TGR-5, which is not the case for all endogenous bile acids (27). In previous studies the composition of the different bile acids was not changed after surgery (24, 25) contradicting any special impact of CDCA or other subfractions for the metabolic improvements after RYGB.

The immediate effects of the acute interventions in our studies were anticipated to affect glucose metabolism and GLP-1 secretion mainly through TGR-5 activation. However, bile acids may also affect these axes via the FXR pathway although the precise contribution remains controversial and is unlikely to contribute to postprandial responses within the first hour after meal intake, since FXR is a nuclear receptor and responses depend on transcriptional changes (45). FXR activation is supposed to stimulate release of FGF-19, suppress de-novo bile acid synthesis, stimulate glycogen synthesis, reduce hepatic gluconeogenesis, inhibit gall bladder emptying, and may also regulate insulin sensitivity (46, 47). In both our studies we observed an increase in FGF-19 concentrations with peak values occurring after the 120 min postprandial timepoint in line with previous studies (25, 48). The observed increase in FGF19 was greatly enhanced by adding CDCA to the meal confirming a link between CDCA and activation of the FXR pathway (49). GLP-1 concentrations peak within the first postprandial hour after RYGB, why any acute effects of bile acids on postprandial GLP-1 and insulin secretion seem independent of FXR activation. This is consistent with findings in some rodent models where activation of the FXR-pathway does not stimulate GLP-1 secretion and may even decrease secretion (18, 27). However, results from other pre-clinical models have opposing findings with increased GLP-1 secretion (50, 51). In addition, targeted knockout of the FXR receptors in mice eliminated the beneficial effects of sleeve gastrectomy on glucose metabolism (52), but this finding can be unrelated to GLP-1 secretion and may also be procedure or species specific. We observed a tendency of decreased FGF-19 concentrations during both doses of COL and GLP-1 secretion was unchanged on these days as mentioned above. In general, the role of FXR activation after bariatric surgery in humans remains unknown and further studies are needed to determine the contribution of FXR activity for the changed glucose metabolism, gut hormone secretion and insulin sensitivity after surgery. With a more chronic treatment with bile acid sequestrants, results might differ with accumulated effects on glucose metabolism and gut hormone secretion by manipulating both TGR5 and FXR activation with more efficient binding of bile acids. Especially, effects from changed FXR activation would be expected to be more pronounced in line with findings in un-operated subjects with type 2 diabetes (53).

The relation between bile acids and CCK in RYGB operated subjects appears to be complex. In unoperated individuals the effect of CDCA (15, 16) and bile acids (54) on CCK secretion was inconsistent, whereas liquid mixed meal tests after adding bile acid sequestrants were associated with increased CCK secretion (53, 55). In the meal study, CCK responses were unaltered by both CDCA and colesevelam. The discrepancy between findings in RYGB-operated and unoperated individuals might involve the apparent dissociation of the normal physiological CCK-mediated regulation of gallbladder emptying and postprandial bile acid concentrations after RYGB, where a larger pool of the bile acids is located within the small intestine in the fasting state, attenuating the importance of postprandial gallbladder emptying (33).

Overall, our findings do not support a major role for endogenous bile acids for the altered postprandial secretions of gastrointestinal hormones or glucose metabolism in RYGB operated subjects. In the present studies, we were unable to identify changes in GLP-1 or measures of beta-cell function after acute attenuation of postprandial bile acid absorption by the bile acid sequestrant COL, although the conclusions based on these finding may be limited by the acute dosage regimen and the inclusion of subjects without type 2 diabetes. Our study also seems to contrast data suggesting that the FXR pathway is crucial for glucose tolerance after bariatric surgery (52), although studies with longer and more chronic administration of sequestrants are probably needed to establish this.

In conclusion, administration of the bile acid sequestrant COL to RYGB operated subjects effectively reduced CDCA-induced circulating bile acids and GLP-1. Further, CDCA administered during meal intake enhanced GLP-1 secretion and decreased both peak glucose and C-peptide concentrations with unaltered beta-cell function. COL added to a mixed meal effectively blocked the absorption of bile acids but neither affected GLP-1, glucose concentrations nor beta cell function, suggesting a limited role for endogenous bile acids in the acute regulation of postprandial glucose metabolism after RYGB.
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The molecular sensors underlying nutrient-stimulated GLP-1 secretion are currently being investigated. Peripheral administration of melanocortin-4 receptor (MC4R) agonists have been reported to increase GLP-1 plasma concentrations in mice and humans but it is unknown whether this effect results from a direct effect on the GLP-1 secreting L-cells in the intestine, from other effects in the intestine or from extra-intestinal effects. We investigated L-cell expression of MC4R in mouse and human L-cells by reanalyzing publicly available RNA sequencing databases (mouse and human) and by RT-qPCR (mouse), and assessed whether administration of MC4R agonists to a physiologically relevant gut model, isolated perfused mouse and rat small intestine, would stimulate GLP-1 secretion or potentiate glucose-stimulated secretion. L-cell MC4R expression was low in mouse duodenum and hardly detectable in the ileum and MC4R expression was hardly detectable in human L-cells. In isolated perfused mouse and rat intestine, neither intra-luminal nor intra-arterial administration of NDP-alpha-MSH, a potent MC4R agonist, had any effect on GLP-1 secretion (P ≥0.98, n = 5–6) from the upper or lower-half of the small intestine in mice or in the lower half in rats. Furthermore, HS014—an often used MC4R antagonist, which we found to be a partial agonist—did not affect the glucose-induced GLP-1 response in the rat, P = 0.62, n = 6). Studies on transfected COS7-cells confirmed bioactivity of the used compounds and that concentrations employed were well within in the effective range. Our combined data therefore suggest that MC4R-activated GLP-1 secretion in rodents either exclusively occurs in the colon or involves extra-intestinal signaling.




Keywords: alpha-MSH, melanocortin, melanocortin-4-receptor, glucagon-like peptide-1 secretion, L-cells



Introduction

Glucagon-like peptide-1 (GLP-1) is a gastrointestinal hormone that is secreted from intestinal L-cells after meal intake. It acts to inhibit appetite and potentiate glucose-stimulated insulin secretion (1–3). These actions led to the development of GLP-1 based drugs, which have been used for more than a decade for type-2-diabetes treatment and recently also to induce weight loss. In parallel with the development and refinement of GLP-1 based drugs, research has been directed at uncovering the molecular mechanisms responsible for GLP-1 secretion, aiming to create a therapeutically relevant stimulation of endogenous L-cell secretion by pharmacological means (4, 5). Compared to GLP-1 mono-therapy, this approach would be expected to result in improved weight loss since GLP-1 often co-localizes with the anorectic hormones cholecystokinin and peptide-YY (6–9), potentially leading to a synergistic inhibitory effect on appetite during L-cell stimulation. The molecular mechanisms underlying macro-nutrient stimulated GLP-1 secretion have been studied by several laboratories during the last two decades and consensus models for at least some nutrients, e.g. glucose, have been reached (5). However, regulation of secretion also includes potential endocrine, paracrine and neural inputs and several aspects need clarification. It has been suggested that peptide hormones, derived from pro-opiomelanocortin (POMC) may regulate GLP-1 secretion by binding to MC4R expressed by the L-cell. Thus, in one study, MC4R was found to be the second most highly enriched receptor expressed by mouse L-cells (compared to non-L cells from same anatomical site), and the synthetic MC4R agonist, LY2112688 (10), was found to increase plasma GLP-1 and PYY concentrations in mice in vivo after intra-peritoneal injection (11). A similar observation was recently made by Panaro et al., who also showed LY2112688-mediated increase in plasma GLP-1 concentrations in mice. Furthermore, they showed that the increase requires gcg expression in the ileum and colon (12), pointing towards that these sites of the intestine are responsible for the increased plasma concentrations. Moreover, it has been shown that humans with natural occurring loss-of-function mutations in MC4R exhibit reduced plasma PYY levels (marker of L-cell secretion from the distal intestine) in response to an OGTT, and GLP-1 and PYY secretion from human gut specimens (obtained from duodenum, ileum and colon) increased in response to incubation with the MC4R agonists MK-0493, LY2112688, α-MSH and NDP-α-MSH (13).

Importantly, these reported effects of pharmacological MC4R agonism appear to translate to humans as continuous subcutaneous infusion over 72 h of another MC4R agonist, RM-493, increased plasma GLP-1 concentrations by 50–100% (14). However, while these studies are intriguing and show that MC4R agonists may increase plasma GLP-1 concentrations, they do not reveal whether this action results from direct stimulatory actions on MC4Rs expressed on the L-cell or from other indirect actions. Further studies are needed to investigate this and it also needs to be clarified from which source(s) and under which circumstances MC4R agonists are released physiologically and how any daily dynamics in release relate to daily fluctuations in plasma GLP-1 levels. We therefore investigated MC4R expression in mouse and human intestinal L-cells and investigated whether the MC4R ligand, NDP-α-MSH, would stimulate GLP-1 secretion in a physiologically relevant gut model, the isolated perfused mouse and rat small intestine. Furthermore, using the same model, we investigated whether acute application of the described MC4R antagonist, HS014, would inhibit basal GLP-1 and/or glucose-stimulated GLP-1 secretion in the rat. In addition, we characterized the concentration–response relationship between α-MSH and human MCR4 activation, and compared this to published peripheral plasma concentrations of α-MSH in humans to assess whether circulating α-MSH levels are sufficient to directly interact with and activate MC4R on L-cells.



Materials and Methods


Ethical Considerations

The isolated perfused rat and mouse small intestinal studies were conducted with permission from the Danish Animal Experiments Inspectorate (2018-15-0201-01397) and our local Institutional Animal Care and Use Committee (Department of Experimental Medicine, Protocol nr. P18-555 and P-20-067). Experiments were performed in accordance with the guidelines of the Danish legislation governing animal experimentation (1987) and the National Institutes of Health (publication number 85-23) and the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes (Council of Europe No. 123, Strasbourg 1985).



Measurement of cAMP Production Mediated by Activation of Rat and Human MC4R

COS-7 cells were transiently transfected using the calcium-phosphate precipitation method (15) with either human MC4R or rat MC4R. Since MC4R primarily is a Gαs-coupled receptor (16) intra-cellular cAMP production was used as marker of receptor activation. Procedures are described in details elsewhere (17). In brief, the cells were seeded in white 96-well plates at a density of 3.5 ∗ 104 per well one day after the transfection. The following day, the cells were washed twice with HEPES-buffered saline (HBS) and incubated with HBS and 1 mM 3-isobutyl-1-methylxanthine (IBMX) for 30 min at 37°C (95% O2, 5% CO2). In order to determine agonistic activities, alpha-MSH and NDP-alpha-MSH were added in increasing concentrations and incubation continued for 30 min at 37°C. In order to determine the antagonistic properties of HS014, the cells were pre-incubated for 10 min with increasing concentrations of HS014 followed by addition of fixed concentrations of alpha-MSH or NDP-alpha-MSH, corresponding to 60–80% max activity, and incubated for an additional 20 min (18). After incubation, cells were thoroughly washed and then lysed. Determination of cAMP was done with a HitHunterTM cAMP XS assay (DiscoverX, Herlev, Denmark) according to manufacturer’s instructions.



Isolated Perfused Mouse and Rat Small Intestine

Male Wistar rats (~250 g) and male C57BL/6JRj mice (~28 g, 11–12 weeks) were purchased from the Janvier Labs (Le Genest-Saint-Isle, France). Mice and rats were housed with ad libitum access to standard chow and water following a 12:12 h light:dark cycle and were acclimatized for a least a week before experiments. On the day of experiment, rats and mice were transferred to our perfusion facility and anesthetized with a subcutaneous injection of hypnorm/midazolam (rats) (0.3 ml/100 g body weight, per ml: 0.08 mg fentanyl, 2.5 mg fluanisone, 0.45 mg Methyl Parahydroxybenzoate, 0.05 mg Propyl Parahydroxybenzoate, Midazolam: 1.25 mg, Matrix Pharmaceuticals, Hellerup, Denmark) or with an intraperitoneal injection of Ketamine/Xylazine (0.1 ml/20 g) (90 mg/kg Ketamine, Ketaminol Vet, MSD Animal Health; 10 mg/kg Xylazine, Rompun Vet., Bayer Animal Health) respectively, to block the activity of pain sensing nerves and to induce surgical anesthesia. For distal perfusions, the rat or mouse was placed on a heated operating table (37°C), the abdominal cavity was opened by a mid-line incision and the large intestine was excised after tying off the supplying vasculature. Furthermore, the upper half of the small intestine was removed. In the rat, the lower half of the small intestine (~50 cm) was retained and perfused in situ after insertion of a catheter into the upper mesenteric artery, while perfusion effluent was collected through a catheter inserted in the portal vein. The mouse intestine (10–12 cm of the distal part) was perfused by a slightly different pathways (since the upper mesenteric artery is too small to cannulate), perfusing retrogradely through a catheter inserted in the abdominal aorta. To avoid perfusion of other abdominal organs, the spleen and stomach was removed and the kidneys were excluded from the circulation by tying off the renal arteries. For the perfusion of the proximal small mouse intestine the procedure was the same, however the distal part of the intestine was removed and the most proximal part (~11–12 cm) of the small intestine was left untouched. The length of the retained intestine varied little between experiments (coefficient of variation <15%). The perfusion buffer consisted of a Krebs–Ringer bicarbonate buffer supplemented with 0.1% (w/v) BSA (fraction V), 5% (w/v) dextran T-70 [to balance oncotic pressure (Pharmacosmos, Holbaek, Denmark)], and 3.5 mmol/L glucose, and 5 mmol/L pyruvate, fumarate, and glutamate as well as 10 µmol/l 3-isobutyl-1-methylxanthine (IBMX, cat. no. I5879, Sigma Aldrich, Brøndby, Denmark) and 2 ml/L (rat) or 5 ml/L (mouse) Vamin (a mixture of essential and nonessential amino acids; Fresenius Kabi, Bad Homburg, Germany). pH was adjusted to 7.4–7.5. A vascular flow rate of 7.5 ml/min was used for rat perfusions and 2.5 ml/min for mouse perfusions. Luminal stimulations was done at a flow rate of 2.5 ml/min in rats and 0.035 ml/min in mice. Prior to perfusions, the perfusion buffer was gassed with 95% O2 and 5% CO2. Perfusions were carried out using a UP100 Universal Perfusion System from Hugo Sachs (Harvard Apparatus, March Hugstetten, Germany), which includes heating to 37°C.



Test Compounds

Nle(4),D-Phe(7)]α-melanocyte-stimulating hormone (NDP-α-MSH) was from Phoenix Pharmaceuticals, Inc. (Cat. no. 043-06, Burlingame, CA, USA). HS014 was from Tocris (Cat. no. 1831, Abingdon, UK). Human α-MSH, D-glucose and bombesin were from Sigma Aldrich (Cat. no. M4135, G8270 and B4272, Brøndby, Denmark).



MC4R Expression From Mouse and Human L-Cell RNA Sequencing Datasets

All RNA sequencing data were analyzed using R (version 4.0.3). Datasets included in this analysis are listed in the Table 1 below.


Table 1 | RNA sequencing data sets used for investigation of L-cell expression of MC4R.



Bulk RNA sequencing datasets were converted into DESeq2 format (1.30.0; Bioconductor). Transcript lengths were obtained from biomaRt (2.42.1; Bioconductor) and imported into the DESeq2 dataset. Fragments per kilobase million (FPKM) values were exported using DESeq2’s in-built function (fpkm). Bulk RNA-seq data presented in heat maps are log2 (average FPKM across samples).

Single-cell datasets were converted into Seurat format (4.0.2; Bioconductor), filtering for only cells with counts for >200 genes, and only genes with counts for >3 cells. Data were normalized to FPKM manually using gene transcript lengths and total reads per sample. For data from Billing et al. (20), all cells were first clustered to obtain five populations as originally published, and data filtered to the two L-cell populations (Insl5 and Nts). Single-cell RNA-seq data presented in heat maps are log2 (average FPKM across cells).



RT-qPCR Based Assessment of MC4R Expression in Mouse Small Intestine

cDNA was analyzed from previously described mouse villus and crypt L-cell samples in the duodenum (19), and mouse ileal L-cell samples (8), including corresponding negative samples. Subsequent RT-qPCR was carried out as previously described (22), with three samples per region, and three technical replicates per sample. The following probes obtained from Life Technologies (Paisley, UK) were used: Gpr119: Mm00731497_s1; Mc4r: Mm00457483_s1. Relative expression of each gene of interest was calculated by comparison to expression of the housekeeper β-actin. The cycle threshold (CT) per gene was calculated as the mean over technical replicates, and the difference (ΔCT) calculated by subtracting each gene CT from β-actin CT. Relative gene expression is represented in figures as 2ΔCT.



Biochemical Measurements

Total GLP-1 concentrations in venous effluents were quantified using an in-house RIA (code: 89390) (23). The assay employs an antibody that exclusively reacts with the amidated C-terminal domain of GLP-1 and thus measures intact GLP-1 (7–36 amide) and the primary metabolite (9–36 amide) with equal potency and it also measures cleaved sequences potentially resulting from mid-site cleavage [e.g. cleaved by neprilysin (24)]. Samples were assayed non-extracted and concentrations were calculated by a four-parameter interpolation to a standard curve containing synthetic GLP-1 7–36 amide (H-6795-GMP, Bachem, Bubendorf, Switzerland) ranging from 5 to 320 pmol/L. I125-labeled GLP-1 7–36 amide (a gift from Novo Nordisk A/S, Bagssværd, Denmark) was used as tracer. The standards were prepared in perfusion buffer and run in parallel with the samples. The experimental detection limit was 1 pmol/L and the coefficient of variation was <6% at 20 pmol/L, allowing detection of secretion rates down to 2.5 fmol/min (mouse) and 7.5 fmol/min (rat).



Data Presentation and Statistical Analysis

GLP-1 total output (fmol/min) was calculated by multiplying perfusion flow (mouse: 2.5 ml/min and rat: 7.5 ml/min) with the GLP-1 concentration in the perfusion effluents (presented in fmol/L). Hormone outputs are presented as means ± SEM. To test for statistical significance of responses, total GLP-1 outputs were calculated by summing up the outputs during the entire period of stimulus administration (e.g. 15 min of NDP-α-MSH administration); these outputs were compared to the total GLP-1 outputs from the preceding basal period which was of the same duration in case of the rat experiments. In the mouse experiments, the length of the initial baseline period was 10 min whereas stimulation periods were 15 min. In this case, outputs are expressed as average outputs within respective periods (fmol/min). Baseline outputs were calculated based on a similar number of samples from the baseline leading up to first period of test compound stimulation constituting the first baseline and the second baseline being derived from the eight samples immediately before stimulus administration and last seven samples during subsequent baseline period (immediately before BBS stimulation). Baseline outputs were calculated in this manner to control for potential baseline drift over the course of the experiment. EC50 and IC50 values for MC4R activation/inhibition in the in vitro studies were calculated from four-parameter logarithmic fitting. Statistical calculations were performed using GraphPad Prism 7 software (La Jolla, CA, USA), employing one-way ANOVA for repeated measurements followed by Tukey multiple comparison test or Student t-test as indicated in the figure legends. P <0.05 was considered significant. Prior to testing, a D’Agostino–Pearson omnibus normality test was performed to confirm Gaussian distribution of the data. Graphs were constructed in GraphPad Prism 7 (La Jolla, CA, USA) and figures were prepared in an Adobe Illustrator (Adobe Systems Incorporated, San Jose, CA, USA).




Results


In Vitro Determination of Activity for alpha-MSH, NDP-alpha-MSH and HS014 on Rat and Human MC4R

In order to use appropriate concentrations of MC4R agonists and antagonist in the experiments on isolated perfused small intestine, we first determined the potencies of alpha-MSH (an endogenous MC4R agonist) and NDP-alpha-MSH (a MC4R super-agonist) in cAMP measurement experiments on rat and human MC4R transfected into COS-7 cells. We moreover determined the inhibitory properties of the MC4R antagonist, HS014 on the two MC4R’s. The rat MC4R was activated by alpha-MSH and NDP-alpha-MSH with EC50 values of 1.5 × 10−8 M and 9.1 × 10−11 M (LogEC50 −7.8 ± 0.06 and −10.04 ± 0.5, n = 3). NDP-alpha-MSH had an Emax that was approximately 120% of that of alpha-MSH (Figure 1A, n = 3). HS014 [often described as an MC4R antagonist (25, 26)] was in our setup a partial agonist of rat MC4R with an EC50 of 1.5 × 10−8 M (LogEC50 −7.8 ± 0.54 here, n = 3) and Emax of around 40% of alpha-MSH Emax. Activation of human MC4R showed similar relationships but with potencies that were slightly lower for all three compounds (alpha-MSH, 8.4 × 10−8 log EC50 7.1 ± 0.1, NDP-alpha-MSH, 2.8 × 10−10 log EC50 −9.6 ± 0.2, and HS014, 3.5 × 10−8 log EC50 7.5 ± 0.8 (Figure 1D, n = 3). The antagonistic property of HS014 on the rat MC4R was tested using submaximal concentrations of NDP-alpha-MSH or alpha-MSH corresponding to 60–80% of Emax. Here, an increasing concentration of HS014 revealed inhibition of agonist-induced activity with IC50 values of 2.6 × 10−8 M and 6.1 × 10−9 M (log IC50 7.6 ± 0.3 and −8.2 ± 0.2) (Figures 1B, C, n = 3). Again, HS014 had comparable effects on human MC4R activity (Figures 1E, F, n = 3).




Figure 1 | Characterization of agonistic properties of alpha-MSH and NDP-alpha-MSH and antagonizing effects of HS014 on rat and human MC4R in transfected COS-7 cells. Concentration–activation relationship on rat (A) and human (D) MC4R are shown in response to alpha-MSH (black filled circles with black line), NDP-alpha-MSH (gray circles with gray line) and HS014 (open triangle with staged black line). Concentration-dependent antagonizing effects of HS014 (a partial agonist) on rat (B, C) and human (E, F) MC4R activation in response to agonist concentrations that result in sub-maximal activation of the receptors. IC50-values are indicated above respective graphs. EC50 values for (A): alpha-MSH = 1.5 × 10−8 M, NDP-alpha-MSH = 9.1−11 M, HS014 = 1.5 × 10−8 M. EC50 values for (×): alpha-MSH = 8.5 × 10−8 M, NDP-alpha-MSH = 2.8 × 10−10 M, HS014 = 3.5 × 10−8 M. Data are presented as means ± SEM, n = 3.





MC4R Expression in Mouse and Human L-Cells

To investigate whether any effects of systemic MC4R agonist administration on plasma GLP-1 concentrations in mice (11, 12) and humans (14) may result from direct MC4R-activation at the level of the L-cell, we investigated MC4R expression in mouse and human L-cells by reanalyzing raw data from both bulk RNA sequencing (mouse and human) and single cell RNA sequencing (mouse) (8, 19–21) as well as by qPCR (mouse). In mice, MC4R was expressed at higher levels than the other melanocortin receptor isoforms and, as previously reported, was enriched in L-cells relative to the surrounding epithelium (Figure 2A, left panel), which is predominantly constituted from absorptive enterocytes. Expression levels were relatively low and, especially in the large intestine, lower than the expression of other L-cell-expressed GPCRs (GPR119 and bile acid receptor GPBAR1) with established GLP-1 secretory potential. qPCR of mouse duodenum and ileum further demonstrated enrichment of Mc4r in duodenal, but not ileal, L-cells, and the low expression relative to Gpr119 (Figure 2B). By contrast, in humans, MC4R was barely detectable in the intestinal epithelium, and instead MC1R was detectable and enriched in small intestinal L-cells (Figure 1A, right panel). Although MC1R expression levels were comparable to GPR119 and GPBAR1 in acutely isolated human L-cells, in ileal organoid cultures expression levels of MC1R were much lower.




Figure 2 | Expression of Mc4 receptor in mouse and human L-cells. (A) Heatmap of melanocortin receptor genes in L-cells from multiple RNA sequencing datasets, including corresponding negative samples where available. Each column is a dataset, the left panel being datasets in mouse, and the right in human. Datasets are labeled per publication [a Glass et al. (19); b Roberts et al. (8); c Billing et al. (20); d Goldspink et al. (21)], per region of the gut (shades of blue, where the distal gut is darker blue; * colon and rectum), and for L-cell positive or negative population (+ = green, − = gray). Data is plotted as log2 (mean fragments per kilobase million, FPKM), increasing from blue → white → red. Data from Billing et al. was calculated as the average across both L-cell clusters (Insl5 and Nts), while data from Glass et al. was calculated as the average across all cells. (B) Relative expression of Gpr119 and Mc4r in L-cells from duodenum (duo) villus and crypt, and ileum (n = 3 mice). Samples include both L-cells (+) and their corresponding negatives (−). Values are 2ΔCT relative to β-actin.





Direct Effects of NDP-alpha-MSH on GLP-1 Secretion From Isolated Perfused Mouse and Rat Small Intestine

As the relatively low Mc4r expression, compared with other established pro-secretory GPCRs such as Gpr119, puts into question that GLP-1 responses to systemic MC4R agonists observed in vivo derive from direct actions on the L-cell, other stimulatory intestinal pathways could drive GLP-1 secretion secondary to intestinal MC4R activation. To assess this possibility, we performed studies on isolated and perfused mouse and rat small intestine.

In isolated perfused mouse small intestine—upper half—total GLP-1 secretion during the first baseline period (1–10 min) was on average 25 ± 4.0 fmol/min. Luminal NDP-α-MSH infusion (1 µmol/L) had no effects on GLP-1 output (average secretion: 23 ± 4.8 fmol/min, P = 0.98, n = 6, Figures 3A, B). Similarly, vascular NDP-α-MSH administration (1 µmol/L) had no effect on GLP-1 secretion (average outputs; preceding baseline = 50 ± 4.8 fmol/min, during NDP-α-MSH administration = 45.9 ± 4.3 fmol/min, P = 0.90, n = 6, Figures 3A, B). Vascular administration of bombesin (positive control) at the end of experiments robustly increased GLP-1 output (Figures 3C, D).




Figure 3 | MC4 receptor activity neither controls GLP-1 secretion from isolated perfused mouse and rat small intestine per se nor inhibits glucose-stimulated GLP-1 secretion. GLP-1 (total) outputs are shown in response to luminal or vascular NDP-α-MSH administration in mice (A–D) or rats (E, F) (1 µM in both cases) or in response to luminal glucose (20%, w/v) with or without co-administration of the MCR-4 partial agonist HS014 (rats, 30 nM) (G, H). Outputs are presented as min–min concentrations (A–D, fmol/min) or as total outputs during respective experimental periods (each 15 min of duration) (E–J, pmol). Dots in (B, D, F, H, I, J) represent outputs from different experiments. Data are shown as means ± SEM. Statistical significance was tested by Student t-test (H) or by One-way ANOVA for repeated measurements followed by Tukey post hoc test (remaining). P <0.05 was considered significant. *P <0.05, ***P <0.001. n (A–F) = 6. Black color in (G) are the control glucose experiment, gray line is the glucose + HS014 experiment.



Similar secretory dynamics were found when isolating and perfusing the distal part of the mouse small intestine. In this case, average outputs during initial baseline was 17.4 ± 2.4 fmol/min, whereas average output during luminal administration with NDP-α-MSH (1 µmol/L) was 15 ± 2.2 fmol/min, P = 0.75). Consistent with data from the perfused proximal part of the small intestine, vascular administration of NDP-α-MSH at the same dose also did not stimulate GLP-1 output (average output during stimulation: 26 ± 2.0 fmol/min vs. average output during preceding baseline: 24 ± 2.1 fmol/min. P = 0.37). Vascular administration of bombesin (positive control) at the end of experiment, again, robustly increased GLP-1 output (Figure 3C).

In isolated perfused rat distal small intestine, total GLP-1 secretion was equally unaffected by luminal and vascular NDP-α-MSH instillation (1 µmol/L; 100-fold higher than the concentration needed to fully activate rat MC4R shown in the in vitro studies). In this case, total GLP-1 output was initially (1–15 min) 1.1 ± 0.2 pmol and 1.1 ± 0.1 pmol during subsequent luminal NDP-α-MSH administration (P >0.99, n = 6, Figures 3E, F). Similarly, vascular (intra-arterial) administration of NDP-α-MSH had no effects on GLP-1 secretion (total output during 15 min of stimulation = 1.9 ± 0.2, total output during immediate preceding baseline period (15 min) = 1.9 ± 0.3 pmol, P = 0.98, Figures 3E, F). Baseline secretion drifted slightly upwards during the course of the experiment (P <0.01) in a manner that was unrelated to the administration of test compounds.



Effects of NDP-alpha-MSH and HS014 on Glucose-Stimulated GLP-1 Secretion From Isolated Perfused Rat Small Intestine

Luminal glucose is a powerful stimulus for GLP-1 secretion. To investigate if the GLP-1 response to glucose is partially driven by MC4R activity, we stimulated the perfused rat small intestine twice with luminal glucose and blocked MC4R activity (by intra-arterial HS014 infusion, 30 nmol/L; >4 fold higher than the IC50 for alpha-MSH-stimulated MC4R activation) during the second glucose stimulation (Figures 3G, H). In a separate line of control experiments we applied the same protocol but without HS014 infusion. In both experiments, the first glucose stimulation resulted in a robust and immediate increase in GLP-1 secretion which was similar in effect size (total GLP-1 outputs during respective baselines and luminal glucose administration (in both cases 15 min in total) were: control experiment: Baseline = 1.8 ± 0.2 pmol, luminal glucose = 4.8 ± 0.34 pmol, P <0.001, and in the glucose + HS014 experiment: Baseline = 2.0 ± 0.5 pmol, luminal glucose = 5.6 ± 1.0 pmol, P = 0.01, Figures 3G, H, n = 6). The second glucose response in the control experiment tended to have lower initial peak values compared to the first glucose response, but total secretion during glucose administrations was not different: first response = 4.8 ± 0.3 fmol, second response = 4.7 ± 0.7 fmol, P >0.99, Figure 3H). Administration of HS014 together with glucose had no effects on the glucose response. Glucose again robustly increased GLP-1 output and the total output with HS014 was similar to the total output during the first glucose stimulation (total GLP-1 outputs (15 min) were: baseline = 3.2 ± 0.6 pmol, glucose + HS014 = 5.4 ± 1.1 pmol, P <0.05 between baseline and glucose response, P = 0.98 between glucose responses, n = 6, Figure 3I). Thus, the total secretory outputs during the second glucose administration were similar between the control experiment and the experiment with co-administration of HS014 (P = 0.62, n = 6, Figure 3J).




Discussion

GLP-1 based therapy has proven effective for type-2-diabetes treatment as well as for weight loss. The molecular mechanisms responsible for GLP-1 secretion have been investigated eagerly during the last two decades, and the understanding of the molecular mechanisms underlying macronutrient stimulated GLP-1 secretion has improved (5). Less is known about neural, paracrine and endocrine regulation of GLP-1 secretion. Several stimulators acting via G-protein-coupled receptors have been investigated for their ability to stimulate L-cell secretion, including agonists of the bile-acid sensitive receptor GPBAR1 or of the different fatty-acid receptors (22, 27–30). The direct inspiration for the current study came from studies in mice and humans showing that endogenous MC4R ligand, alpha-MSH and/or LY2112688 (an orthosteric MC4R agonist), increased plasma GLP-1 and PYY concentrations in mice after intra-peritoneal injection (11, 12), and that three days of continuous subcutaneous infusion with another MC4R agonist (RM-493) increased plasma GLP-1 concentrations in humans (14). In the mouse study, the underlying mechanism for this response (11) appeared to involve direct activation of L-cell MC4R’s, since MC4R was found to be the second most highly enriched G-protein-coupled receptor expressed by L-cells compared to non-enteroendocrine cells from same intestinal site (11). Data on GLP-1 secretion was, however, not provided, but the authors showed in Ussing chamber experiments on colonic mucosa from mice and humans that alpha-MSH administration to the vascular compartment increased PYY-dependent short circuit currents. The current study was, therefore, designed to investigate whether the reported stimulatory effects of MC4R agonist in vivo may result from direct effects on the L-cell, from effects on other gut cells acting within the gut to stimulate GLP-1 secretion, or from extra-intestinal factors. To investigate the structural basis for a direct effect of MC4R activation on GLP-1 secretion, we quantified Mc4r expression levels in L-cells from mice and humans, using a collection of publicly available RNA sequencing data bases that include expression levels in L-cells from the mouse duodenum, ileum and colon, and human jejunum and colon, and from non-L-cells from same anatomical sites (a population that is presumably dominated by enterocytes) to assess for potential L-cell enrichment. Furthermore, in the mouse we quantified Mc4r expression in isolated L-cells and non-L-cells by RT-qPCR from the duodenum and ileum. The RNA sequencing data showed some L-cell enrichment but relatively low absolute expression of Mc4r across the mouse intestine. Expression was detected in a small subset of investigated duodenal cells (39%), similar in size to the subset expressing Gpr119 (34%), but expression levels of Mc4r were 1.25-5 times lower than those of Gpr119. This is in direct support of previous findings in mouse proximal small intestine that Mc4r is enriched in GLP-1-expressing cells (11), and expressed at levels approximately five times lower than Gpr119 (11, 31). This lower expression of Mc4r compared to Gpr119 was confirmed by RT-PCR in duodenal L-cells, whereas in ileal L-cells Mc4r expression was barely detectable. In human L-cells, MC4R expression was similarly hardly detectable and not enriched compared to non-L-cells, whereas we found enriched expression of MC1R. Collectively, the expression levels of all MC1-5R’s were in both species either barely detectable or low when compared with other Gs-coupled receptors such as Gpr119 and Gpbar1, which have been shown to robustly stimulate GLP-1 secretion upon activation (22, 28, 31–33).

The regional differences in Mc4r expression could suggest that the increased plasma GLP-1 in response to MC4R agonists, if mediated by direct L-cell stimulation, could be restricted to stimulation of L-cells in the very upper part of the small intestine (duodenum). This anatomical site is, however, relative sparse in L-cells and GLP-1 content (34–41), suggesting that this anatomical site contributes minimally to total circulating GLP-1 levels. Furthermore, Panaro et al. (12) have shown that selective knock-out of proglucagon from the distal intestine (ileum and colon, using a Cdx2-Cre x gcg-floxed model) was sufficient to essentially abolish GLP-1 elevation in response to intraperitoneal administration of the MC4R-agonist LY2112688.

As the relative contribution of different intestinal sites in terms of total GLP-1 secretion are not easily assessed in vivo, and since secretion in vivo may also be regulated by central and neural signaling, it was essential for our functional studies to use an experimental model that would allow study of regional secretion while excluding extra-intestinal signaling but being physiologically relevant. We therefore based our studies on isolated perfused mouse and rat small intestine preparations, which allow studies of GLP-1 secretion at high time resolution and with almost complete experimental control. At the same time, these models maintain epithelial polarization and vasculature as well as local enteric innervation and paracrine interrelationships (42). Despite detectable Mc4r expression in upper and, if somewhat lower expression, in lower small intestinal L-cells, we were, however, unable to detect any L-cell stimulation by the MC4R super-agonist NDP-alpha-MSH from either upper or lower small intestinal preparations. This suggests that the previously reported in vivo observations either cannot be simulated in this preparation, arise solely from stimulation of MC4R on colonic L-cells or involve MC4R located outside the intestinal preparation. GLP-1 secretion can readily be stimulated from perfused small intestinal preparations by e.g. GPBAR1 agonists (22, 28), arguing that in principle Gs-coupled receptor stimulated GLP-1 secretion is observable in this preparation. It is possible that the Mc4r expression, being somewhat lower than Gpr119 and Gpbar1 expression, is insufficient to elicit a secretory response. Given that colonic L-cell Mc4r expression is at similar relatively low levels as observed in duodenal L-cells it seems thus unlikely that direct stimulation of colonic L-cells alone is underlying in vivo GLP-1 responses to MC4R-agonists, although GLP-1 and PYY secretion from ex vivo incubated human colonic mucosal specimens was reported to increase in response to MC4R agonists (13). Modulation by extra-intestinal MC4R not present in the preparation is a possibility that should be addressed in future research, especially, given the apparent absence of MC4R expression in human L-cells.

While our combined data therefore suggested that intestinal MC4R activation does not in itself drive GLP-1 secretion in the mouse and rat small intestine, MC4R signaling in the gut could potentially still potentiate GLP-1 secretion stimulated via other pathways. We therefore next investigated if the GLP-1 response to one of the most powerful and well characterized stimuli—luminal glucose—was affected by simultaneous activation/partial inhibition of MC4R activity. For these studies, we isolated and perfused the distal part of the rat small intestine and stimulated the perfused preparation with luminal glucose with or without simultaneous intra-arterial NDP-alpha-MSH or HS014 infusion. The latter is a frequently described MC4R antagonist but, as we show here in our in vitro studies, actually acts as a partial agonist at certain concentrations. However, at the concentration used in our perfusion experiments (30 nM), HS014 acts functionally as an antagonist. Consistent with some of our previous studies, luminal glucose infusion increased GLP-1 secretion from isolated perfused rat small intestine 2–3 fold (43, 44), but neither NDP-alpha-MSH (at 100-fold higher than Emax) nor HS014 affected the response, despite the concentration of the latter being, based on our pharmacology studies, well above the dose expected to be required [two to three times higher than the IC50 of alpha-MSH on rat MC4R, and corresponding to the reported IC50 on human MC4R (3–4 nM) (45)]. Although, frequently reported to be a specific MC4R antagonist, HS014 also antagonizes MC1R, MC3R and MC5R but with IC50’s that for the human receptor-subtypes are 15–200 fold higher than the IC50 for MC4R (~55 nM) (45).



Concluding Remarks

The expression data and perfusion data we report here do not support that MC4R-activation in the small intestine or at the level of the small intestinal L-cells should affect GLP-1 secretion. Nevertheless, an important question that remains to be clarified with regards to the potential importance of gut MC4R signaling for GLP-1 secretion is the potential source of melanocortin receptor ligands in the intestine. Peptides of intestinal bacterial origin with melanocortin receptor activity have been reported (46), but these are unlikely to reach high concentrations in the small intestine, where we found the highest Mc4r expression in the mouse. It is questionable whether plasma alpha-MSH would activate L-cell melanocortin receptors in humans since we found the EC50 for alpha-MSH on human MC4R to be 85 nM, while the plasma concentrations of alpha-MSH in humans are more than 5,000 fold lower (~4–15 pM (47–49). Others have found the EC50 of α-MSH on human MC4R to be even higher; ~900 nM (45). POMC positive cells have, however, been reported in the human intestine and although alpha-MSH and ACTH were not detected, beta-MSH was (35, 50), suggesting that a local intestinal source of MC4R agonist may exist. The functional role of such a potential source and the control regulating its secretion warrants further investigation.
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The glucagon-like peptide 1 receptor (GLP-1R) is a class B G protein-coupled receptor (GPCR) which mediates the effects of GLP-1, an incretin hormone secreted primarily from L-cells in the intestine and within the central nervous system. The GLP-1R, upon activation, exerts several metabolic effects including the release of insulin and suppression of appetite, and has, accordingly, become an important target for the treatment for type 2 diabetes (T2D). Recently, there has been heightened interest in how the activated GLP-1R is trafficked between different endomembrane compartments, controlling the spatial origin and duration of intracellular signals. The discovery of “biased” GLP-1R agonists that show altered trafficking profiles and selective engagement with different intracellular effectors has added to the tools available to study the mechanisms and physiological importance of these processes. In this review we survey early and recent work that has shed light on the interplay between GLP-1R signalling and trafficking, and how it might be therapeutically tractable for T2D and related diseases.
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Introduction

Recent estimates suggest a global prevalence of approximately 422 million people living with diabetes, a number expected to rise to 629 million by 2045 (1). Type 2 diabetes (T2D), the commonest form, arises due to a combination of genetic and lifestyle factors that contribute to defective production of insulin from pancreatic beta cells and resistance to its action in peripheral and central tissues (2). Prolonged elevation of blood glucose, as well as related adverse metabolic features such as dyslipidaemia and chronic inflammation, lead ultimately to a range of serious health consequences, including cardiovascular disease, limb amputation, blindness, and kidney failure. Existing anti-diabetic drugs contribute to improve glycaemic control by either increasing the body’s sensitivity to insulin, enhancing insulin secretion or reducing renal glucose reabsorption. However, these drugs are reported to cause a myriad of adverse effects such as weight gain, oedema, intestinal discomfort and hypoglycaemia (3).

Glucagon-like peptide 1 receptor agonists (GLP-1RAs) have emerged as safe and effective treatments for diabetes (4). The GLP-1R, once activated, initiates effects that lead to an overall decrease in blood glucose levels, including potentiation of insulin secretion, reduced glucagon secretion, and weight loss via satiety induction that results in increased insulin sensitivity (5). GLP-1RAs work to stimulate insulin secretion in a glucose-dependent manner, therefore carrying a low risk of hypoglycaemia. To date, they represent the only G protein-coupled receptor (GPCR) ligands approved as glucose-lowering agents.

Once activated, GLP-1Rs are transported by the cellular endocytic machinery to different subcellular compartments, allowing qualitative and quantitative fine-tuning of intracellular signalling responses linked to insulin secretion and other downstream effects (6). Understanding these complex trafficking mechanisms could potentially provide an avenue for further development of compounds with optimised therapeutic characteristics. In particular, there has been substantial recent interest in agonists that have a high selectivity for particular signalling effectors or pathways, a concept also known as “biased agonism” (7). This phenomenon is strongly associated with alterations to GLP-1R trafficking, although the causal relationships are not fully understood. In this review we focus on the role of GLP-1R trafficking as a critical component of GLP-1R agonism, and how it may be possible to harness some of these processes to improve therapeutic targeting of the GLP-1R in T2D.



GLP-1R Signalling in Pancreatic Beta Cells

The GLP-1R is a class B (secretin family) GPCR. Activation of the GLP-1R in pancreatic beta cells results in insulin synthesis, potentiation of glucose-stimulated insulin secretion (GSIS), and longer-term effects on beta cell survival, proliferation and neogenesis. An early study used RNA nuclease protection combined with Southern blotting of reverse-transcribed PCR products to map Glp1r in rat tissues, identifying several sources of expression including pancreas, lung, kidney, stomach, intestine and brain (8). GLP1R mRNA transcripts were also reported in the human retina and retinas of db/db mice (9), and in immune cells such as invariant natural killer T (iKNT) cells (10). Historically, immunohistochemical confirmation has been hampered by the poor specificity of anti-GLP-1R antibodies (11), but better performing antibodies have enabled the distribution of GLP-1R to be more confidently ascertained in rodents, monkeys and humans (12–14). Certain species differences are apparent from these studies, with much higher levels of GLP-1R in rodent compared to human lung tissue, and absent expression in human thyroid. Comparisons of mRNA versus protein distribution typically deliver congruent results, with exceptions including GLP-1R protein detected on neuronal projections distant from the their respective Glp1r transcript-containing cell bodies (14), and instances where low abundance Glp1r transcripts, e.g. in pancreatic delta cells, do not yield detectable protein expression (15). Reporter mice, in which active Glp1r promoter-dependent Cre recombinase leads to fluorescent protein expression, have also been used to map GLP-1R-containing cell types (16–19). The most recent study by Andersen et al. (19) revealed additional GLP-1R-expressing cell types such as tracheal cartilage chondrocytes and skin fibroblasts that had not been identified with the original Glp1r reporter mouse (16); it is not known if these observations are applicable to humans. A further approach involves the use of radiolabelled (20) or, more recently, fluorescent peptides (21) to define GLP-1R ligand binding sites, revealing for example sub-populations of GLP-1R-expressing pancreatic alpha cells.

Human GLP-1R comprises 463 amino acids, including an N-terminal signal peptide that is cleaved on delivery to the plasma membrane (22). GLP-1R and related class B GPCRs are characterised by a stereotyped extracellular N-terminal domain crucial for ligand recognition, an intracellular C-terminus, and seven transmembrane (7TM) α-helices spanning the plasma membrane that are connected by three intracellular loops (ICL1-ICL3) and three extracellular loops (ECL1-ECL3) on either side of the membrane. Class B GPCRs typically bind their peptide ligands through a mechanism known as the two-domain model, in which the extracellular domain (ECD) binds to the C-terminal end of the ligand first, enabling a second interaction between the N-terminus of the ligand and the 7TM domains of the receptor (22). Recent advances in GPCR structural biology have provided insights into GLP-1R-ligand interactions that underpin binding and activation processes (23–26).


Gαs/cAMP/PKA Signalling in Beta Cells

Canonical GLP-1R signalling occurs via heterotrimeric G proteins, comprising an independent Gα subunit and a Gβ/γ dimer bound reversibly to Gα. The Gα subunits can be classified into 4 subtypes: Gαi, Gα0, Gαs, and Gαq/11, based on the nature of their interaction with specific downstream effectors. Agonist-activated GPCRs act as guanyl nucleotide exchange factors (GEFs) for G proteins. The nucleotide binding pocket opens, allowing exchange of inactive guanine diphosphate (GDP) for guanine triphosphate (GTP). GTP binding induces conformational changes within the Gα subunit that lead the Gβγ to dissociate, so that both subunits are free to activate downstream effector proteins, thereby initiating a signalling cascade (27).

The GLP-1R is well known to couple with the Gαs subunit, resulting in adenylate cyclase (AC) activation and cyclic adenosine monophosphate (cAMP) production (Figure 1). GLP-1R-stimulated pathways in pancreatic beta cells act within seconds to increase cAMP levels and minutes to potentiate GSIS. A rapid increase in cAMP is accompanied by activation of exchange protein activated by cAMP-2 (Epac2) and protein kinase A (PKA) (28). Activation of Epac2 reduces the concentration of ATP required to achieve closure of KATP channels promoting membrane depolarisation, Ca2+ influx and subsequent Ca2+-induced Ca2+ release from intracellular stores, insulin priming and finally insulin granule exocytosis (29–31). Activated PKA also promotes membrane depolarisation by directly phosphorylating the sulfonylurea receptor 1 (SUR1) and a regulatory subunit of KATP channels (32).




Figure 1 | A summary of the effects of GLP-1 on insulin synthesis, secretion, beta cell proliferation, neogenesis and apoptosis inhibition. In pancreatic beta cells, GLP-1R signalling is predominantly via Gαs which mediates increases in cAMP to activate Epac and PKA. These have a range of effects, as described in the main text and depicted in this figure. These and other pathways promote increases in insulin gene transcription, synthesis and secretion. Figure created using BioRender.com.



Additionally, PKA-mediated activation of cyclin D1 and MAPK was found to be crucial in the G1/S phase transition during the cell cycle, promoting beta cell neogenesis (33). GLP-1R signalling also attenuates the development of ER stress in beta cells through cAMP-dependent potentiation of Activating Transcription Factor 4 (ATF4) translation (34). These findings further support the claim that sustained GLP-1R agonism may result in disease modifying activity in people with T2D through enhancement or preservation of functional beta cell mass (35). GLP-1R also activates cAMP response binding element (CREB) which stimulates the expression of insulin transcription factor pancreatic and duodenal hombox gene-1 (PDX-1) in a cAMP/PKA-dependent manner (36). CREB was also shown to stimulate Insulin Receptor Substrate 2 (IRS2) gene expression which is essential for beta cell growth and survival in isolated beta cells and rodent models (37).



Non-Gαs Signalling Events in Beta Cells

GLP-1R is able to couple not only to Gαs, but also to other Gα subtypes including Gαi and Gαq. The former acts in opposition to Gαs, leading to adenylate cyclase inhibition and reduced cAMP production. Whilst Gαi coupling has been detected in response to GLP-1R activation (25, 38), it is not clear whether this is a significant factor in beta cells or an artefact of overexpression systems. There is more evidence that GLP-1R can couple to Gαq in beta cells, as demonstrated by inositol triphosphate (IP3) turnover studies (39), diacylglycerol (DAG) production (40) and most convincingly, a Gαq FRET biosensor (41). The latter study is interesting as it reported that the effects of GLP-1 on GSIS were predominantly Gαs-dependent under normoglycaemic conditions, but chronic beta cell depolarisation due to sulphonylurea treatment or hyperglycaemia led to an apparent switch in coupling preference to Gαq. Activation of Gαq leads to phospholipase C (PLC) activation, allowing phosphatidylinositol 4,5-bisphosphate (PIP2) cleavage to generate DAG and IP3, with resultant effects on protein kinase C (PKC) activation and Ca2+ release from intracellular stores via IP3 receptor activation. Specifically, the putative Gαq-mediated mechanism is thought to involve PKC-mediated activation of an inward depolarising current carried by TRPM4/5 channels (42). The studies are not totally conclusive as cAMP can also activate PLC leading to intracellular Ca2+ increases (43).

Numerous reports show that GPCRs also induce distinct cellular responses via separate, non-G protein-dependent signalling cascades facilitated by the recruitment of β-arrestins, which act as scaffolds to promote interaction with and activation of mitogen-activated protein kinases (MAPKs) such as extracellular regulated kinase 1/2 (ERK1/2). Interestingly, a study using HEK293 cells with total elimination of all Gα subunits by a combination of CRISPR/Cas9 deletion and pharmacological inhibition suggested that, in fact, G proteins are essential for ERK1/2 phosphorylation and β-arrestins are not (44). However, it was also suggested that these results may have been artefacts of clonal selection rather than a true representation of the relative importance of G proteins and β-arrestins in this process (45). For the GLP-1R, β-arrestin-1 knockdown reduces ERK1/2 signalling in INS-1 cells, identifying a potential G protein-independent signalling axis required for GLP-1R-induced insulin secretion and coupling to protection against apoptosis (46, 47). In a study using INS-1 cells, GLP-1 facilitated β-cellulin release from the plasma membrane via β-arrestin-1-mediated recruitment of c-Src, leading to transactivation of the epidermal growth factor receptor (EGFR), a β-cellulin cognate receptor. This, in turn, sequentially activated phosphoinositide 3-kinase (PI3K) and downstream effectors protein kinase B (PKB/Akt), p38 MAPK and PKC contributing to DNA synthesis, gene expression, insulin synthesis and reduced apoptosis (48). Furthermore, mediated via PKB and nuclear factor-κB (NF-κB), GLP-1 also exhibits protective effects on beta cell glucotoxicity, lipotoxicity, glucolipotoxicity and stimulates transcription of the antiapoptotic genes Iap-2 and Bcl-2 (49). On the other hand, mice with beta cell-specific knockout of β-arrestin-1 or -2 did not show any defect in acute insulin secretory response to GLP-1RAs or alteration to beta cell mass (50, 51), although this was not investigated in detail for β-arrestin-2.



Biased GLP-1R Agonism

The pleiotropic interactions between GPCRs and multiple signalling proteins has led to an important concept, particularly relevant to drug discovery, that efficacy has a quality as well as a magnitude. This concept, referred to as “biased agonism” or “signal bias”, is defined by ligands of the same receptor that show favoured and distinct coupling preferences to particular cellular effectors or pathways (7). Although detailed molecular mechanisms underpinning biased signalling are not yet completely understood, it is generally believed that biased ligands preferentially stabilise particular GPCR conformations for selective engagement with specific signalling pathways (52). One of the first reports in which the apparent biased behaviour of ligands was explicitly recognised showed that [Sar1,Ile4,Ile8]-AngII was unable to activate G protein signalling but still triggered β-arrestin recruitment and ERK1/2 phosphorylation at the angiotensin 2 type 1 receptor (53). In fact, further examples of apparently biased ligands can be found in the historical literature, pre-dating the emergence of signal bias as a fashionable pharmacological concept. One notable example relevant to class B GPCR pharmacology is desHis1,glu9-glucagon, a glucagon receptor “antagonist” which was found to stimulate IP3 production without cAMP generation (54).

Whilst the majority of currently approved therapeutic GLP-1RAs show balanced agonism between most pathways measured (55), an increasing number of biased GLP-1RAs have now been described in the preclinical literature. In line with major advances in the understanding of the structural basis of GLP-1R activation (24), the peptide N-terminus has emerged as an important determinant of biased agonism, with several studies reporting that β-arrestin recruitment can be selectively diminished by amino acid sequence substitutions and novel chemical entities in this region (56–60). Despite the putative role of β-arrestins as GLP-1R effectors coupled to both insulin release and protection against beta cell apoptosis (46, 47), most biased GLP-1RA studies have shown that reduced β-arrestin recruitment is associated with enhanced insulin secretion, at least under conditions of sustained stimulation. This is presumed to be a consequence of β-arrestin-mediated desensitisation and/or downregulation of the GLP-1R (61). Studies in rodent models of T2D show improved glucose tolerance with G protein-biased compared to balanced GLP-1RA treatments, with these benefits progressively apparent later in the dosing period, consistent with a desensitisation-related mechanism. Recently, tirzepatide, a clinical candidate dual incretin receptor agonist that targets both the GLP-1R and the closely related glucose-dependent insulinotropic polypeptide receptor (GIPR), was found to show profound biased agonism characterised by minimal β-arrestin recruitment at the GLP-1R (62, 63). Tirzepatide appears to be highly effective for T2D in human trials (64), although it is not yet possible to know how much the biased GLP-1R agonism contributes to this.




Endocytic GLP-1R Trafficking

Most ligand-activated receptors undergo endocytosis, a process recognised to serve a number of purposes, including regulation of cell surface receptor levels to modulate cellular responsiveness to continued ligand exposure, and alternative sorting of receptors towards one of the cell surface recycling pathways for sustained signalling, or towards lysosomal targeting for receptor degradation to achieve signal termination and long term desensitization (or down-regulation) (65). The endocytic pathway is composed of a continuum of intracellular vesicular compartments showing varying levels of maturation, including early or sorting endosomes, multivesicular or late endosomes, endocytic recycling compartments and lysosomes (66), which are in turn interconnected with a number of other intracellular organelles including the Golgi apparatus, the ER and mitochondria (67–70). Activated GLP-1R undergoes rapid endocytosis, with almost complete disappearance of surface receptors within 15 minutes of exposure to a maximal agonist concentration (55). Proposed molecular determinants of GLP-1R trafficking are summarised in Figure 2 and discussed in more detail below.




Figure 2 | A summary of GLP-1R trafficking. GLP-1 receptors are internalised through clathrin-dependent and/or clathrin-independent mechanisms and subsequently transported to sorting endosomes/early endosomes. From here they can either be recycled back to the plasma membrane via a fast recycling pathway (short cycle), a slow recycling (long cycle), or be targeted for degradation to lysosomes via multi vesicular bodies/late endosomes. Figure created using BioRender.com.




GLP-1R Endocytosis – Clathrin-Dependent or -Independent?

The GLP-1R has been previously reported to follow a dynamin-dependent, but either clathrin-mediated (CME) or clathrin-independent (CIE) endocytosis pathway (71–73), which represent the two main mechanisms underlying receptor endocytosis. Studies performed in CHO and CHL cells recombinantly expressing GLP-1R revealed internalisation via clathrin-coated pits (74). GLP-1R also appeared to internalise via clathrin-coated pits in pancreatic beta cells (71). This process, which followed clustering of immobilized receptors at membrane hotspots, involved cargo selection, clathrin-coat assembly, membrane bending, vesicle scission and uncoating (75). This canonical GPCR internalisation mechanism has been typically associated with β-arrestin recruitment, which can target GPCRs for internalisation via interaction with the β2 subunit of the AP2 clathrin adaptor, promoting movement of the GPCR-β-arrestin complex to vesicular pits where β-arrestin, AP2 and clathrin form a tripartite interaction (76, 77). However, it has also been observed that depletion of β-arrestins has a minimal impact on agonist-induced GLP-1R internalisation (55, 61, 71). The GLP-1R was found to possess an AP2-binding domain in its C-terminal tail allowing it to directly interact with AP2, minimising the need for additional intermediaries (78). The effects of β-arrestin-1 knockdown in INS-1 cells did not support a role for β-arrestin-1 in GLP-1R trafficking (46). Additionally, the endocytic accessory protein huntingtin-interactin protein 1 (HIP1) has been implicated in GLP-1R endocytosis (79); HIP-1 is a CME accessory protein that forms a bridging interaction between clathrin and AP2, thereby stimulating clathrin coated pit assembly (80).

In contrast to the above evidence supporting primarily a CME-dependent endocytosis pathway, experiments with small interfering RNA targeting clathrin did not appear to affect GLP-1R endocytosis in HEK293 cells, suggesting the existence of an alternative CIE-mediated mechanism (81). It is plausible that the GLP-1R can utilize more than one type of endocytosis mechanism, enabling it to deviate towards one of these alternative entry pathways in the event of blockade of its main pathway for internalization. While the nature of these alternative CIE pathways has not been elucidated, there have been some suggestions of a possible role for caveolin-1 in this process (72). GLP-1R contains a classic caveolin-1-binding motif within ICL2 enabling it to interact and colocalise with the protein intracellularly. Occurrence of this interaction was supported by using inhibitors of caveolin-1, with this mechanism of GLP-1R internalisation proposed to occur through activation of Gαq proteins, followed by activation of PKC (69). It has also been suggested that β-arrestin-2 may play a role in GLP-1R trafficking mediated through caveolin-1 (46). Interestingly however, it has been reported that beta cell lines which display normal levels of GLP-1R endocytosis do not express caveolin-1, raising questions about the role of this protein in the control of GLP-1R internalisation (79). More generally, accumulating evidence within the general field of endocytosis has called into question whether a caveolin-mediated endocytic pathway exists at all (82), and the interaction between caveolin-1 and the GLP-1R might reflect alternative roles for this protein such as in the biosynthetic transport and targeting of mature receptors at the plasma membrane (60).



The Role of Membrane Nanodomains in GLP-1R Endocytosis

The local organisation of GPCRs within plasma membrane cholesterol- and sphingolipid-enriched nanodomains (historically known as liquid-ordered domains or “lipid rafts”) can be dynamically regulated by ligand-induced activation, and is a key regulator of GPCR behaviours through compartmentalisation of both receptor and signalling effectors into membrane “hotspots” (83). Indeed, Gαs, the main G protein signalling subunit for the GLP-1R, was predominantly associated with cholesterol-rich detergent-resistant membrane fractions in beta cells (71). Moreover, adequate plasma membrane cholesterol levels were essential for efficient GLP-1R endocytosis via either clathrin-dependent and clathrin-independent pathways, as demonstrated by the virtual abolition of agonist-induced GLP-1R internalisation following cholesterol extraction with MβCD (methyl-β-cyclodextrin) in beta cells (71). Moreover, the GLP-1R undergoes agonist-dependent palmitoylation at its C-terminus, providing a mechanism for altered interaction and targeting of active receptors to these cholesterol-rich membrane regions (71). As well as a role in concentrating active GPCRs in particular membrane nanodomains enriched in signalling and trafficking proteins, direct interactions with cholesterol may alter the binding affinity of GPCRs (84, 85), suggesting that this lipid might allosterically modulate receptors by limiting their conformational flexibility, a possibility that remains to be investigated for the GLP-1R.



Post-Endocytic GLP-1R Sorting/Trafficking

Post-endocytic GPCR trafficking occurs through a series of dynamically interconnected organelles crucial for the sorting of receptors to different intracellular compartments (86). The passage of GLP-1R through different beta cell endosomal compartments has been examined using electron microscopy (55, 87). Sorting endosomes, also known as early endosomes (EE), are the first organelles receiving the endocytosed receptor-containing vesicles, and are typically marked by Rab5 (88). The expression of a mutant Rab5 in beta cells inhibited internalisation of the GLP-1R, suggesting a crucial role for the sorting of receptors to Rab5-positive endosomes (89). From the limiting membrane of EEs, GPCRs may be recycled back to the plasma membrane via a “short/fast cycle” of trafficking from a Rab5-positive to a Rab4-positive endocytic compartment, via a “long/slow cycle” by entering Rab11-positive perinuclear recycling endosomes, or towards lysosomal degradation via retention in intraluminal vesicles (ILVs) of multivesicular bodies (MVBs), generated by maturation of EEs, a process that also causes termination of signalling, and subsequent trafficking to Rab7-positive late endosomes and lysosomes (90). High efficacy GLP-1RAs such as exendin-4 and GLP-1, when applied at high concentrations, target GLP-1Rs primarily towards retention in ILVs and lysosomal degradation (55, 79, 87). A retromer-associated factor, sorting nexin 1 (SNX1), was found to play a crucial role in targeting GLP-1R towards lysosomal degradation by restricting receptor recycling (79), but other molecular events governing this process are not well understood. For example, preliminary experiments have shown that receptor ubiquitination, a process typically involved in the canonical Endosomal Sorting Complex Required for Transport (ESCRT)-dependent targeting of endosomal proteins to ILVs within MVBs as a committing step towards lysosomal fusion, does not appear to apply to the GLP-1R, although alternative ESCRT-dependent but ubiquitin-independent, as well as ESCRT-independent mechanisms of sorting into ILVs have also been described, including for some GPCRs such as the protease-activated receptor PAR1 (91). Agonist-internalised GLP-1R colocalises with transferrin, a marker for recycling (92), and about 10 to 30% of internalised GLP-1R returns to the cell surface per hour after exendin-4 or GLP-1 treatment, respectively (55, 87). It has been shown in beta cells that another retromer-associated factor, sorting nexin 27 (SNX27), plays a role in cargo selection and GLP-1R sorting from early to recycling endosomes, with SNX27-knockdown significantly reducing GLP-1R recycling (79). This is due to its association with actin/sorting/nexin/retromer tubule (ASRT) and the Wiskott-Aldrich syndrome protein and SCAR homologue complex (WASH) (93). A “two-barcode” mechanism for GPCR recycling was hypothesised, acting through the endosomal ASRT pathway, involving both a PDZ-binding domain and phosphorylation of specific serine residues in the C-terminal domain (94). However, the GLP-1R does not possess a canonical PDZ-binding domain (79). Another aspect that requires further investigation is the possibility of GLP-1R undergoing retromer-dependent endosome-to-Golgi retrograde transport, as well as possible interactions with alternative retromer-like endosomal retrieval complexes involved in the control of receptor recycling such as the recently described retriever and commander complexes (95).

Once internalized, the acidic endosomal pH disrupts ligand-receptor interactions and influences post-endocytic GPCR trafficking, presumably as ligand-bound versus apo-state GPCR conformations show altered engagement, directly or indirectly, with local trafficking effectors. Accordingly, ligand binding affinity appears to be an important determinant of GLP-1R trafficking. High affinity agonists that remain bound to GLP-1R within the endosomal pathway tend to result in greater lysosomal targeting of the receptor, whereas lower affinity agonists preferentially lead to receptor recycling (87). As a further factor likely to influence ligand-receptor complex stability, the metalloprotease endothelin-converting enzyme-1 (ECE1) was also shown to colocalise with internalised GLP-1Rs, and presumed to facilitate GLP-1R recycling via proteolytic processing of endosomal GLP-1 (96), as previously shown for other GPCRs (97). Indeed, slow-recycling exendin-4 is highly resistant to ECE1, whereas GLP-1, which leads to faster GLP-1R recycling, is rapidly degraded by ECE1 at low pH (87). GLP-1RAs that carry a fatty acid chain to promote reversible binding to albumin, e.g. liraglutide and semaglutide, participate indirectly in recycling of albumin via the neonatal Fc receptor (FcRn) (98); and whilst this is an important factor determining the long half-life of these GLP1-RAs in the circulation, it is not known whether this phenomenon is relevant to GLP-1R recycling in beta cells.



Caveats to GLP-1R Trafficking Studies Reported in the Literature

It is important to note that many studies investigating GLP-1R trafficking have used immortalised cell lines overexpressing the GLP-1R, typically stimulated with high agonist concentrations that are well above the physiological range and may even exceed the likely peak concentrations of pharmacological GLP-1RAs in vivo. These experimental conditions are to a certain extent mandated by the limitations of available methods to monitor the redistribution of the endogenous, agonist-stimulated GLP-1R. For example, “feeding” of GLP-1R extracellular-domain-recognising antibodies to monitor endocytosis is precluded as they compete for the orthosteric ligand binding site (99), and fluorescent agonist ligands dissociate from the receptor after entering the endocytic pathway so are informative only for the initial internalisation phase. Appending biorthogonal tags such as HALO- or SNAP-tags to label the endogenous GLP-1R genomic sequence could allow a better understanding of trafficking events without the use of exogenous expression, but has not been reported to date. The use of high ligand concentrations leads to large, easy to measure changes in GLP-1R redistribution, but it is possible that mode of endocytosis could shift as receptor occupancy increases (100). More sophisticated imaging-based approaches to monitor individual endocytosis events e.g. using total internal reflection fluorescence microscopy (TIRFM) combined with single particle tracking (SPT) would allow these phenomena to be observed at physiological agonist concentrations. Additionally, adapting assays for longer stimulation times but with lower ligand concentrations would aid in understanding how GLP-1R agonist drugs influence GLP-1R trafficking over the many hours or days that they persist in the circulation.




GPCR Trafficking in the Spatiotemporal Control of Intracellular Signalling

Once thought to be solely constrained to the plasma membrane, GPCR signalling is now known to originate from various intracellular locations (101–103). Endocytic trafficking alters the location and duration of certain receptor-mediated signalling pathways and is thus a crucial regulator of specific cellular responses (104, 105). The possibility of endosomal cAMP generation has attracted considerable interest as a potential means to achieve sustained intracellular responses (106). Whilst the broad categories of “plasma membrane signalling” versus “endosomal signalling” are now well established, it should be acknowledged that subclassification of signals at point source is possible, e.g. from liquid-ordered versus liquid-disordered plasma membrane nanodomains (71).

Endosomal signalling by the GLP-1R has now begun to be explored. Internalised GLP-1Rs were shown to participate in compartmentalised cAMP generation, contributing to insulin granule exocytosis in cultured pancreatic beta cells before being directed to lysosomes for degradation (107). A follow up study showed that Gαs is recruited to activated GLP-1R-containing Rab5-positive EEs (89). Inhibition of GLP-1R internalisation using dominant negative dynamin constructs reduced GLP-1R cAMP responses (73, 108). Additionally, A-kinase anchoring proteins (AKAPs) target PKA to discrete subcellular locations of cAMP production, compartmentalising Ca2+ and cAMP signalling, a crucial mechanism for the regulation of insulin secretion (109, 110).

Notwithstanding the importance of signal compartmentalization and endosomal signalling, long term reduction in GPCR abundance at the cell surface as a result of sustained agonist-mediated endocytosis without sufficient compensatory recycling (i.e. downregulation) is a clear potential limiting factor in the capacity of a cell to generate prolonged signalling responses in the face of chronic ligand exposure. Compared to other class B GPCRs, including the glucagon and glucose-dependent insulinotropic polypeptide receptors (GCGR, GIPR), endocytosis of the GLP-1R is rapid and extensive (61, 73), which could quickly lead to depletion of plasma membrane receptors, particularly when combined with preferential targeting to lysosomal degradation, a situation in which the biosynthetic pathway might not be able to replenish the pool of membrane receptors with sufficient efficiency. GLP-1R endocytosis and subsequent endocytic trafficking therefore may both enhance and attenuate signalling, with numerous factors such as ligand efficacy, concentration and exposure period as well as receptor clustering and nanodomain segregation all potential determinants of which process dominates.


The Importance of Receptor Trafficking in Biased GLP-1R Agonism

The endocytic trafficking effects of a number of biased GLP-1RAs have been reported (55, 57–59, 87, 111). Typically, G protein-biased peptides with reduced β-arrestin recruitment efficacy also show attenuations in GLP-1R internalisation propensity, along with faster recycling back to the plasma membrane and reduced lysosomal degradation. Despite the canonical role of β-arrestins in clathrin-mediated endocytosis, it does not appear that the deficient β-arrestin response of biased agonists is directly responsible for the their distinct trafficking profiles, as agonist-induced GLP-1R endocytosis is minimally affected by the total absence of both β-arrestin isoforms (55, 61, 71). Instead, the reduced β-arrestin recruitment of slow-internalising, fast-recycling agonists is rather considered as a bystander marker for this type of trafficking behaviour, whose main role is in preventing rapid receptor desensitisation. An important characteristic that appears to determine the propensity to induce GLP-1R internalisation is the binding affinity displayed by the different agonists, a process that is intimately linked with their capacity to trigger receptor clustering and nanodomain segregation prior to internalisation (71). Indeed, allosteric modulation of binding affinity can render a weakly internalising agonist fast internalising properties (71). Additionally, different intra-endosomal GLP-1R-ligand dissociation rates observed with different biased GLP-1RAs is one factor that influences the receptor post-endocytic targeting, with faster dissociating biased GLP-1RAs tending to lead to more receptor recycling (55, 87). However, the precise biophysical mechanisms and receptor-effector interactions that differ between different biased GLP-1RAs and explain their differential endocytic rates have not been fully elucidated.

The fact that GLP-1R endocytosis promotes endosomal cAMP signalling but is also ultimately a route to receptor downregulation means that, irrespective of the mechanisms by which biased GLP-1RAs achieve their altered trafficking responses, they are likely to contribute to their overall signalling profiles. Endosomal versus plasma membrane signalling with a panel of GLP-1RAs was compared using targeted FRET cAMP biosensors (pmEpac2 and cytoEpac2), revealing that exendin-4 is biased in favour of cytoplasmic cAMP production compared to liraglutide (108). Aside from this study, the endosomal signalling characteristics of more recently invented biased GLP-1RAs with profoundly altered trafficking profiles have not been reported. This is a key gap in the literature, as it is not yet established whether the steady state preservation of surface GLP-1Rs seen with some biased GLP-1RAs is the primary result of a failure to enter the endocytic pathway (which would preclude endosomal signalling), or the accelerated rapid recycling from early endosomal compartments (which may permit endosomal signalling), or a combination of both processes. Targeted biosensor studies to investigate this phenomenon are required to address this issue. It is known however that lipid nanodomain-specific cAMP generation, measured using the raft-anchored cAMP sensor TEpacVV-Lyn (112), is selectively enhanced by the β-arrestin-biased GLP-1RA exendin-asp3 over the G protein-biased exendin-phe1, matching the relative propensity of these agonists to stimulate segregation of GLP-1R into lipid rafts (71).

Whilst their endosomal signalling characteristics are not yet known, it is well established that some of the biased GLP-1RAs with reduced tendency to promote GLP-1R internalisation do indeed cause less beta cell GLP-1R degradation over prolonged periods of stimulation (55, 87). As long periods of receptor-drug exposure are maintained with therapeutic GLP-1RAs that have extended pharmacokinetic stability, these studies provide useful information on the likely differential impact of biased GLP-1RAs on target downregulation. Whilst this phenomenon has not yet been studied in vivo, various reports demonstrate that the net result is that poorly internalising GLP-1RAs preserve the responsiveness of pancreatic beta cells, as measured by cumulative insulin secretion in vitro over many hours and by rechallenge experiments to reveal different rates of homologous desensitisation (55, 87), and hence have a beneficial net effect despite potential losses of intracellular signalling. The implication of these findings is that, even if endosomal signalling is an important component of GLP-1R agonism, the “benefits” of increased steady state plasma membrane receptors with certain biased GLP-1RAs might exceed the potential reductions in endosomal signalling that might accompany this phenomenon.




Conclusions

The GLP-1R plays a pivotal role in glucose homeostasis, insulin synthesis and potentiation of GSIS and has accordingly become a major therapeutic avenue for the treatment of T2D. It is apparent that the GLP-1R signalling-trafficking system is highly complex, comprising of many steps and can provide a platform for exquisite control of signalling events. The development of biased GLP-1RAs has provided a suite of tools for the reprogramming of GLP-1R endocytosis and post-endocytic sorting and a means to achieve distinct signalling patterns at different subcellular locations. The physiological and therapeutic implications of these processes are only now beginning to be explored.

Substantial progress has been made in our understanding of GLP-1R signalling and trafficking, such as the perpetuation and termination of signalling within endosomal compartments. However, significant gaps still remain to be resolved. The molecular mechanisms governing GLP-1R endocytosis are yet to be clearly defined, with a major role for typical candidates such as β-arrestins being, surprisingly, not supported by most of the evidence. Whilst the differences in post-endocytic GLP-1R sorting and trafficking with different GLP-1R ligands has been observed and described using an expanding number of imaging techniques, a comprehensive mechanistic explanation of these processes is still lacking. Moreover, the majority of studies have been performed in heterologous or insulinoma cell lines, often at high ligand concentrations, and confirmation in primary beta cells and in vivo will ultimately be required to determine the physiological importance of these processes. Finally, translating the study of the mechanisms governing GLP-1R trafficking to other cellular systems beyond the pancreas represents a further frontier in our understanding of the importance of these processes in GLP-1R biology. For example, it is postulated that GLP-1R-mediated endocytic carriage across tanycytes or endothelial cells is a specific mechanism by which GLP-1RAs access the brain (55, 113–115), although non-receptor-mediated mechanisms such as adsorptive transcytosis are also suggested to be important (116).

Overall, the promising results observed using biased GLP-1RAs with distinct trafficking profiles in preclinical studies have raised the possibility that this is a therapeutically viable strategy to confer greater efficacy and/or tolerability for the treatment of T2D. Dedicated studies in humans are now required to test this hypothesis.
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Glucagon-like peptide-1 (GLP-1) shows robust protective effects on β-cell survival and function and GLP-1 based therapies are successfully applied for type-2 diabetes (T2D) and obesity. Another cleavage product of pro-glucagon, Glucagon-like peptide-2 (GLP-2; both GLP-1 and GLP-2 are inactivated by DPP-4) has received little attention in its action inside pancreatic islets. In this study, we investigated GLP-2 production, GLP-2 receptor (GLP-2R) expression and the effect of GLP-2R activation in human islets. Isolated human islets from non-diabetic donors were exposed to diabetogenic conditions: high glucose, palmitate, cytokine mix (IL-1β/IFN-γ) or Lipopolysaccharide (LPS) in the presence or absence of the DPP4-inhibitor linagliptin, the TLR4 inhibitor TAK-242, the GLP-2R agonist teduglutide and/or its antagonist GLP-2(3-33). Human islets under control conditions secreted active GLP-2 (full-length, non-cleaved by DPP4) into the culture media, which was increased by combined high glucose/palmitate, the cytokine mix and LPS and highly potentiated by linagliptin. Low but reproducible GLP-2R mRNA expression was found in all analyzed human islet isolations from 10 donors, which was reduced by pro-inflammatory stimuli: the cytokine mix and LPS. GLP-2R activation by teduglutide neither affected acute or glucose stimulated insulin secretion nor insulin content. Also, teduglutide had no effect on high glucose/palmitate- or LPS-induced dysfunction in cultured human islets but dampened LPS-induced macrophage-dependent IL1B and IL10 expression, while its antagonist GLP-2(3-33) abolished such reduction. In contrast, the expression of islet macrophage-independent cytokines IL6, IL8 and TNF was not affected by teduglutide. Medium conditioned by teduglutide-exposed human islets attenuated M1-like polarization of human monocyte-derived macrophages, evidenced by a lower mRNA expression of pro-inflammatory cytokines, compared to vehicle treated islets, and a reduced production of itaconate and succinate, marker metabolites of pro-inflammatory macrophages. Our results reveal intra-islet production of GLP-2 and GLP-2R expression in human islets. Despite no impact on β-cell function, local GLP-2R activation reduced islet inflammation which might be mediated by a crosstalk between endocrine cells and macrophages.
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Introduction

Proglucagon-derived peptides (PGDPs) are structurally related gut hormones produced from alternative post-translational enzymatic processing of proglucagon, one of them is glucagon produced from α-cells of pancreatic islets, two other ones are the sister peptides glucagon-like peptides 1 and 2 (GLP-1 and -2), all encoded in the proglucagon gene (GCG) (1). Stimulated by the ingestion of nutrients, GLP-1 and GLP-2 are co-secreted from the enteroendocrine L cells of the intestine through proglucagon processing by prohormone convertase 1/3 (PC1/3) (1).

Classically, in pancreatic islets, the proglucagon gene is highly expressed in α-cells; it is cleaved by PC2 to produce glucagon in response to lowering blood glucose levels. More recent studies have also revealed pancreatic α-cells’ production of GLP-1 (2–5). In line with this, PC1/3 is expressed in murine and human α-cells (2–6). Due to the nature of co-production of GLP-1 and GLP-2 by PC1/3, it is assumable that GLP-2 may also be locally produced in pancreatic islets.

GLP-1 and GLP-2 exert multiple direct and indirect actions on nutrient processing and energy metabolism (1), whereas they are rapidly degraded by dipeptidyl peptidase-4 (DPP4), an ubiquitously expressed proteolytic enzyme, which cleaves both GLP-1 and GLP-2 into inactive forms (7). Due to GLP-1’s robust potentiation of glucose stimulated insulin secretion, inhibition of glucagon secretion, gastric emptying and promotion of satiety, various DPP4-inhibitors as well as agonists of the glucagon-like peptide-1 receptor (GLP-1R) are established in the therapy of type 2 diabetes (T2D) (8). The GLP-2R agonist teduglutide is approved for treating short bowel syndrome, as GLP-2 promotes intestine growth and nutrient absorption (9). While the beneficial role of intra-islet GLP-1 action has been extensively investigated, the knowledge of local GLP-2 action in islets is very limited.

There is some controversy of the expression of both GLP-1R and GLP-2R, mainly because of the lack of sufficiently sensitive antibodies. While GLP-1R is widely expressed among organs, GLP-2R expression is restricted and was only found and confirmed primarily in enteroendocrine cells and enteric neurons of the GI tract, subepithelial myofibroblasts and in some regions of the central nervous system (CNS) subepithelial myofibroblasts and in some regions of the CNS (9, 10). Lesser GLP-2R protein was found in human and rodent islets and localized to the α-cell with proglucagon colocalization (11). In line with this, GLP-2 acutely stimulates glucagon secretion (11). Consistent but low GLP-2R mRNA was confirmed in rodent α-cell lines as well as in a human β-cell line and in mouse islets (12), the latter being in contrast to a more recent study (13). GLP-2 had no effect on glucose-stimulated insulin secretion (GSIS) in isolated mouse islets (12).

As there is limited knowledge on the impact of GLP-2R activation in human islets, this study was initiated to investigate intra-islet production of GLP-2 and effects of GLP-2R activation in isolated human islets, with a focus on β-cell function and islet inflammation. Studies revealed robust secretion of GLP-2 from human islets with enhanced GLP-2 production by diabetogenic and proinflammatory conditions. However, GLP-2 agonism by the DPP4-resistant agonist teduglutide had no effect on insulin secretion in cultured human islets, whereas it dampened LPS-induced expression of IL-1β and IL-10. Further experiments with islet conditioned medium suggested a GLP-2 mediated protection from a pro-inflammatory crosstalk between endocrine cells and islet macrophages.



Methods


Human Islet Isolation, Culture, Treatment, and GLP-2 Analysis

Human islets were isolated from pancreases of non-diabetic organ donors (both males and females) at the Universities of Wisconsin, Lille or ProdoLabs and cultured on Biocoat Collagen I coated dishes (#356400, Corning, ME, USA referred to as extracellular matrix (ECM)). Human islets were cultured in complete CMRL-1066 (Invitrogen) medium at 5.5 mM glucose and exposed to complex diabetogenic conditions: 22.2 mM glucose, 0.5 mM palmitic acid, the mixture of 2 ng/ml recombinant human IL-1β (R&D Systems, Minneapolis, MN) plus 1,000 U/ml recombinant human IFN-γ (Pepro Tech, Rocky Hill, New Jersey) for 72h. To induce maximal TLR4 activation, attached islets were serum-starved for 6h (14) and then treated with the TLR4 ligand lipopolysaccharide (LPS, 20 μg/ml, from E. coli O111:B4, Sigma-Aldrich, Steinheim, Germany) for 24h with or without 10 μM TLR4 inhibitor TAK-242 [patent by Takeda Pharmaceutical (Osaka, Japan), synthesized by Servier (Suresnes, France) according to the published chemical structure (15, 16)]. Palmitic acid was dissolved as described previously (17). The DPP4-inhibitor linagliptin (30 nM), or the DPP4-resistant GLP-2 analogue and GLP-2R agonist teduglutide (10 nM) with and without the GLP-2R antagonist GLP-2(3-33) (5 nM, all Biotrend, Cologne, Germany) were added to the respective treatment conditions. Cell culture supernatants were immediately snap-frozen and later analyzed by an inhouse established assay to specifically recognize active GLP-2 as described before (18). All human islet experiments were performed in the islet biology laboratory, University of Bremen, conducted in strict accordance with the World Medical Association’s Declaration of Helsinki as well as with all relevant institutional and national guidelines, with the appropriate institutional ethics committee’s prior approval. The studies involving material from human organ donors were reviewed and approved by the Ethics Committee of the University of Bremen. The study complied with all relevant ethical regulations for work with human cells for research purposes. Organ donors are not identifiable and anonymous, such approved experiments using human islet cells for research is covered by the NIH Exemption 4 (Regulation PHS 398). Human islets were distributed by the two JDRF and NIH supported approved coordination programs in Europe (Islet for Basic Research program; European Consortium for Islet Transplantation ECIT) and in the US (Integrated Islet Distribution Program IIDP) (19).



Assay for Active GLP-2

For detection of active GLP-2, a Luminex based assay compatible with the Luminex platform was developed by NMI, University of Tübingen, Germany, in collaboration with Boehringer Ingelheim GmbH & Co. KG, Biberach/Riss, Germany. The Peptide sequence (HADGSFSD) in the N-terminus was synthesized as Cys-Doa-Doa (8-amino-3,6-dioxaoctanoic acid) to increase accessibility of the immunogenic peptide containing variants of the primary sequence of interest. Cystein was included to allow immobilization via maleimide groups on the activated carrier proteins (BSA and Ovalbumin). Monoclonal and polyclonal antibodies to the above sequence were generated in rats and rabbits, respectively. Cross reactivity to GLP-1 was analyzed using the multiplex Luminex assay platform on a Luminex 100 system in accordance to classical Luminex based assays. Briefly, 20 µl of sample were incubated in 100 µl ELISA blocking buffer (#1112589, Roche Diagnostics GmbH, Mannheim, Germany) in the presence of 20 µl suspension of microparticles (1000 beads linked to Mab to active GLP-2) and incubated overnight at 10°C. After washing 3 times with 100 µl 0.05% Tween 20 in PBS, 40 µl biotinylated detection polyclonal antibody solution (active GLP-2, stock solution 0.1 mg/ml; diluted 1:50 in ELISA blocking buffer) was added and incubated on a shaker for 2h in the dark (22°C). After washing, 40 µl of streptavidin-PE (2 µg/ml diluted 1:500 in ELISA blocking buffer) was added and incubated on a shaker for 30 min. in the dark (22°C). After washing, plate was run on a Luminex 100. Detection limit of active GLP-2 was 20 pg/ml with minimal cross reactivity to GLP-1.



RNA Extraction and Quantitative RT-PCR Analysis

Total RNA was isolated from cultured human islets with a Trizol extraction system (TriFast, PEQLAB GmbH, Erlangen, Germany), cDNA synthesis and quantitative RT-PCR was performed as previously described (14). The following TaqMan® Gene Expression Assays (Applied Biosystems, Forster City, CA) were used: IL1B (Hs01555413_m1), IL6 (Hs99999032_m1), TNF (Hs99999043_m1), IL8 (Hs00174103_m1), IL10 (Hs00961622_m1), PPIA (Hs99999904_m1).



Insulin Secretion

Glucose-stimulated insulin secretion (GSIS) was performed as described previously (14). Briefly, human islets were pre-incubated in Krebs-Ringer bicarbonate buffer (KRB) containing 2.8 mM glucose for 30 min, followed by KRB buffer containing 2.8 mM glucose for 1 h (“basal secretion”) and then an additional 1 h in KRB containing 16.7 mM glucose (“stimulated secretion”) with or without the long-acting agonist of the GLP-1 receptor (GLP-1R) exendin-4 (10 nM; Sigma), or teduglutide (10 nM). Islets were washed with PBS and lysed with RIPA lysis buffer to extract total protein, followed by BCA measurement of protein concentration. Secreted insulin and insulin content from total protein were determined with human insulin ELISA kit (ALPCO Diagnostics, Salem, NH), and normalized to total protein concentration.



M1 Polarization of Human MDMs in Islet-Conditioned Medium

Primary monocytes isolated from human buffy coats using Biocoll® (Bio&SELL, Feucht, Germany) and CD14 microbeads (Miltenyi, Bergisch Gladbach, Germany) were seeded onto tissue culture dishes (1x10e6 cells/ml) in RPMI 1640 medium containing 50 U/ml macrophage colony-stimulating factor (M-CSF; ImmunoTool, Friesoythe, Germany) for 6 days to induce macrophage differentiation. Medium of cultured human islets treated with teduglutide alone or combined with GLP-2(3-33) for 24 h was collected from 3 different islet isolations and these media were pooled and designated as islet-conditioned medium.

Differentiated macrophages were then pre-cultured in islet-conditioned medium 1:4 diluted by standard RPMI 1640 medium for 2 h, followed by addition of 200 ng/ml LPS and 1,000 U/ml IFN-γ for 8 hours to induce M1-like polarization.



Extraction of Intracellular Metabolites and Total RNA From MDMs

Extraction was performed as previously described (20). Briefly, MDMs on 12-well plates were washed with 0.9% NaCl and quenched with 0.25 ml of -20°C methanol. After adding an equal volume of 4°C deionized water containing 1 µg/ml D6-pentanedioic acid (C/D/N Isotopes, Quebec, Canada) as internal standard, cells were disrupted and collected with cell scrapers and transferred to tubes pre-added with 0.25 ml -20°C chloroform. The extracts were vortexed at 1400 rpm for 20 min at 4°C and centrifuged at 17,000 g for 5 min at 4°C. 0.3 ml of the upper aqueous phase was transferred into gas chromatography compatible glass vials and then dried under vacuum at 4°C in CentriVap Concentration System (Labconco, Kansas City, Missouri). The interphase of the cell extracts was collected for total RNA isolation using NucleoSpin® RNA isolation kit (Macherey-Nagel, Düren, Germany).



GC-MS Measurement of Intracellular Metabolites of MDMs

GC-MS measurement was performed as described (20), using an Agilent 7890B gas chromatograph equipped with a 30 m DB-35ms and 5 m Duraguard capillary column (Agilent, Santa Clara, California) for separation of derivatized metabolites, and an Agilent 5977B MSD system (Agilent) for measurement of metabolites, followed with data processing using the Metabolite Detector software (21).



Immunofluorescence

Isolated human islets cultured on ECM dishes were fixed in Bouin’s solution for 15 min before embedding in paraffin as previously described (14). 4-µm sections were deparaffinized, rehydrated and incubated overnight at 4°C with primary antibodies against hGLP-2R (1:100; LS-A1312), hGLP-2R (1:100, C36446, both Lifespan Biosciences, Seattle, WA), guinea pig anti-insulin (#A0546, 1:100, Dako, Glostrup, Denmark) or mouse anti-glucagon (#G2654, 1:100, Sigma-Aldrich, Steinheim, Germany), followed by incubation with FITC or Cy3-conjugated secondary antibody (Jackson Immuno Research Laboratories, West Grove, PA) at room temperature for 1h. Slides were mounted with Vectashield with DAPI (Vector Labs, Burlingame, Ca). Fluorescence was analyzed using a Nikon MEA53200 microscope (Nikon GmbH, Dusseldorf, Germany) and images were acquired using NIS-Elements software (Nikon).



Statistical Analysis

All values were expressed as means ± SEM with the number of independent individual experiments (biological replicates) presented in the figure legends. The different groups were compared by paired two-tail Students t-test (for two groups) or one-way ANOVA with Dunnet’s post-test (for multiple groups) or two-way ANOVA with Sidak’s post-test (for two conditions) as stated in the figure legends. P value<0.05 was considered statistically significant.




Results


GLP-2 Secretion From Isolated Human Islets

Since GLP-1 and GLP-2 are theoretically co-produced during enzymatic cleavage of proglucagon by PC1/3, one can assume that besides GLP-1, also GLP-2 is locally produced in pancreatic islets. To prove this hypothesis, we cultured human islets isolated from non-diabetic donors for 72h, followed by the analysis of the active form of GLP-2 in the culture medium. The mean concentration of secreted active GLP-2 from four human islet isolations was 1.5 ± 0.3 ng/100 islets (Figure 1A). A combined high glucose/palmitate exposure and the mixed pro-inflammatory cytokines IL-1β/IFN-γ increased GLP-2 secretion 2.9- and 1.8-fold, while high glucose or palmitate alone had no significant effect (Figure 1A). As expected, linagliptin, a DPP4-inhibitor clinically used for treating T2D, highly increased the amount of active GLP-2 in all conditions (Figure 1B), in line with its activity to block cleavage of GLP-2 by DPP4, similar to its effect on GLP-1 secretion from human islets (6). A direct comparison of GLP-1 and GLP-2 from the same islet isolations of our earlier study (6) revealed a similar range of secreted active GLP-1 and active GLP-2 from human islets (Figure 1C). We next treated isolated human islets with LPS for 24h, a condition we used previously to induce islet inflammation (22). LPS induced a 2.2-fold increase in active GLP-2 secretion (Figure 1D). The TLR4 inhibitor TAK-242 completely abolished such increase, confirming the TLR4-dependent effect of LPS (Figure 1E). Our results hereby verify intra-islet production of GLP-2, which is significantly increased by both high glucose/palmitate and by TLR4 activation.




Figure 1 | GLP-2 secretion from isolated human islets. Isolated human islets were cultured on ECM-coated dishes (A–C) for 72h or during 49 h (C) with 5.5 mM glucose (control; C), 22.2 mM glucose (HG), 0.5 mM palmitate (Pal), a combination of HG/Pal or cytokines 2 ng/ml IL-1β/1,000 U/ml IFN-γ (IL/IF), in the absence (control) or presence of 30 nM linagliptin, or (D, E) for 24h with 5.5 mM glucose (control; C) or 20 μg/ml LPS in the absence (control) or presence of 10 μM TLR4 inhibitor TAK-242, followed by an ELISA assay of the cell culture supernatants for active GLP-2. Data are normalized to active GLP-2 secretion at untreated control conditions (corresponding to 1.5 ± 0.3 ng/100 islets into the 2 ml culture medium) and shown as means ± SEM from n = 4 (A, B, E) or 8 (D) different human islet isolations. (C) Active GLP-1 and GLP-2 shown as means ± SEM were analyzed from three different islet isolation; data of active GLP-1 are reproduced and thus are transformative from our earlier study (6), where secreted proteins were analyzed during a 49-hour culture of 60 human islets. *p < 0.05 diabetogenic conditions vs. control, **p < 0.05 linagliptin or TAK-242 vs. vehicle control; by paired two-tailed t-test.





GLP-2R Expression in Isolated Human Islets

While there is previous controversy on GLP-2R expression in mouse islets (11–13), little is known in human islets. Therefore, we tested GLP2R mRNA levels in isolated human islets from 10 non-diabetic donors. All samples exhibited low but reliable expression of GLP2R (Ct 30-35), and the expression levels relative to housekeeping gene PPIA ranged from 0.00009 to 0.00226 (Figure 2A). Gluco- and lipotoxic treatment conditions (high glucose, palmitate or their combination) had no significant impact on GLP2R expression, while highly pro-inflammatory conditions, such as the cytokine mix of IL-1β/IFN-γ (Figure 2B) and TLR4 activation by LPS (Figure 2C) remarkably reduced GLP2R mRNA levels. Linagliptin, which increased active GLP-2, had no significant effect on GLP2R expression (Figure 2B).




Figure 2 | GLP-2R expression in isolated human islets. Isolated human islets were cultured on ECM-coated dishes for 24h (A, C) or 72h (B) under control medium (A) or with 22.2 mM glucose (HG), 0.5 mM palmitate (Pal), or combined HG/Pal or 2 ng/ml IL-1β plus 1,000 U/ml IFN-γ (IL/IF), in the absence (control) or presence of 30 nM linagliptin (B) or with 20 μg/ml LPS (C). Total mRNA was isolated and GLP2R mRNA analyzed by realtime RT-PCR. Data are shown as means ± SEM from n = 10 (A), 4 (B) or 5 (C) different human islet isolations. *p < 0.05 diabetogenic conditions vs. control by (B) 1-way ANOVA with Dunnet’s post-test or (C) paired two-tailed t-test.



A previous study manifests α-cell localization of GLP-2R in human islets by immunohistochemistry with a non-commercial antibody (11). In contrast, previous elegant scRNA sequencing analyses, could not identify GLP-2R in any of the islet cell types (23, 24). The scRNA sequencing database of human islets (http://hiview.case.edu/public/BetaCellHub/Primaryislet.php) (25, 26) localized expression of GLP2R mRNA exclusively in pancreatic stellate cells. Using a previously evaluated commercial antibody to human GLP-2, whose specificity against hGLP-2R has been examined by blocking with its GLP-2R control peptide (27, 28) as well as a second mouse monoclonal antibody to human GLP-2R delivered some GLP-2R co-staining with insulin of very little intensity in isolated human islets from numerous islet isolations (not shown). Because of the low mRNA expression values together with the absent GLP-2R expression from previous RNA-Seq databases, we assume a potential insufficient specificity of these antibodies used by us and others before. While we found GLP2R mRNA is reliably but lowly expressed in human islets, future in-depth studies are required to clarify its cellular localization in the human pancreas using highly sensitive and specific analyses.



Intra-Islet GLR-2R Activation With No Impact on β-Cell Function

Considering the intra-islet GLP-2 secretion and low GLP2R expression, we then investigated a possible local action of GLP-2 in human islets on insulin secretion by applying the DPP4-resistant GLP-2R agonist teduglutide (9) with and without the GLP-2R antagonist GLP-2(3-33), which has been shown to antagonize GLP-2R signaling in various cellular and animal models (29), but when applied alone also acts as partial GLP-2R agonist (29, 30). Concentrations were based on previous published studies in GLP-2R expressing cells, rodent and human β-cell lines and human islets, respectively (6, 12, 30, 31).

Chronic exposure of human islets to classical diabetogenic conditions, such as gluco-/lipotoxicity (high glucose/palmitate) and inflammation (LPS stimulation) was used to impair β-cell function, both diabetogenic conditions completely abolished glucose-stimulated insulin secretion (GSIS, Figure 3A) and reduced insulin content (Figure 3B), as shown before in numerous studies (14, 32, 33). Neither treatment of teduglutide nor a combined teduglutide and GLP-2(3-33) exhibited any impact on GSIS and insulin content in control, high glucose/palmitate or LPS treated human islets (Figures 3A, B). There was also no effect of teduglutide on acute basal and stimulated insulin secretion in human islets (Figure 3C). These data are in line with previous analyses in mouse islets (12) and confirm no effect of GLP-2R activation on insulin secretion in both mouse and human islets.




Figure 3 | Intra-islet GLR-2R activation with no impact on β-cell function. Isolated human islets were cultured on ECM-coated dishes and pretreated with 10 nM teduglutide or plus 5 nM GLP-2(3-33) for 2 hours, then LPS or a combined HG/Pal was added into the culture medium and maintained for 72h. Afterwards, cultured islets were analyzed for (A) glucose-stimulated insulin secretion (2.8mM glucose (basal) for 1 hour, followed by 16.7mM glucose (stimulated) for 1 hour, and (B) intracellular insulin content and presented as secreted insulin to total protein content and normalized to the basal control condition (A, B). Acute effect of teduglutide during glucose stimulation; human islets were incubated after the 72h culture at control with 2.8mM glucose (basal) for 1 hour, followed by 16.7mM glucose (stimulated) for 1 hour with the addition of exendin-4, teduglutide or both (C). Data are presented as means ± SEM from 3 (A, B) or one (C) different human islet isolations. *p < 0.05 LPS/glucose vs. vehicle control, **p < 0.05 exendin-4 vs. respective control, both under glucose stimulated conditions by paired two-tailed t-test.





Intra-Islet GLR-2R Activation Dampened LPS-Induced Islet Inflammation

GLP-2R activation ameliorates intestinal and hepatic inflammation in various animal models (34–39). Despite no effect on β-cell function, we reasoned whether GLP-2R activation alters islet inflammation. Using our established LPS stimulation protocol in cultured human islets (14), we observed a significant LPS induced stimulation of IL1B, IL10 mRNA as well as a trend towards increased IL6, IL8 and TNF mRNA. LPS-stimulated IL1B and IL10 expression was attenuated by teduglutide and reversed by the combined exposure of the islets to teduglutide and GLP-2(3-33), indicating an GLP-2R dependent effect (Figure 4). In contrast to IL1B and IL10 expression, GLP-2R activation had no effect on the mRNA expression levels of IL8, TNF and IL6 (Figure 4).




Figure 4 | Intra-islet GLR-2R activation dampened LPS-induced islet inflammation. Isolated human islets were cultured on ECM-coated dishes and treated with 10 nM teduglutide or 10 nM teduglutide plus 5 nM GLP-2(3-33) for 2 hours, then LPS was added to the culture medium for 24h. Total RNA was isolated and cytokine and chemokine expression analyzed by realtime RT-PCR. Data are shown as means ± SEM from n = 3 different human islet isolations. *p < 0.05 vs. control, #p < 0.05 teduglutide vs. vehicle control by 2-way ANOVA with Sidak’s post-test.



The difference between these two distinct GLP-2R effects is that TLR4 activated IL1B and IL10 expression in human islets comes by a majority from islet-residing macrophages, while IL8, TNF and IL6 are produced by islet endocrine cells, independent of the presence of macrophages (22, 40). Nevertheless, neither human peripheral blood mononuclear cells (PBMCs) nor any types of human monocytes or macrophages express GLP2R (https://www.proteinatlas.org/ENSG00000065325-GLP2R), which we confirmed by qRT-PCR (data not shown). Therefore, we could exclude a direct anti-inflammatory effect of teduglutide, neither on macrophages (no GLP2R expression) nor on endocrine cells (no anti-inflammatory effect) in human islets upon TLR4 activation.



Conditioned Medium From Teduglutide-Treated Islets Attenuated M1 Polarization of Human Macrophages

Consequently, we speculated that the modulatory effect of LPS-induced islet inflammation may come from a crosstalk between GLP-2 responsive islet cells and islet resident macrophages. To test this, we designed a co-culture experiment using conditioned medium from teduglutide and teduglutide/GLP-2(3-33) treated human islets, similarly as described before (14, 22). Medium conditioned by cultured untreated human islets (Misletsvehicle), islets treated with teduglutide alone (MisletsTeduglutide) or combined with GLP-2(3-33) (MisletsTeduglutide/GLP-2(3-33)) were applied to human monocytes derived macrophages (MDMs) during M1-like polarization stimulated by a combination of LPS and IFN-γ. Gene expression analysis of M1-like macrophages confirmed LPS+IFN-γ induced cytokines and chemokines (Figure 5A). IL6, IL8 and IL10 expression was significantly reduced in M1-like macrophages co-cultured with medium from teduglutide treated islets (Figure 5A), whereas this phenomenon was abolished by the co-culture medium from human islets treated with the combination of both teduglutide and GLP-2(3-33).




Figure 5 | Conditioned medium from teduglutide-treated islets attenuated M1 polarization of human macrophages. Primary human monocyte-derived macrophages (by M-CSF) were cultured in medium pre-conditioned by cultured untreated human islets (Misletsvehicle) or islets treated with teduglutide alone (MisletsTeduglutide) or combined with GLP-2(3-33) (MisletsTeduglutide/GLP-2(3-33)) for 2h, then LPS/IFN-γ was added to the culture and maintained for 8h to induce M1-like polarization, followed by (A) total RNA isolation and cytokine expression analysis by realtime RT-PCR and (B) intracellular metabolite extraction and measurement by GC-MS. Data are presented as means ± SEM from n=6 biological replicates pooled from two independent experiments of two different macrophage preparations. *p < 0.05 LPS/IFN-γ vs. control, **p < 0.05 MisletsTeduglutide vs. Misletsvehicle LPS/IFN-γ by 1-way ANOVA with Dunnet’s post-test.



In addition to commonly used cytokines and chemokines as macrophage activation markers, the intracellular metabolite itaconate and succinate are emerging markers recently implicated in pro-inflammatory macrophage polarization (41–43). To further validate the effect of conditioned medium during M1-like macrophage polarization, we measured the intracellular metabolites of these M1-like MDMs by GC-MS. Both itaconate and succinate were highly increased by LPS+IFN-γ on M1-like macrophages, compared to vehicle treatment. Co-culture of conditioned medium from human islets treated with teduglutide but not with the combination of teduglutide with GLP-2(3-33) decreased the accumulation of both itaconate and succinate in M1-like MDMs (Figure 5B), suggesting a broad effect of GLP-2R activation to dampen proinflammatory polarization of macrophages. These results support a cell contact-independent paracrine crosstalk between GLP-2 responsive cells and islet macrophages, which contribute to the amelioration of islet inflammation.



Discussion

In the year 2021, when we celebrate the 100s anniversary of the discovery of insulin, it is just natural that the breakthrough of another family of secreted peptides of common origin from the proglucagon gene: GLP-1, GLP-2 and glucose-dependent insulinotropic polypeptide (GIP) with major implications on the therapy of diabetes was recognized and awarded (44). While the beneficial role of GLP-1 on pancreatic β-cell survival and function has been extensively studied and well understood, knowledge of GLP-2 in islets is scarce. As α-cells secrete GLP-1 (2–5) and GLP-1 and GLP-2 are theoretically co-produced through PC1/3-dependent post-translational proglucagon processing, it is assumable that GLP-2 may also be locally produced in pancreatic islets. In line with this speculation, an ELISA assay specific for detecting active GLP-2 exhibited GLP-2 secretion from cultured human islets which was enhanced by pro-inflammatory diabetogenic conditions. α-cell production of PC1/3 and GLP-1 as well as total GLP-1 secretion from human islets are enhanced under situations of β-cell loss glucotoxicity, lipotoxicity and proinflammatory cytokine exposure (5, 6, 45). The pro-inflammatory cytokine IL-6 promotes α-cell-derived GLP-1 production (2), and LPS induces intra-islet secretion of IL-6 (14). Hence, it is possible that IL-6 may mediate the enhanced GLP-2 secretion in LPS-treated human islets. Increased GLP-2 secretion together with a reduced GLP-2R expression under the pro-inflammatory stimulation by LPS and the cytokines IL-1β/IFNγ observed in this study further assume GLP-2’s potential role during islet inflammation.

GLP-2R is a G protein–coupled receptor (GPCR) responsible for the GLP-2 action (31). It is highly specific for GLP-2 and has only weak affinity to structurally related peptides such as glucagon, GLP-1, and GIP (46). Previous RNASeq analyses did not identify GLP2R expression in human islets (23, 24), while it was found in rat islets by transcriptomics but not proteomics analysis (47), indicating a very low expression of GLP2R. This is in line with several elegant peptidomics analyses in human islets, e.g (48–50), which could not identify GLP-2R on the protein level. Using specific membrane extraction methods for protein profiling of human islets it was difficult to identify low abundant proteins; and neither GLP-1R nor GLP-2R were found (51). In addition to the nature of its expression, there is further discrepancy regarding GLP2-R’s cellular localization (11, 12) in human and rodent islets. Because of their cross reactivity, the specificity issue of various antibodies against glucagon related peptides is well-known; including anti-GLP-2R antibodies, which are insufficient in both sensitivity and specificity (29). Thus, even by using previously evaluated antibodies (27, 28), we cannot be sure of the cellular localization in human islets. Two data sets (25, 26) identify GLP-2R in human pancreatic stellate cells (PSCs), which is in line with its expression in human and mouse hepatic stellate cells (HSCs) (52). PSCs are multifunctional in the endocrine, where they exist to a small amount of 3% (24), as well as the exocrine pancreas and are thought to contribute to the inflammatory response as well as to tissue regeneration. Although functionally different, both PSCs and HSCs have almost identical mRNA expression profiles (53) including inflammatory cytokines and chemokines analyzed in the present study, such as IL-1, IL-6, TNF and IL-8 as well as TLRs. PSC produced IL-8 is well-known to participate in recruiting inflammatory cells and fostering inflammation in the pancreas (53). Importantly and elegantly shown, loss in GLP-2R signals in hepatic stellate cells also contributes to increased hepatic inflammation (52).

Many physiological studies found an anti-inflammatory role of GLP-2 in the gastrointestinal tract. GLP-2 administration exhibits prominent anti-inflammatory effects in intestinal mucosa of various murine models of colitis (34, 35, 38, 39) and in a postoperative ileus mouse model (37). In vitro studies at the cellular level are rare, partly due to the fact that GLP-2R is absent in immune cells. In our current ex vivo study, GLP-2R activation by teduglutide reduced LPS-induced IL1B and IL10 expression in human islets. Both cytokines are dependent on islet-associated macrophages (22, 40), whereas macrophages do not express GLP-2R. A plausible speculation would be a crosstalk between GLP-2 responsive intra-islet cells and islet resident macrophages. To support this, primary human macrophages cultured with conditioned medium from teduglutide-treated human islets display dampened M1 polarization, specifically seen by the reduced IL6, IL8 and IL10 expression. Pro-inflammatory macrophage activation is associated with reprogrammed intracellular metabolism, featuring accumulation of itaconate and succinate (41–43). Both metabolites were reduced in the M1 macrophages cultured with the teduglutide-treated islet conditioned medium, implying that a GLP-2 induced intra-islet crosstalk broadly affects M1 macrophage polarization, rather than simply influences cytokine expression. In ex vivo experiments in human islets, teduglutide was able to reduce macrophage dependent IL1B expression, which did not happen in primary MDMs cultured with conditioned medium, despite repetitive efforts and parallel analyses of IL6, IL8 and IL10, which were indeed reduced by teduglutide-treated islet medium. The different macrophage origin in this experimental setting [islet resident macrophages mainly originate during embryogenesis while primary monocytes are from adult hematogenesis (54, 55)], as well as the islet microenvironment may be accountable for such discrepancy. The pancreatic islet microenvironment is also known to shape a unique phenotype of resident macrophages (56). Although islet conditioned medium contains islet microenvironment-derived soluble factors, temporal effects of intra-islet crosstalk cannot be recapitulated. Nevertheless, GLP-2’s anti-inflammatory action in the intestine, which is mediated by a crosstalk in which GLP-2R expressing enteric neurons secrete vasoactive intestinal polypeptides (VIPs) which in turn elicit anti-inflammatory effects on intestinal immune cells (35) would also support an intra-islet crosstalk triggered by GLP-2 action, in which GLP-2R activation is able to reduce macrophage dependent cytokine expression within human islets. Thus, it seems a common way for GLP-2 to exert anti-inflammatory effects through a crosstalk between GLP-2 responsive cells, which do express GLP-2R and immune cells, which do not express GLP-2R. Macrophage derived inflammatory factors are prominently targeted, as shown in our study, where macrophage dependent IL1B and IL10 expressions are reduced by GLP-2R agonism, but not endocrine cell dependent IL8, TNF and IL6. Such has been confirmed by direct MDM analysis, where IL6 and IL8 mRNA was also reduced by teduglutide exposed islets.

In terms of glucose homeostasis, current knowledge does not indicate a direct GLP-2 effect, either through acute administration or chronic effects. GLP-2R activation neither affected insulin secretion in isolated human islets in this study, nor had an effect in mouse islets, but increases glucagon secretion in rat pancreata (11, 12). In vivo studies also indicate no direct impact of GLP-2R signaling on glucose homeostasis by either acute GLP-2 administration or chronically in GLP-2R-deficient mice (12, 57, 58). Therefore, in contrast to its co-product GLP-1, GLP-2 is unlikely to directly regulate glucose homeostasis.

Considering GLP-2’s anti-inflammatory action, it is conceivable that activation of GLP-2R and its downstream signaling dampen chronic inflammation and hereby protect β-cells. Therefore, future studies should focus on the effect of GLP-2 in a context of a long-term diabetogenic scenario.

In summary, we have revealed intra-islet production of GLP-2 and confirmed GLP-2R expression in human islets. Local activation of GLP-2R had no impact on β-cell function but attenuates islet inflammation by reducing the local activation of pro-inflammatory macrophages. Much further in-depth research is needed to understand GLP-2’s action in the pancreas and the physiological role of secreted GLP-2 and its consequent degradation by DPP4.
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A key factor for the insulin response to oral glucose is the pro-glucagon derived incretin hormone glucagon-like peptide-1 (GLP-1), together with the companion incretin hormone, glucose-dependent insulinotropic polypeptide (GIP). Studies in GIP and GLP-1 receptor knockout (KO) mice have been undertaken in several studies to examine this role of the incretin hormones. In the present study, we reviewed the literature on glucose and insulin responses to oral glucose in these mice. We found six publications with such studies reporting results of thirteen separate study arms. The results were not straightforward, since glucose intolerance in GIP or GLP-1 receptor KO mice were reported only in eight of the arms, whereas normal glucose tolerance was reported in five arms. A general potential weakness of the published study is that each of them have examined effects of only one single dose of glucose. In a previous study in mice with genetic deletion of both GLP-1 and GIP receptors we showed that these mice have impaired insulin response to oral glucose after large but not small glucose loads, suggesting that the relevance of the incretin hormones may be dependent on the glucose load. To further test this hypothesis, we have now performed a stepwise glucose administration through a gastric tube (from zero to 125mg) in model experiments in anesthetized female wildtype, GLP-1 receptor KO and GIP receptor KO mice. We show that GIP receptor KO mice exhibit glucose intolerance in the presence of impaired insulin response after 100 and 125 mg glucose, but not after lower doses of glucose. In contrast, GLP-1 receptor KO mice have normal glucose tolerance after all glucose loads, in the presence of a compensatory increase in the insulin response. Therefore, based on these results and the literature survey, we suggest that GIP and GLP-1 receptor KO mice retain normal glucose tolerance after oral glucose, except after large glucose loads in GIP receptor KO mice, and we also show an adaptive mechanism in GLP-1 receptor KO mice, which needs to be further examined.
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Introduction

Following its first conductancy in 1917, the oral glucose tolerance test (OGTT) has been a standard technique in experimental and clinical medicine and has particularly since 1980 been a key tool for diagnosis and screening of impaired glucose tolerance and type 2 diabetes (1). A key factor for the glucose tolerance after oral glucose is the augmentation of the insulin response by the incretin hormones, glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) (2–4). In fact, GIP and GLP-1 have been suggested to be responsible for approximately 60-70% of the insulin response after oral glucose, as judged from studies evaluating the difference in insulinemia after intravenous versus oral glucose administration at matched glucose levels both in humans (5) and animals (6).

Mice with genetic deletion of GIP receptors or GLP-1 receptors have been used to examined the impact on the two incretin hormones (7). To study the reported impact on glucose and insulin responses to oral glucose in these mice, we reviewed the literature in which studies on oral glucose challenges in GIP receptor KO or GLP-1 receptor KO mice have been performed. We found such studies reported in several studies (8–14) but that the clear role of the incretin hormones to maintain normal glucose and insulin responses to oral glucose was not entirely consistent, mainly because the responses were in general studied after a single dose of glucose administration. We have, furthermore, previously performed a stepwise oral glucose administration in mice with double genetic deletion of both GIP and GLP-1 receptors (DIRKO mice) (15). That study showed that these mice have glucose intolerance with impaired increase in insulin levels only after a large glucose load (75 and 100mg), but not after smaller glucose loads (25 and 50mg). A glucose dependent nature of the impact of genetic deletion of GIP and GLP-1 receptors on glucose and insulin responses to oral glucose may therefore exist, which may explain the partial inconsistency in the literature. To test this hypothesis we have, in the present study, therefore undertaken a study on the glucose and insulin responses to stepwise oral glucose administration over a wide range in GIP receptor KO and GLP-1 receptor KO mice.



Methods


Literature Survey

Key words for GIP receptor KO mice and GLP-1 receptor KO mice combined with oral glucose, glucose tolerance and insulin secretion were introduced in the PubMed data base. The found studies were read in detail in regard to methodology (gender and age of mice, length of fasting and oral glucose load, number of animals in each study arm, and results on glycemia and insulinemia).



Animals

The generation of GLP-1 receptor KO mice and GIP receptor KO mice has been described previously (14). Briefly, mice on a C57BL6J background being heterozygous for the deletion of both the Glp1r and Gipr genes were generated from double homozygous deletion mutant mice by rederivation at Taconic Europe (Silkeborg, Denmark). Heterozygotes were mated to yield GLP-1 receptor KO mice, GIP receptor KO mice, and wildtype mice. The resulting offspring was used to establish breeding pairs, whose offspring was used in the experiments. All experiments were undertaken in female mice of 4–6 months of age. The animals were maintained in a temperature-controlled room (22°C) on a 12:12 h light-dark cycle (light on at 7:00 AM). Mice were fed a standard pellet diet (total energy 14.1 MJ/kg with 14% from fat, 60% from carbohydrate and 26% from protein; SAFE, Augy, France) and tap water ad libitum. During experimental days, food was removed from the cages at 7:30 AM and the actual experiments started at 12:30, i.e., during the light cycle. We used female mice only to avoid the stress of single housing, which is used in male mice, and to be in line with the previous study in GIP receptor KO and GLP-1 receptor KO mice (16). We used the mice randomly during the estrous cycle. The study was approved by the Lund/Malmö Animal Ethics Committee (Approval No. 5.8.18-06417/2020) and performed according to Good Laboratory Practice.



Animal Disposition

A total of 238 animals were allocated for experimental procedure (98 wildtype mice, 68 GIP receptor KO mice and 72 GLP-1 receptor KO mice). Studies were undertaken in batches of 6–8 mice on each experimental day by one experienced technician. In all individual experiments, animals from all individual subgroups were involved to avoid bias in different results on different days. Table 1 shows the detailed number of animals in each of the study groups. All individual results from the completer population were included in the final analysis and statistics.


Table 1 | Number of animals in each of the study groups in this project.





Experiments

After a 5-h fast, mice were anesthetized with a fixed dose combination of fentanyl (0.02 mg/mouse)-fluanisone (0.5 mg/mouse) (HypnormR; Vetpharma, Leeds, UK) and midozalam (0.125 mg/mouse; Roche, Basel, Switzerland) and given glucose (25-125 mg per mouse, dissolved in saline) or saline alone (i.e., 0 mg glucose) in the stomach through a gastric tube (outer diameter 1.2 mm). Whole blood was sampled in heparinized pipettes from the intraorbital retrobulbar sinus plexus (40 µl) at 0, 15, 30 and 60 min. Plasma was separated by centrifugation and stored at -20°C until analysis for insulin.



Assays

Glucose was detected with the glucose oxidase method using Accu Chek Aviva (Hoffman-La Roche, Basel, Switzerland). Insulin was determined by ELISA (Mercodia, Uppsala, Sweden). The intra-assay coefficient of variation (CV) of the method is 4% at both low and high levels, and the interassay CV is 5% at both low and high levels. The lower limit of quantification of the assay is 6 pmol/l.



Data Analysis

Data are presented as means ± SEM. Areas under the curves (total AUCs) were calculated with the trapezoid rule using glucose and insulin levels throughout the 60 min study period. The relative increase in AUCinsulin by increasing the glucose load was estimated by calculating the ratio between AUCinsulin at each of the glucose loads divided by AUCinsulin after zero glucose. The beta cell response was estimated as AUCinsulin divided by AUCglucose. Fasting insulin sensitivity was determined by the HOMA-R analyses (baseline glucose in mmol/l times baseline insulin in mU/l divided by 22.5) (17).



Statistical Analysis

Differences between experimental groups were determined using a two-way analysis of variance (ANOVA) followed by a Sidak’s multiple comparisons test. Baseline insulin levels were applied to the Kolmogorov-Smirnov test for test of normality and results showed that significance for non-normality was not reached (in wildtype mice P=0.068, in GIP receptor KO mice P=0.103 and in GLP-1 receptor KO mice P=0.094). For all analyses, statistical significance was defined as P <0.05 and data reported as means ± SEM. Analyses were carried out using SPSS, v. 27.




Results


Review of the Literature

A total of six publications were found in the PubMed data base, in which studies on glucose and insulin levels after oral glucose challenges in GIP receptor KO mice and/or in GLP-1 receptor KO mice were reported (8, 10–14). By dividing the studies into different study arms depending on gender, GIP receptor KO and GLP-1 receptor KO animals, a total of thirteen different study arms were reported in these six publications (Table 2). Six studies used both female and male mice, whereas two studies used only male mice. The age of the mice was in general 3-4 months. All studies used long fasting period (>16 hrs) and the number of animals in each arm did in most studies exceed six, but also low numbers of only four animals were reported in some study arms. All studies examined only a single amount of glucose load, which varied between 1 and 3 mg/g. All studies measured glucose levels at several time points after glucose administration and most of them also determined the area under the glucose curve as a measure. In contrast, insulin levels were reported at several time points after glucose challenge in only one study, whereas insulin levels were usually reported at a single time point after glucose.


Table 2 | Studies reporting glucose and insulin responses to oral glucose in homozygous GIP or GLP-1 receptor KO mice compared with their wildtype counterparts.



Result showed significantly higher glucose levels after oral glucose in GIP or GLP-1 receptor KO arms compared to wildtype mice (i.e., glucose intolerance) in eight of the study arms (62%) but no difference between KO mice and wildtype mice in five study armss (38%). Of the seven study arms with male mice, four had glucose intolerance (57%) and three no difference (43%), whereas of the six study arms with female mice, four had glucose intolerance (67%) and two no difference (33%). In five study arms,a high glucose loads of 2 or 3 mg/g was given and in these studies, four groups with GIP or GLP-1 receptor KO mice had glucose intolerance whereas one arm had no difference in glucose, i.e., 80% of the studies showed glucose intolerance. In contrast, in the studies using a lower glucose load of 1 or 1.5 mg/g, four out of eight study arms (i.e., 50%) showed glucose intolerance in GIP or GLP-1 receptor KO mice. In regard to insulinemia, lower insulin response to oral glucose in GIP or GLP-1 receptor KO mice compared to wildtype mice were reported in some but not in all studies. Therefore, the compiled results are not entirely consistent although approximately two third of the arms show glucose intolerance or a low insulin response to oral glucose in GIP or GLP-1 receptor KO mice; gender does not seem to explain this difference but there is a trend for a stronger phenotype after high glucose load than after low glucose load.



Glucose and Insulin Responses to Stepwise Oral Glucose Administration

The glucose and insulin levels were examined before and at 15, 30 and 60 min after the oral administration of glucose in the range of 0 to 125 mg in wildtype mice and in GIP and GLP-1 receptor KO mice. Table 1 shows the number of animals in each of the study groups, and Table 3 shows baseline levels in all mice in the three mice strains. It is seen that GLP-1 receptor KO mice had higher fasting glucose than wildtype and GIP receptor KO mice. Insulin levels were not significantly different between the wildtype and the KO mice, although there was a trend of higher baseline insulin levels in GIP receptor KO mice than in wildtype mice (P=0.06). Fasting insulin sensitivity, as estimated by HOMA-R, was significantly lower in GIP and GLP-1 receptor KO mice than in wildtype mice.


Table 3 | Body weight and baseline glucose and insulin levels and HOMA-R after 5 hrs of fasting in wildtype mice and in GIP receptor KO and GLP-1 receptor KO mice.



Figure 1 shows glucose and insulin levels in all individual groups. After saline alone (i.e., 0 mg glucose), glucose and insulin levels were stable throughout the 60 min study period with no significant difference between the time points in any of the groups. Glucose levels remained higher from baseline throughout the 60 min period in GLP-1 receptor KO mice comparesd to wildtype mice. After oral administraton of 25 mg glucose, there were no significant changes in glucose and insulin levels compared to fasting levels in any of the three groups. After administration of glucose at 50, 75, 100 and 125 mg, glucose and insulin levels rose in all three groups with peaks being observed after 30 min.




Figure 1 | Glucose and insulin levels before and after oral administration of glucose at 0, 25, 50, 75, 100 or 125 mg in wildtype mice, GLP-1 receptor KO mice and GIP receptor KO mice. Means ± SEM are shown. There were 6-34 animals in each individual group (see Table 1 for details). Observe that y-axis for the respective panels have been adjusted for the actual levels and are therefore different for the different glucose loads.



Figure 2 shows total AUCglucose and total AUCinsulin during the 60 min test after each of the glucose doses in the three groups of mice.). In wildtype mice, AUCglucose increased by increasing the glucose load up to 75 mg, whereas at higher glucose levels, there was no further increase in AUCglucose. In GIP receptor KO mice, AUCglucose increased by increasing the glucose load with no trend of leveling off at the highest glucose. AUCglucose did not differ in GIP receptor KO mice from wildtype mice after 25, 50, 75 and 100 mg glucose, whereas AUCglucose was higher in GIP receptor KO mice than in wildtype mice after 125 mg (P=0.029). GLP-1 receptor KO mice had higher AUCglucose than wildtype mice after zero (P<0.001) and 25 mg glucose administration (P=0.007), but with no difference at higher glucose doses. Also AUCinsulin increased gradually in wildtype mice by increasing the gucose load up to 100 mg. In GIP receptor KO mice, AUCinsulin was significantly lower than in wildtype mice after 100 mg glucose (P=0.003) and 125 mg glucose (P=0.001), but not after lower glucose doses. In GLP-1 receptor KO mice, AUCinsulin was higher than in wildtype mice after 100 mg glucose and 125 mg glucose (both P<0.001) but not at lower glucose doses.




Figure 2 | Upper left panel: Total AUCglucose after oral administration of glucose at 0, 25, 50, 75, 100 or 125 mg in wildtype mice, GLP-1 receptor KO mice and in GIP receptor KO mice. Upper right panel: Ratio of total AUCinsulin after oral administration of glucose at 0, 25, 50, 75, 100 or 125 mg divided by total AUCinsulin after saline alone (i.e., zero glucose) in wildtype mice, GLP-1 receptor KO mice and in GIP receptor KO mice. Lower panels: Total AUCinsulin after oral administration of glucose at 0, 25, 50, 75, 100 or 125 mg in wildtype mice, GLP-1 receptor KO mice and in GIP receptor KO mice; observe two different ranges in y-axis. Means ± SEM are shown. There were 6-34 animals in each individual group (see Table 1 for details).



As a marker of the relative increase in AUCinsulin by increasing the glucose load, the ratio between AUCinsuin at each of the glucose doses and the AUCinsulin after zero glucose was calculated (Figure 2). In GIP receptor KO mice, this ratio was significantly lower than in wildtype mice after 100 mg glucose (P=0.007) and after 125 mg (P=0.008). In contrast, the ratios were significantly higher in GLP-1 receptor KO mice than in wildtype mice after 125 mg (P=0.032).

As a marker of the beta cell response to oral glucose, AUCinusulin was divided by AUCglucose at each of the glucose loads (Figure 3). It is seen that this marker was lower in GIP receptor KO mice than in wildtype mice after 100 mg (P=0.036) and 125 mg (P=0.018), and higher in GLP-1 receptor KO mice than in wildtype mice after 100 mg (P=0.029) and 125 mg (P<0.001).




Figure 3 | Beta cell response (AUCinsulin divided by AUCglucose) after oral administration of glucose at 0, 25, 50, 75, 100 or 125 mg in wildtype mice, GLP-1 receptor KO mice and GIP receptor KO mice. Means ± SEM are shown. There were 6-34 animals in each individual group (see Table 1 for details).






Discussion

We reviewed the literature on glucose and insulin responses to oral glucose in GIP and GLP-1 receptor KO mice and found that glucose intolerance is not as robustly demonstrated as is generally assumed. In fact, only approximately two thirds of the study arms with GIP receptor or GLP-1 receptor KO mice versus wildtype mice showed glucose intolerance accompanied by a reduced insulin response, whereas in approximately a third of study arms these KO mice had normal glucose tolerance (8, 10–14). The explanation may be that the phenotype varies between different KO colonies, but differences in the experimental approaches may also explain the incosistencies. A general limitation of the studies was that they used a long semistarvation fasting period of >16 hours and only one single glucose load was used in each study. There was no clear differences in the background data in studies reporting glucose intolerance or normal glucose tolerance in GIP or GLP-1 receptor KO mice, although a trend of a more severe glucose intolerance was reported at higher glucose loads. Thus, studies on glucose tolerance after oral glucose administration in GIP and GLP-1 receptor KO mice show a trend but not a general consistency of glucose intolerance. The trend of differences in results depending on glucose loads prompted the present study of a full-range stepwise glucose administration design in GIP and GLP-1 receptor KO mice.

The stepwise dose-response study evaluated glucose and insulin responses to glucose challenges ranging from 25 to 125 mg in wildtype, GIP and GLP-1 receptor KO mice. Using this large range of glucose allows conclusions after both low and high glucose. Other strengths of the study are that we also included a group with zero glucose administration and that we used mice with a physiological fasting period of five hours, which is in the range of previously reported optimal period for mice in studies on glucose tolerance (18). We also standardized the mice in age of the animals and all experimental studies were performed at the same time of the day and by the same experienced technician. We also included wildtype mice together with receptor KO mice in each batch of study animals, which is important considering the day-to-day variations in metabolism.

We found that in wildtype mice, glucose levels increased by increasing the glucose load up to the 75 mg dose, thereafter no further increase in glucose levels occur in spite of larger glucose loads. At the same time, insulin levels also increased by increasing the oral gucose load up to 75 mg. This together suggests that there is a saturation of glycemia after oral glucose in normal physology in mice and that this is achieved by increasing insulin levels. This has previously been shown also in humans (4) and is ascribed to increased insulin due to glucose in combination with the incretin effect.

The GIP receptor KO mice had normal glucose tolerance compared to wildtype mice after 25 and 50 mg. In contrast, the GLP-1 receptor KO mice had higher AUCglucose than the other groups after 25 and 50 mg, but this was mainly related to the higher fasting glucose, which most likely is a phenomenon explained by exaggerated hepatic glucose production due to absence of GLP-1 action to inhibit liver glucose production, which has been demonstrated in rodents (19) and humans (20, 21) and which may be mediated by insulin and glucagon, but also mediated by GLP-1 receptors located in the portal system (22, 23). Nevertheless, the increase in glucose levels after oral glucose was similar in GLP-1 receptor KO mice as in the other groups, but from a higher levels. These data together suggest that GLP-1 receptor and GIP receptor KO mice maintain glucose tolerance after low glucose loads, which supports the trend in the literature that glucose intolerance is rather seen after high glucose loads than after low glucose loads in GIP or GLP-1 receptor KO mice (Table 2).

When glucose loads were raised to 100 and 125 mg, glucose levels continued to increase in GIP receptor KO mice in comparison to lower glucose loads, whereas this was not observed in GLP-1 receptor KO mice. This is similar as our previous results in DIRKO mice, which have both GIP and GLP-1 receptor gene deletion (15), whichs suggests that GIP rather than GLP-1 explains the glucose intolerance after high oral glucose loads in DIRKO mice.

The reason why GIP receptor KO mice had glucose intolerance at higher glucose levels seems to be explained by the failure to further increase insulin levels; in fact, at the high glucose load AUCinsulin was increased only approximately twofold in GIP receptor KO mice compared to zero glucose administration, whereas it was increased six times in wildtype mice. In contrast, GLP-1 receptor KO mice had an increase in the insulin response to oral glucose at the high glucose loads of 100 and 125 mg. In fact, AUCinsulin increased more than twelve-fold at 125 mg versus zero glucose compared to six-fold in wildtype mice; this high insulin is most likely the reason that glucose levels were prevented from being increased further. The nature of this compensatory mechanism in GLP-1 receptor KO mice at high oral glucose load is not known but deserves further studies – candidates may be the higher baseline glucose levels or compensatory increase in other gut hormones which may mask the consequence of GLP-1 receptor gene deletion. Studies on these adaptive mechanisms are important future development of the present study, since the mechanisms may involve important novel regulatory mechanisms for islet function and glucose tolerance. This may be of relevance also for human physiology and pathophysiology of type 2 diabetes.

Although not within the aim of this study, beta cell function may be indirectly determined by comparing the increase in AUCinsulin after each of the glucose loads to AUCinsulin after zero glucose. This was six times higher at 100 mg glucose than at zero glucose in wildtype mice, significantly reduced in GIP receptor KO mice and enhanced in GLP-1 receptor KO mice. Beta cell activity was also indirectly determined by dividing the increase in insulin levels by the increase in glucose levels at 30 min after glucose administration. It was found that this marker of beta cell function increased by increasing the glucose load in wildtype mice up to 100mg. In GIP receptor KO mice, beta cell failure was evident after 100 and 125mg glucose, whereas an adaptive increase in beta cell function was seen in GLP-1 receptor KO mice.

Although the studies have several strengths, of which the use of a full-range stepwise glucose administration design is most important, there are also several limitations with these studies. First, GIP receptor and GLP-1 receptor deletion may result in adaptive responses, which may prevent conclusions on the individual contributions by GIP and GLP-1, and the increase in the insulin response to oral glucose in GLP-1 receptor KO mice is such an adaptation. Further studies using specific pharmacological blockade are therefore warranted. Second, we studied only female mice, and therefore our conclusions are valid only for this gender. Third, we did not determine other potential incretin hormones or glucagon in this study; glucagon secretion in GIP and GLP-1 receptor KO mice has been examined in previous studies (16).

In conclusion, we have performed a literature survey of studies reporting glucose and insulin levels after oral glucose in GIP receptor or GLP-1 receptor KO mice and found that glucose intolerance is evident in approximately two thirds of study arms, whereas normal glucose tolerance is evident in one third of study arms. We have also performed a complete dose study by delivering glucose loads from zero to 125 mg to female wildtype and GIP receptor KO and GLP-1 receptor KO mice. We have demonstrated 1) that glucose levels saturate at levels above 75 mg in wildtype mice due to increase in insulin levels, 2) that GIP receptor KO mice have glucose intolerance after high glucose load due to insufficient increase in insulin levels, and 3) that GLP-1 receptor KO mice maintain glucose tolerance in spire of having GLP-1 receptor gene deletion due to a compensatory increase in insulin levels.
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Glucagon-like peptide-1 (GLP-1) is a gut hormone mainly produced in the intestinal epithelial endocrine L cells, involved in maintaining glucose homeostasis. The use of GLP-1 analogous and dipeptidyl peptidase-IV (DPP-IV) inhibitors is well-established in Type 2 Diabetes. The efficacy of these therapies is related to the activation of GLP-1 receptor (GLP-1R), which is widely expressed in several tissues. Therefore, GLP-1 is of great clinical interest not only for its actions at the level of the beta cells, but also for the extra-pancreatic effects. Activation of GLP-1R results in intracellular signaling that is regulated by availability of downstream molecules and receptor internalization. It has been shown that GLP-1R co-localizes with caveolin-1, the main component of caveolae, small invagination of the plasma membrane, which are involved in controlling receptor activity by assembling signaling complexes and regulating receptor trafficking. The aim of this review is to outline the important role of caveolin-1 in mediating biological effects of GLP-1 and its analogous.
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Introduction

The biological effects of the Glucagon-like peptide-1 (GLP-1) are mediated by binding to its receptor, GLP-1R, a specific seven-transmembrane receptor guanine nucleotide-binding protein (G-protein) coupled receptor (GPCR) (1). GLP1 binding to GLP-1R leads to activation of intracellular signaling pathways that take part to the regulation of glucose homeostasis. The GLP-1R localizes in caveolae (2), a subset of lipid rafts on the plasma membrane structured as flask-shaped invagination of about 50 to 100 nm, composed of Caveolins and Cavins (3, 4). Caveolae regulate several cellular processes, including protein endocytosis, intracellular trafficking, cholesterol homeostasis, and signal transduction (5–7). In particular, Caveolin 1 (Cav-1) binds several signaling and structural proteins through the caveolin-binding motifs, a conserved sequence enriched with aromatic residues [ΦXΦXXXXΦ, ΦXXXXΦXXΦ, and ΦXΦXXXXΦXXΦ (Φ = aromatic residue, X = any amino acid)], found in a lot of proteins, including the GLP-1 receptor.

The direct interaction between GLP-1R and Cav-1 regulates the proper targeting of the GLP-1R to the plasma membrane, the receptor trafficking, and the activation of the intracellular signaling pathway. However, Cav-1 is also a multifunctional platform able to recruit several signaling molecules.

In this review we highlight the importance of Cav-1 in mediating GLP-1 action. Moreover, we speculated about the involvement of Cav-1 in regulating GLP-1 signaling at the level of the G proteins, showing that Cav-1 might modulate signal transduction by influencing not only the trafficking of GLP-1R, but also that of the signaling proteins. Finally, we hypothesize that Cav-1 may regulate GLP-1 action binding both GLP-1R and β-arrestin-1, and modulating the activity of Dipeptidyl Peptidase (DPP)-IV.



Caveolin-1

The principal protein of caveolae is Cav-1, a 22- to 24-kDa integral membrane protein with a hairpin-like conformation ubiquitously expressed in many different tissues, except striated muscle in which Caveolin 3 is highly expressed (6, 8). The hairpin loop is transmembrane, whereas the amino- and carboxy-terminal domains are oriented towards the cytoplasm. In particular, the juxtamembrane domain in the N-terminal region of the protein acts as a scaffolding protein and, besides driving caveolae formation through heterooligomeric complex with Caveolin-2 and PTRF-cavin (9), interacts with a variety of signaling molecules such as G-proteins, H-Ras, Fyn, Erk-2, Src family tyrosine kinases, and so on (10, 11). Moreover, Cav-1 directly interact with insulin and IGF1 receptor and their principal substrate IRS-1 supporting a role in metabolic regulation (12, 13).



GLP-1 and its Receptor

GLP-1 is an incretin hormone derived from the proglucagon gene and secreted by the intestinal L cell in response to food ingestion to maintain glucose homeostasis (14). The secretion of GLP-1 is reduced in Type 2 Diabetes Patients (15–17). Therefore, therapies with GLP-1 receptor agonists and DPP-4 inhibitors are largely employed to restore incretin action in T2D. The improvement of pancreatic beta cell dysfunction and the protective role of GLP-1 against oxidative stress has been described both in vitro and in vivo (17–21). These biological effects of GLP-1 are selectively mediated by activation of GLP-1R, that leads to various intracellular signaling pathways mainly described in pancreatic beta-cells (22). Briefly, GLP-1 binding to its receptor triggers G-protein activation which leads to cAMP production, calcium mobilization and phosphorylation of extracellular signal-regulated kinases (ERK). In addition, GLP-1R is expressed also in peripheral tissues, including the central and peripheral nervous systems, heart, kidney, lung, gastrointestinal tract and retinal pigment epithelium (23, 24). Therefore, the great clinical interest on GLP-1 for the management of type 2 diabetes is due not only to its actions at the level of the beta cells, as well in the peripheral tissues.



Interaction Between GLP-1R and Caveolin-1

The GLP-1R sequence contains a classical caveolin-1 binding motif within the second intracellular loop (247-EGVYLYTLLAFSVF-260) (Uniprot) (1, 25). The first evidence that GLP-1R directly interacts with Cav-1 has been reported by Syme et al. in 2006 (2). They showed that Cav-1 immunoprecipitated with GLP-1R, and that, on the contrary, mutation of the two tyrosine residues Y250 and Y252 to alanine in the GLP-1R amino acidic sequence abrogated the interaction of GLP-1R with Cav-1.

Direct interaction with Cav-1 is required for internalization of receptors in caveolae and also for trafficking of GLP-1R (26–28). For instance, GLP-1R containing Y250/252A mutations is trapped in intracellular compartments, and not localized on the cell surface (2). On the other contrary, GLP-1R is not internalized after agonist stimulation in cells expressing P132L-Cav-1, a mutated form of Cav-1 that results in misfolded oligomers which accumulate within the Golgi complex (29), and in cells treated with caveolae inhibitors (2).



Caveolin-1 and GLP-1 Signaling

The subcellular localization of a receptor is an important mechanism that regulates signaling specificity. Consequently, in case of receptors containing GLP-1 Y250/252A mutations, which prevent the localization of GLP-1R on the plasmamembrane and the binding of GLP-1, the intracellular signaling is lost (2). On the contrary, defective internalization may lead to sustained activation of GLP-1R–mediated signaling (30). Therefore, the interaction between GLP-1R and Cav-1 is necessary not only for receptor trafficking to the cell membrane, but also for activation of the intracellular signaling pathway.

The fate of a receptor after activation is another important mechanism to control its signaling capacity: GLP-1R undergoes agonist-mediated endocytosis, which may lead either to recycle the receptor back to the plasma membrane or to degradative pathway (31–33). Considering that Cav-1 is required for internalization of GLP-1R after agonist stimulation (34), it is conceivable that Cav-1 may affect also the fate of GLP-1R determining its recycling or degradation.

GLP-1R internalization is also important for the spatiotemporal control of signaling. GLP-1R agonists exerted different effects on regulatory mechanisms that control the duration of receptor activation, such as desensitization and internalization (32). In particular, GLP-1 and exendin-4 are 10-fold more potent to cause GLP-1R internalization than liraglutide, but GLP-1 causes the receptor to recycle two to three times faster than when stimulated with exendin-4 or liraglutide (32). The rate at which GLP-1 and its analogs induce GLP-1R internalization may be affected by Cav-1. Indeed, Cav-1 selectively recruits and organizes proteins and lipids in membranes, therefore the different effects of GLP-1 agonists on GLP-1R activation may be due to the various compartmentalization of signaling molecules in caveolae. For instance, caveolae regulate many GPCR signaling pathways through a selective compartmentalization of G proteins, and their downstream targets in membrane microdomains (35, 36). In pancreatic beta cells GLP-1 can activate both Gαs and Gαq subunits. The Gαs pathway activates adenylyl cyclase leading to increase formation of cAMP; whereas the Gαq pathway leads to increase cytoplasmic concentration of Ca2+ (37). It is well documented that Gαs and adenylyl cyclase are localized in caveolae (38, 39), and that Gαs is quickly internalized after activation (40). Gαs internalization attenuates Gαs/adenylyl cyclase signaling and depends on Cav-1 (41, 42). Depletion of Cav-1 prevented agonist-induced internalization of Gαs in C6 glioma cells, with consequent increment of the Gαs/adenylyl cyclase signaling (42). On the other hand, depletion of Cav-1 inhibits Gαq-mediated signaling in C6 cells (43). It has been reported that Gαq is associated with Cav-1 at both plasma membrane and cytosolic level (44), and that Cav-1 binds preferentially to Gαq in its activated state, thus prolonging its activation (45). Interestingly, the activation of the Gαq pathway is required for agonist-induced GLP-1R internalization (34). Taken together these evidence suggest that Cav-1 may regulate GLP-1 action by controlling the duration of G-protein signals.

Activation of Gαs and Gαq pathways results in the translocation and exocytosis of insulin-containing secretory granules in pancreatic beta cells by increasing cytoplasmic concentration of Ca2+ through 2 mechanisms: closure of ATP-sensitive potassium channel (KATP) which leads to calcium influx via voltage-gated Ca2+ channels; and release of Ca2+ from intracellular Ca2+ stores (37). It has been reported that the KATP channel activity depends on the spatial organization of signaling pathways, requiring co-localization with adenylyl cyclase, and that the integrity of caveolae is important for adenylyl cyclase-mediated channel modulation (46). We previously demonstrated that the Kir6.2 subunit of the KATP channels is associated to Cav-1 in the pancreatic beta cell line βTC-6, and that depletion of Cav-1 reduced glucose induced insulin secretion (47). These evidence support the hypothesis that Cav-1 is also essential in GLP-1–induced insulin secretion by maintaining the correct regulation of KATP channels.

GLP-1 action is also mediated by β-arrestin-1 (48), a scaffolding protein that mediates receptor desensitization, receptor internalization, and links GPCRs to downstream pathways (49). Indeed, β-arrestin-1 knockdown attenuated GLP-1 signaling and impaired both glucose- and GLP-1–induced insulin secretion in INS-1 pancreatic beta cells (48). Interestingly, β-arrestin-1 directly interacts with both GLP-1R and Cav-1 (48, 50), therefore Cav-1, GLP-1R and β-arrestin-1 may form a microdomain implicated in regulating GLP-1 action. Depletion of β-arrestin-1 did not affect GLP-1R agonist-induced GLP-1 R internalization (48), suggesting that β-arrestin-1 acts downstream to Cav-1.

GLP-1 exerts also proliferative and antiapoptotic, effects activating ERK and AKT signaling pathways (17, 51). Interestingly, Cav-1 depletion protects pancreatic β cells against palmitate-induced dysfunction and apoptosis enhancing activities of Akt and ERK1/2. Considering that Cav-1 is required for internalization of GLP-1R, and that inhibition of GLP-1R internalization prolongs ERK activity (30), these findings suggest that Cav-1 depletion may affect ERK activity by regulating cellular trafficking of GLP-1R. On the other hand, β-arrestin-1 depletion decreased ERK phosphorylation (48), confirming that β-arrestin-1 acts downstream to Cav-1.


CAVEOLIN--1 and DPP-IV

It is well known that GLP-1 has a short plasma half-life (1–7 min) due to quickly degradation by Dipeptidyl Peptidase (DPP)-IV/CD26, which is an integral membrane protein widely expressed on cell surfaces and, after cleavage, present in the circulation as “soluble” DPP-IV” (52). Interestingly, Cav-1 directly interacts with DPP-IV by binding to its serine catalytic site (53, 54). Furthermore, gene knockdown of Cav-1 suppressed the anti-inflammatory effects of the DPP-4 inhibitor teneligliptin in human monocyte/macrophage U937, showing that teneligliptin needs to bind Cav-1 to exert its effects (54). These evidence suggest that Cav-1 may affect lifespan of GLP-1 by regulating the activity of DPP-IV and of its inhibitors.




Conclusions

Although it is well recognized that Cav-1 is involved in all the steps that regulate GLP-1 function, these aspects are not fully elucidated. Considering the knowledge in the literature, we can conclude that: 1) the interaction between GLP-1R and Cav-1 is necessary not only for receptor trafficking to the cell membrane, but also for activation of the intracellular signaling pathway; 2) Cav-1 may affect the fate of GLP-1R; 3) Cav-1 may regulate GLP-1 action by controlling the duration of G-proteins signals; 4) Cav-1 may be a physical link between GLP-1R and β-arrestin-1; 5) Cav-1 may affect lifespan of GLP-1 (Figure 1).




Figure 1 | Main mechanisms through which Cav-1 regulates GLP-1 action.
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The glucagon-like peptide-1 receptor (GLP-1R) is a G-protein-coupled receptor (GPCR) whose activation results in suppression of food intake and improvement of glucose metabolism. Several receptor interacting proteins regulate the signaling of GLP-1R such as G protein-coupled receptor kinases (GRK) and β-arrestins. Here we evaluated the physiological and pharmacological impact of GRK inhibition on GLP-1R activity leveraging small molecule inhibitors of GRK2 and GRK3. We demonstrated that inhibition of GRK: i) inhibited GLP-1-mediated β-arrestin recruitment, ii) enhanced GLP-1-induced insulin secretion in isolated islets and iii) has additive effect with dipeptidyl peptidase 4 in mediating suppression of glucose excursion in mice. These findings highlight the importance of GRK to modulate GLP-1R function in vitro and in vivo. GRK inhibition is a potential therapeutic approach to enhance endogenous and pharmacologically stimulated GLP-1R signaling.




Keywords: GRK2 = G protein–coupled receptor kinase 2, GLP-1, diabetes, obesity, NASH, insulin secretion, CKD - chronic kidney disease



Introduction

Glucagon-like peptide 1 receptor agonists (GLP-1 RAs) are an important therapy for patients with type 2 diabetes (T2D) given their ability to improve glucose metabolism and their associated weight loss, low risk for hypoglycemia and positive effects on cardiovascular outcomes (1, 2). Recent data also highlights the potential of this pathway in non-alcoholic steatohepatitis (3, 4), diabetic kidney disease (5, 6) and Alzheimer’s disease (7, 8). As a result, strategies that activate GLP-1R or stabilize active GLP-1 with pharmacological agonists or with Dipeptidyl Peptidase-4 Inhibitors (DPP-4i), are the subject of an intensive drug discovery effort (1, 9–11).

Another potential approach to potentiate and prolongate GLP-1R activation is by inhibiting proteins involved in termination of the receptor signaling. GLP-1R belongs to the Class B G-protein-coupled receptors (GPCRs) and GLP-1R stimulation leads to cAMP production, Ca2+ mobilization, and phosphorylation of ERK1/2 (pERK1/2) (1, 9, 12–14). For most GPCRs, homologous desensitization is thought to involve phosphorylation by G protein-coupled receptor kinases that results in recruitment of β-arrestins (15). In recombinant systems, GRK2 and β-arrestin has been reported to interact with GLP-1R in response to stimulation by GLP-1 (16, 17) and recently Arcones et al. demonstrated that GRK2 modulates GLP-1R (18). In this report, we leverage small molecule dual GRK2/3 (GRK) inhibitors (19) to evaluate whether pharmacological inhibition of G protein-coupled receptor kinases potentiates the physiological and pharmacological actions of GLP-1.



Materials and Methods


Reagents and Cell Lines

Human GLP-1 (7-36) amide used for activation of GLP-1R was obtained from Bachem (Torrance, CA). Fatty acid-free BSA was from SIGMA (St. Louis, MO). HBSS with calcium and magnesium without phenol red was purchased from Mediatech (Manassas, VA). The GRK2/3 (GRK compounds A and B) small molecule inhibitors used [compounds 8g and 8h described i (19)] were synthesized at Janssen Research & Development, LLC. PathHunter® eXpress GLP-1R CHO-K1 β-Arrestin cells were obtained from Eurofins DiscoverX Corporation (Fremont, CA). F-12 and RPMI 1640 medium were from Gibco, a division of Thermo Fisher Scientific.



GLP-1 Mediated β-Arrestin Recruitment Assay

PathHunter® eXpress GLP1R CHO-K1 β-Arrestin cells were plated at 6000 cells/well in a 384-well, PDL, white and opaque plate in F12 medium containing 10% FBS, 0.3 mg/ml hygromycin, and 0.8 mg/ml G418. The plate was incubated for two days in a humidified incubator at 37°C and 5% CO2 prior to the experiment. On the day of the exeperiment, the cells were washed once with the Assay Buffer (HBSS with calcium and magnesium, 20 mM Hepes, and 0.1% fatty-acid free BSA) followed by a 10 minute preincubation with GRK inhibitors or vehicle (DMSO) at the indicated concentrations. The final DMSO concentration was 0.1%. GLP-1 was added to the indicated concentrations, and incubation was continued for an additional 90 minutes at 37°C. The detection reagent was then added the cells, followed by a 60 minute incubation at the room temperature. The plate was read on MicroBeta LumiJet (PerkinElmer, Waltham, MA). In this cellular system, the GLP-1 receptor is fused in frame with the small enzyme fragment of ProLinkTM and co-expressed in cells expressing a fusion of the larger deletion mutant of β-gal, also called enzyme acceptor. Activation of GLP-1 receptor stimulates the binding of β-arrestin to the ProLinkTM tagged GLP-1 receptor and forces complementation of the two enzyme fragments, resulting in the formation of an active β-gal enzyme. The cellular β-gal enzyme activity is measured using chemiluminescent detection reagents.



GLP-1 Mediated Insulin Secretion in INS-1 832/13 Cells

INS-1 832/13 cells were cultured in medium composed of RPMI 1640 medium supplemented with 10% fetal bovine serum, 50 IU/mL penicillin, 50 mg/L streptomycin, 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, and 50 µM beta-mercaptoethanol. Cells were split twice a week, grown in a 37°C incubator under a humidified atmosphere containing 5% CO2 and plated at (60,000 cells/well) in a 96-well plate, two days prior to the experiment. Cells were washed twice with glucose-free Krebs-Ringer Bicarbonate buffer (KRB) (116 mM NaCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 5.4 mM KCl, 1 mM NaH2PO4, 26 mM NaHCO3, and 0.2% fatty-acid free BSA, pH 7.4) followed by preincubation for 1 h at 37°C in glucose-free KRB and the indicated concentration of GRK compounds or vehicle (DMSO) were added. The final DMSO concentration was 0.1%. After 30 min incubation at 37°C, 2 mM or 5 mM glucose and 10 nM GLP-1 were added to the wells for a final volume of 200 μL. After further incubation for 1 hour at 37°C, 20 μL of the culture supernatant was diluted 1:15 in the Dilution Buffer provided in the Insulin High Range Assay HTRF Kit (Cisbio, Bedford, MA). Insulin was detected using the Insulin High Range Assay HTRF Kit according to the manufacturer’s instructions (Cisbio, Bedford, MA). All results were obtained in 5 replicates.



Glucose Stimulated Insulin Secretion (GSIS) in Isolated Mouse Pancreatic Islets

Islets were isolated from mouse pancreas by collagenase digestion (20). The collagenase was dissolved in Hanks’ balanced salt solution (Invitrogen, Carlsbad, CA) containing 10 g/ml DNase I (Roche Diagnostics, Indianapolis, IN) and 0.2% BSA, and was subsequently injected into the common bile duct. The pancreas was removed and incubated at 37°C for 20 min and washed three times with Hanks’ balanced salt solution and islets were collected under a microscope. Purified islets were used after an overnight incubation in RPMI 1640 medium containing 5.5 mmol/l glucose and 10% fetal bovine serum in a humidified atmosphere containing 5% CO2/95% air at 37°C. A group of 7 islets was preincubated in Krebs Ringer bicarbonate buffer (KRBH) containing 0.2% BSA and 2 mM glucose for 40 min at 37°C. The indicated concentration of GRK compounds or vehicle (DMSO) were added. The final DMSO concentration was 0.1%. After 30 min incubation at 37°C, 2 mM or 10 mM glucose along with 20 nM GLP-1 were added to wells. After further incubation for 1 hour at 37°C with shaking, culture supernatant was collected, and insulin was detected using the Insulin High Range Assay HTRF Kit according to the manufacturer’s instructions (Cisbio, Bedford, MA).



Real-Time PCR Assay of mRNA Abundance of GRK1-6 in Mouse Pancreatic Islets

Total RNA was extracted from the isolated islets using Trizol (Thermo Fisher Scientific) and chloroform, followed by the steps according to the RNeasy Mini kit (Qiagen). The purity and concentration of RNA was determined by measuring the absorbance at 260 nm and 280 nm with the NanoDrop Spectrophotometer. cDNA was synthesized using the Superscript IV VILO Reverse Transcriptase Kit (Thermo Fisher Scientific). Quantitative real-time PCR data was generated using the ViiA7 Real-time PCR System (Thermo Fisher Scientific). Samples were run in duplicate. Cyclophilin A (PPIA) was used as a housekeeping gene, and quantification of the data was generated using the 2ΔΔCt method. The primers used were purchased from Thermo Fisher Scientific, and their catalog numbers were as follows: PPIA (Cat#Mm02342430_g1), Grk1 (Cat#Mm01220712_m1), Adrbk1 (Grk2, Cat#Mm00804778_m1), Adrbk2 (Grk3, Cat#Mm00622042_m1), Grk4 (Cat#Mm01213690_m1), Grk5 (Cat#Mm00517039_m1), Grk6 (Cat#00442425_m1).



Oral Glucose Tolerance Test (OGTT) in C57BL/6J Mice

Three-month old male C57BL/6J mice with free access to water were fasted overnight. After baseline weight and glucose were collected, mice were randomized into groups with equal weight. GRK inhibitors along with DPP4i formulated in 20% 2-Hydroxypropyl)-β-cyclodextrin (HPBCD, Sigma-Aldrich) or vehicle 20% HPBCD were provided by oral administration 60 minutes prior to an oral glucose challenge. Mice received oral gavage of glucose (2 g/kg; 20% glucose, 10 ml/kg). Blood samples were collected at time 0 (just before glucose load), 15, 30, 60, and 120 minutes after glucose administration. Six mice per group and data point were used. Plasma was obtained by centrifugation and stored at -20C for further analysis. The Institutional Animal Care and Use Committee (IACUC) of Janssen Research & Development, LLC. approved all animal procedures.



Biochemical Analysis

Insulin was measured by ELISA (Linco/Millipore). Free fatty acids (FFA) and ketone bodies were measured using commercially available enzyme-coupled spectrophotometric assays (Wako Chemicals, Richmond, VA). Blood glucose levels were measured using a OneTouch glucometer (LifeScan, Milpitas, CA).



Statistical Analysis

All data are presented as means ± SE. Comparisons among groups were made using 1-way ANOVA, 2-way ANOVA or unpaired Student’s t-test using GraphPad Prism statistical software.

P < 0.05 was regarded as statistically significant.




Results


GRK Inhibition Reduces GLP-1 Mediated β-Arrestin Recruitment

To confirm that GLP-1 can induce the recruitment of GRK2 and β-arrestin to the GLP-1 receptor we used two small molecule GRK2/3 (GRK) inhibitors (Cpd A and B) with good selectivity and permeability (19). Both compounds displayed >300-fold selectivity against GRK1, GRK4, GRK5, GRK6, and GRK7 (19) and similar inhibition of GRK3, a member of the G protein-coupled receptor kinases highly homologous to GRK2 (Table 1). In CHO-K1 cell line stably expressing human GLP-1 receptor and β-arrestin, the addition of GLP1(7-36) led to a dose-dependent increase of cellular β-gal enzyme activity (Figure 1A). The EC80 value for human GLP1(7-36) was approximately 100 nM. Pre-incubation of Cpd A and B at 1 or 10 μM with CHO-K1/β-arrestin/GLP-1R cells reduced GLP1(7-36)-stimulated cellular β-gal enzyme activity (Figures 1A, B). The IC50 value for Cpd A and Cpd B to inhibit 100 nM human GLP1(7-36)-stimulated β-arrestin recruitment to the GLP-1R was 1.9 and 2.3 μM respectively (Figure 1C).


Table 1 | Kinase activity profile of Compound A and B against GRK2, GRK1, GRK3, GRK4, GRK5, GRK6, GRK7, and other kinases.






Figure 1 | GLP-1-stimulated recruitment of β-arrestin in PathHunter® eXpress GLP1R CHO-K1 β-arrestin cells. (A) Inhibition of GLP-1-stimulated recruitment of β-arrestin by Cpd A; (B) Inhibition of GLP-1-stimulated recruitment of β-arrestin by Cpd B; (C) IC50 determination of Cpd A and Cpd B Values represent the mean of three data points ± SEM. For (A, B) Statistical comparison are assessed by one-way ANOVA with Dunnett’s multiple comparisons test. ****P < 0.0001; ns, not significant.





GRK Inhibition Potentiates GLP-1 Mediated Insulin Secretion in INS-1 832/13 Cells

We then tested whether GRK is involved in GLP-1 mediated insulin secretion in INS-1 832/13 cells. GLP-1 at 10 nM stimulated insulin secretion in the presence of 5 mM glucose (Figure 2A) and pre-incubation with GRK inhibitors potentiated insulin secretion stimulated by GLP-1 while GRK inhibition alone had no effect (Figures 2B, C).




Figure 2 | GLP-1 mediated insulin secretion in INS-1 832/13 cells. (A) GLP-1 mediated insulin secretion; (B) Effect of Cpd A on 10 nM GLP-1 mediated insulin secretion at 5 mM glucose; (C) Effect of Cpd B on 10 nM GLP-1 mediated insulin secretion at 5 mM glucose. Values represent the mean of five replicates ± SEM. Statistical comparison for more than 2 datasets are assessed by one-way ANOVA with Dunnett’s multiple comparisons test. *P = 0.01-0.1, **P = 0.001-0.01, ****P < 0.0001; ns, not significant. Unpaired t-test was performed for 2 datasets.





GRK Inhibition Potentiates GLP-1 Mediated Glucose-Stimulated Insulin Secretion (GSIS) in Mouse Isolated Islets

We first confirmed that all G protein receptor Kinases isoforms are expressed in mouse islets with GRK2 showing the highest mRNA expression (Figure 3) (21). Next, we investigated the effect of GRK inhibition on GLP-1 mediated GSIS in mouse isolated islets. GLP-1 and GLP-1+ Cpd A or Cpd B did not stimulate insulin secretion when incubated with 2 mM glucose (Figures 4A, B). At 10 mM glucose, Cpd A and Cpd B dose-dependently potentiated GLP-1 mediated GSIS (Figures 4A, B). Pre-incubation of Cpd A alone up to 20 μM did not affect GSIS while Cpd B resulted in a small but significant increase in GSIS (Figures 4A, B).




Figure 3 | Real-time PCR assay of mRNA abundance of GRK1-6 in mouse pancreatic islets. Cyclophilin A (PPIA) was used as a housekeeping gene, and quantifications were conducted using the 2ΔΔCt method. Samples were run in duplicates.






Figure 4 | GLP-1 mediated insulin secretion in mouse pancreatic islets. (A) Effect of Cpd A on 20 nM GLP-1 mediated insulin secretion at 2 mM glucose or 10 mM glucose; (B) Effect of Cpd B on 20 nM GLP-1 mediated insulin secretion at 2 mM glucose or 10 mM glucose. Values represent the mean of eight replicates ± SEM. Statistical comparison for more than 2 datasets are assessed by one-way ANOVA with Dunnett’s multiple comparisons test. **P = 0.001–0.01, ***P < 0.001; ns, not significant. An unpaired t-test is performed for 2 datasets.





GRK Inhibition and DPP-4i-Mediated Suppression of Glucose Excursion in Mice

Overnight fasted mice were administrated a GRK inhibitor, DPP4i, or DPP4i with a GRK inhibitor 60 min prior to a glucose challenge. In the presence of plasma concentrations required for GRK inhibition (Table 2), Cpd A and Cpd B alone had no effect on glucose excursion (Figures 5A, B). Cpd A administration with DPP4i resulted in a significant glucose lowering versus Cpd A at 15, 30 and 60 min after the glucose challenge (Figure 5A) resulting in significant reduction of the overall area under the curve (AUC) (Figure 5C). In a similar study, Cpd B administration with DPP-4i significantly lowered plasma glucose at 15, 30 and 60 min (Figure 5D), with a trend to reduce the overall glucose excursion (p=0.06) (Figure 5D).


Table 2 | Plasma GRK2 inhibitors concentration at the end of the OGTT study.






Figure 5 | OGTT in C57BL/6J mice. (A) Effect of Cpd A on DPP4i-mediated glucose excursion in C57BL/6J mice; (B) Effect of Cpd B on DPP4i-mediated glucose excursion in C57BL/6J mice; (C) Results of A expressed as Area under the curve (AUC); (D) Results of A expressed as AUC. Data are expressed as mean values ± SD of 6 animals in each group. For Figures (A, B) differences between group means are assessed by Ordinary 2-way ANOVA followed by Tukey’s multiple comparison test. The analysis result was shown under each figure. For Figures (C, D), differences between group means are assessed by Ordinary one-way ANOVA followed by Tukey’s multiple comparison test. **P = 0.001-0.01, ***P = 0.0001-0.001, ****P < 0.0001; ns, not significant.






Discussion

G protein receptor kinases is a family of seven serine/threonine protein kinases that specifically recognize and phosphorylate activated GPCRs. Receptor phosphorylation triggers the binding of β-arrestin potentially contributing to decrease the response of the receptor to the respective agonist. In addition to these phosphorylation-dependent processes, GRKs may also modulate cellular responses in a phosphorylation-independent manner due to their ability to interact with a variety of proteins involved in signaling and trafficking such as Gαq and Gs subunits, PI3K, clathrin, caveolin, MEK, and AKT (22, 23).

GLP-1R activation has been shown to lead to β-arrestin and GRK2 recruitment (16, 17). In the present report, we confirmed that GLP-1 dose-dependently stimulated the interaction between GLP-1R and β-arrestin (Figure 1A) and that pharmacological inhibition of GRK enhanced the effect of GLP-1 while the interaction between β-arrestin and GLP-1R is reduced. These data support the notion that GRK inhibition attenuate the recruitment of β-arrestin to GLP-1R via phosphorylation of the C-terminal of GLP-1R.

GLP-1-mediated activation of GLP-1R, leading to Gαs-mediated intracellular cAMP production, Ca2+ mobilization, and ERK1/2 phosphorylation has been shown to stimulate insulin secretion (12, 14). Leveraging small molecules recently discovered (19) we showed that inhibition of GRK2/3 results in potentiation of GLP-1 stimulated insulin secretion in INS832/13 and in mouse islets. Lastly, following stimulation of endogenous incretin secretion by an oral glucose tolerance test, we demonstrated for the first time that inhibition of GRK and DPP-4i resulted in additive suppression of glucose excursion in mice, while GRK2 inhibition alone had no effect. In our study the effect of DPP-4 on glucose tolerance was not significantly potentiated by GRK inhibition. Because GRK2 levels and activity have been reported to be enhanced in obesity and insulin resistance (24), in future studies it will be important to evaluate whether GRK inhibition enhances the effect of DPP-4. Recently, Arcones et al. demonstrated that reduced GRK2 levels potentiate insulin release in mice in response to the GLP-1R agonist Exendin-4 supporting the notion that GRK2 is an important negative modulator of GLP-1R action (18).

Given that several DPP4i and GLP-1RA have been approved or in clinical development for diabetes and other obesity-related metabolic complications (1, 3–6, 25), in future studies it will be important to confirm that selective pharmacological inhibition of GRK2 mediates the overall actions of GLP-1.

A potential role for GRK2/beta-arrestin-1 system in modulating GIP actions is still controversial (25–27). It is possible that in addition to GLP-1R activation, GIP-R may contribute to the additive glucose-lowering effect observed in our study with DPP-4i and GRK inhibition. Recently, Tirzepatide, a dual GIP/GLP-1 receptor agonist demonstrated superior glucose and body-weight lowering properties to GLP-1 receptor agonism (GLP-1RA) in T2D subjects and (28) so it will be important to assess whether GIP-R is involved in the effect of GRK inhibition. Future studies will need to consider potential biased agonism by different GLP-1 agonists which could differentially impact GRK-mediated β-arrestin recruitment (14, 16, 29–31) and result in differential pharmacological effects and evaluate the role of GRK inhibition in models with impaired glucose tolerance (24).

GRK inhibition is a new potential approach to potentiate the physiological and pharmacological actions of GLP-1 and can be leveraged alone or in fixed-dosed combinations with DPP4i or GLP1-RA.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by IACUC Janssen.



Author Contributions

MR, IB, JQ, SPL, JL, JZX, and GX contributed to the experimental design and executed the studies. JQ, SPL, and AP designed the studies and wrote the manuscript. All authors contributed to the article and approved the submitted version.



References

1. Müller, TD, Finan, B, Bloom, SR, D’Alessio, D, Drucker, DJ, Flatt, PR, et al. Glucagon-like Peptide 1 (GLP-1). Mol Metab (2019) 30:72–130. doi: 10.1016/j.molmet.2019.09.010

2. Dalsgaard, NB, Brønden, A, Vilsbøll, T, and Knop, FK. Cardiovascular Safety and Benefits of GLP-1 Receptor Agonists. Expert Opin Drug Saf (2017) 16(3):351–63. doi: 10.1080/14740338.2017.1281246

3. Bifari, F, Manfrini, R, Dei Cas, M, Berra, C, Siano, M, Zuin, M, et al. Multiple Target Tissue Effects of GLP-1 Analogues on non-Alcoholic Fatty Liver Disease (NAFLD) and non-Alcoholic Steatohepatitis (NASH). Pharmacol Res (2018) 137:219–29. doi: 10.1016/j.phrs.2018.09.025

4. Newsome, PN, Buchholtz, K, Cusi, K, Linder, M, Okanoue, T, Ratziu, V, et al. Nn9931-4296 Investigators. A Placebo-Controlled Trial of Subcutaneous Semaglutide in Nonalcoholic Steatohepatitis. N Engl J Med (2020) 384(12):1113–24. doi: 10.1056/NEJMoa2028395

5. Giugliano, D, De Nicola, L, Maiorino, MI, Bellastella, G, and Esposito, K. Type 2 Diabetes and the Kidney: Insights From Cardiovascular Outcome Trials. Diabetes Obes Metab (2019) 21(8):1790–800. doi: 10.1111/dom.13743

6. Holst, JJ. Incretin Therapy for Diabetes Mellitus Type 2. Curr Opin Endocrinol Diabetes Obes (2020) 27(1):2–10. doi: 10.1097/MED.0000000000000516

7. Irwin, N, and Flatt, PR. New Perspectives on Exploitation of Incretin Peptides for the Treatment of Diabetes and Related Disorders. World J Diabetes (2015) 6(15):1285–95. doi: 10.4239/wjd.v6.i15.1285

8.Available at: https://www.globenewswire.com/news-release/2020/12/16/2146164/0/en/Novo-Nordisk-to-enter-phase-3-development-in-Alzheimer-s-disease-with-oral-semaglutide.html.

9. Baggio, LL, and Drucker, DJ. Biology of Incretins: GLP-1 and GIP. Gastroenterology (2007) 132(6):2131–57. doi: 10.1053/j.gastro.2007.03.054

10. Pocai, A. Unraveling Oxyntomodulin, GLP1’s Enigmatic Brother. J Endocrinol (2012) 215(3):335–46. doi: 10.1530/JOE-12-0368

11. Pathak, NM, Pathak, V, Gault, VA, McClean, S, Irwin, N, and Flatt, PR. Novel Dual Incretin Agonist Peptide With Antidiabetic and Neuroprotective Potential. Biochem Pharmacol (2018) 155:264–74. doi: 10.1016/j.bcp.2018.07.021

12. Koole, C, Wootten, D, Simms, J, Valant, C, Sridhar, R, Woodman, OL, et al. Allosteric Ligands of the Glucagon-Like Peptide 1 Receptor (GLP-1R) Differentially Modulate Endogenous and Exogenous Peptide Responses in a Pathway-Selective Manner: Implications for Drug Screening. Mol Pharmacol (2010) 78(3):456–65. doi: 10.1124/mol.110.065664

13. Couvineau, A, and Laburthe,,M. The Family B1 GPCR: Structural Aspects and Interaction With Accessory Proteins. Curr Drug Targets (2012) 13:103–15. doi: 10.2174/138945012798868434

14. Wootten, D, Reynolds, CA, Smith, KJ, Mobarec, JC, Koole, C, Savage, EE, et al. The Extracellular Surface of the GLP-1 Receptor Is a Molecular Trigger for Biased Agonism. Cell (2016) 165:1632–43. doi: 10.1016/j.cell.2016.05.023

15. Widmann, C, Dolci, W, and Thorens, B. Internalization and Homologous Desensitization of the GLP-1 Receptor Depend on Phosphorylation of the Receptor Carboxyl Tail At the Same Three Sites. Mol Endocrinol (1997) 11(8):1094–102. doi: 10.1210/mend.11.8.9959

16. Jorgensen, R, Kubale, V, Vrecl, M, Schwartz, TW, and Elling, CE. Oxyntomodulin Differentially Affects Glucagon-Like Peptide-1 Receptor Beta-Arrestin Recruitment and Signaling Through Galpha(s). J Pharmacol Exp Ther (2007) 322(1):148–54. doi: 10.1124/jpet.107.120006

17. Jorgensen, R, Norklit Roed, S, Heding, A, and Elling, CE. Beta-Arrestin2 as a Competitor for GRK2 Interaction With the GLP-1 Receptor Upon Receptor Activation. Pharmacology (2011) 88:174–81. doi: 10.1159/000330742

18. Arcones, AC, Vila-Bedmar, R, Mirasierra, M, Cruces-Sande, M, Vallejo, M, Jones, B, et al. GRK2 Regulates GLP-1R-mediated Early Phase Insulin Secretion In Vivo. BMC Biol (2021) 19(1):40. doi: 10.1186/s12915-021-00966-w

19. Xu, G, Gaul, MD, Liu, Z, DesJarlais, RL, Qi, J, Wang, W, et al. Hit-to-lead Optimization and Discovery of a Potent, and Orally Bioavailable G Protein Coupled Receptor Kinase 2 (GRK2) Inhibitor. Bioorg Med Chem Lett (2020) 30(23):127602. doi: 10.1016/j.bmcl.2020.127602

20. Sutton, R, Peters, M, McShane, P, Gray, DW, and Morris, PJ. Isolation of Rat Pancreatic Islets by Ductal Injection of Collagenase. Transplantation (1986) 42:689–91. doi: 10.1097/00007890-198612000-00022

21. Benovic, JL, Onorato, JJ, Arriza, JL, Stone, WC, Lohse, M, Jenkins, NA, et al. Cloning, Expression, and Chromosomal Localization of Beta-Adrenergic Receptor Kinase 2. A New Member of the Receptor Kinase Family. J Biol Chem (1991) 266:14939–46. doi: 10.1016/S0021-9258(18)98568-6

22. Kohout, TA, and Lefkowitz, RJ. Regulation of G Protein-Coupled Receptor Kinases and Arrestins During Receptor Desensitization. Mol Pharmacol (2003) 63:9–18. doi: 10.1124/mol.63.1.9

23. Penela, P, Ribas, C, and Mayor, J. Mechanisms of Regulation of the Expression and Function of G Protein-Coupled Receptor Kinases. Cell Signal (2003) 15:973–81. doi: 10.1016/s0898-6568(03)00099-8

24. Murga, C, Arcones, AC, Cruces-Sande, M, Briones, AM, Salaices, M, and Mayor, F. G Protein-Coupled Receptor Kinase 2 (GRK2) as a Potential Therapeutic Target in Cardiovascular and Metabolic Diseases. Front Pharmacol (2019) 19;10:112. doi: 10.3389/fphar.2019.00112

25. Al-Sabah, S, Al-Fulaij, M, Shaaban, G, Ahmed, HA, Mann, RJ, Donnelly,,D, et al. The GIP Receptor Displays Higher Basal Activity Than the GLP-1 Receptor But Does Not Recruit GRK2 or Arrestin3 Effectively. PloS One (2014) 9:e106890. doi: 10.1371/journal.pone.0106890

26. Tseng, CC, and Zhang, XY. Role of G Protein-Coupled Receptor Kinases in Glucose-Dependent Insulinotropic Polypeptide Receptor Signaling. Endocrinology (2000) 141(3):947–52. doi: 10.1210/endo.141.3.7365

27. Abdullah, N, Beg, M, Soares, D, Dittman, JS, and McGraw, TE. Downregulation of a GPCR by β-Arrestin2-Mediated Switch From an Endosomal to a TGN Recycling Pathway. Cell Rep (2016) 17(11):2966–78. doi: 10.1016/j.celrep.2016.11.050

28.Available at: https://www.prnewswire.com/news-releases/tirzepatide-achieved-superior-a1c-and-body-weight-reductions-across-all-three-doses-compared-to-injectable-semaglutide-in-adults-with-type-2-diabetes-301239948.html.

29. Darbalaei, S, Yuliantie, E, Dai, A, Chang, R, Zhao, P, Yang, D, et al. Evaluation of Biased Agonism Mediated by Dual Agonists of the GLP-1 and Glucagon Receptors. Biochem Pharmacol (2020) 180:114150. doi: 10.1016/j.bcp.2020.114150

30. Willard, FS, Douros, JD, Gabe, MB, Showalter, AD, Wainscott, DB, Suter, TM, et al. Tirzepatide is an Imbalanced and Biased Dual GIP and GLP-1 Receptor Agonist. JCI Insight (2020) 5(17):e140532. doi: 10.1172/jci.insight.140532

31. Kim, D, Wang, L, Beconi, M, Eiermann, GJ, Fisher, MH, He, H, et al. (2r)-4-oxo-4-[3-(trifluoromethyl)-5,6-dihydro[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl]-1-(2,4,5-trifluorophenyl)butan-2-amine: A Potent, Orally Active Dipeptidyl Peptidase IV Inhibitor for the Treatment of Type 2 Diabetes. J Med Chem (2005) 13;48(1):141–51. doi: 10.1021/jm0493156



Conflict of Interest: The authors are employees of Janssen.

Copyright © 2021 Lee, Qi, Xu, Rankin, Littrell, Xu, Bakaj and Pocai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 06 September 2021

doi: 10.3389/fendo.2021.721198

[image: image2]


GLP-1 and Underlying Beneficial Actions in Alzheimer’s Disease, Hypertension, and NASH


Qiu-Xuan Li 1, Han Gao 2, Yue-Xin Guo 3, Bo-Ya Wang 4, Rong-xuan Hua 1, Lei Gao 5, Hong-Wei Shang 6, Xin Lu 6 and Jing-Dong Xu 2*


1 Clinical Medicine of “5+3” Program, Xuanwu Hospital, Capital Medical University, Beijing, China, 2 Department of Physiology and Pathophysiology, School of Basic Medical Sciences, Capital Medical University, Beijing, China, 3 Department of Oral Medicine, Basic Medical College, Capital Medical University, Beijing, China, 4 Eight Program of Clinical Medicine, Peking University Health Science Center, Beijing, China, 5 Department of Biomedical Informatics, School of Biomedical Engineering. Capital Medical University, Beijing, China, 6 Morphological Experiment Center, School of Basic Medical Sciences, Capital Medical University, Beijing, China




Edited by: 

Filip K. Knop, Gentofte Hospital, Denmark

Reviewed by: 
Finbarr P. M. O’Harte, Ulster University, United Kingdom

Yutaka Seino, Kansai Electric Power Medical Research Institute (KEPMRI), Japan

Peter Flatt, Ulster University, United Kingdom

*Correspondence: 
Jing-Dong Xu
 xujingdong@163.com

Specialty section: 
 This article was submitted to Gut Endocrinology, a section of the journal Frontiers in Endocrinology


Received: 06 June 2021

Accepted: 23 August 2021

Published: 06 September 2021

Citation:
Li Q-X, Gao H, Guo Y-X, Wang B-Y, Hua R-x, Gao L, Shang H-W, Lu X and Xu J-D (2021) GLP-1 and Underlying Beneficial Actions in Alzheimer’s Disease, Hypertension, and NASH. Front. Endocrinol. 12:721198. doi: 10.3389/fendo.2021.721198



GLP-1 is derived from intestinal L cells, which takes effect through binding to GLP-1R and is inactivated by the enzyme dipeptidyl peptidase-4 (DPP-4). Since its discovery, GLP-1 has emerged as an incretin hormone for its facilitation in insulin release and reduction of insulin resistance (IR). However, GLP-1 possesses broader pharmacological effects including anti-inflammation, neuro-protection, regulating blood pressure (BP), and reducing lipotoxicity. These effects are interconnected to the physiological and pathological processes of Alzheimer’s disease (AD), hypertension, and non-alcoholic steatohepatitis (NASH). Currently, the underlying mechanism of these effects is still not fully illustrated and a better understanding of them may help identify promising therapeutic targets of AD, hypertension, and NASH. Therefore, we focus on the biological characteristics of GLP-1, render an overview of the mechanism of GLP-1 effects in diseases, and investigate the potential of GLP-1 analogues for the treatment of related diseases in this review.
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Highlights

	Apart from facilitating insulin secretion, additional effects of GLP-1 include anti-inflammation, neuro-protection, and reducing the accumulation of fat.

	There is a high consistency between AD and T2DM, both of which occur with insulin resistance (IR) in the brain.

	As the native GLP-1 has a short half-life, GLP-1 analogues have been produced to prolong effects and many of them could cross blood-brain barriers (BBB) such as Liraglutide (LG), lixisenatide, and exendin-4.

	GLP-1 analogues have proven utility in retarding diseases development in many animal and clinical trials, which are the potential and promising drugs to be utilized in AD, hypertension, and NASH.





Introduction

With the assistance of prediction and decipherment of recombinant cDNA clones, it has been claimed that the anglerfish preproglucagon cDNA encodes a different glucagon-related peptide (1–3). Afterwards, two glucagon-related peptides, glucagon-like peptides 1 and 2 (GLP-1 and GLP-2), were recognized in the hamster (4), rat (5), and human (6) proglucagon sequence. In various experimental models, GLP-1, which is extracted from the intestines of humans and the porcine gut, can promote glucose-dependent insulin secretion (7–9). Based on this, GLP-1 is classified as an incretin hormone (10), promoting its use in the treatment of type 2 diabetes mellitus (T2DM). In the preceding 20 years, copious strategies for treating T2DM have been generated in various clinical and fundamental studies. However, apart from its role in improving glucose control, extensive effects of GLP-1 and its broad potential in pharmacology still remain to be explored. Other studies have shown that GLP-1 possesses neuroprotection functions along with enhancement of cognitive functions (11). Moreover, GLP-1 analogues, including Liraglutide (LG) and exendin-4, possess longer half-lives than native GLP-1 and provide prospects for broader clinical applications (12). Studies have also shown that LG possesses neuroprotection and anti-inflammatory effects, which could conceivably delay the progression of AD (13). As of right now, neuroprotective and anti-inflammatory effects of GLP-1 analogues have been investigated in AD, while more detailed actions of them still remain to be clarified. Additionally, numerous investigations found that blood pressure (BP) and heart rate (HR) increased transiently when normal rodents were given the acute infusion of GLP-1R agonists (14) while chronic injection of that reduces BP in mice studies (15). This decrease in BP was found in hypertensive patients with T2DM when they were given GLP-1R agonists over a long period of time (16). It is possible that the difference in injection speed and physiological status could account for these opposite BP alterations which were induced by GLP-1 and GLP-1R agonists. Along with that, GLP-1 has a close correlation with non-alcoholic steatohepatitis (NASH), which is characterized by hepatic inflammation and cell injury. NASH has currently been regarded as the main cause of the increased burden of hepatocellular carcinoma (17), but the molecular mechanism of it is still complex and multifactorial (18). Moreover, the use of GLP-1 analogues LG and Exendin-4 effectively reduced both their weight and liver fat in NASH patients (19). Based on the findings above, this review focuses on the biological characteristics and the underlying mechanistic effects of GLP-1 in AD, BP, and NASH.



Biological Characteristics of GLP-1

It is well-known that GLP-1 has manifold forms processed from proglucagon, such as GLP-1 (1–37), GLP-1 (7-36 amide), and GLP-1 (7–37) (20). Furthermore, proglucagon is cleaved from preproglucagon and is differentially processed via the prohormone convertase 2 (PCSK2) and prohormone convertase 1/3 (PCSK1/3) as shown in Box 1. In addition to intestinal L cells, pancreas α-cells and the nucleus tractus solitarii (NTS) are also sites of preproglucagon processing (24). The proglucagon gene (Gcg) encodes human’s preproglucagon and the constituent parts of the promoter of Gcg consist of four enhancers including G1, G2, G3, and G4 together with a cAMP response element (CREPG). Although G2-G4 enhancers of rats could markedly activate the expression of more proximal human promoters, the comparable human sequences homologous to the G2–G4 enhancers are insufficient to activate reporter expression from the proximal rat promoter in islet and intestinal cells (25). In addition, CREPG could mediate transcriptional responses to physiological stimuli from the neuronal and dietary origin (26). As shown in Figure 1, the spliceosome of proglucagon includes glicentin, glicentin-related pancreatic polypeptide (GRPP), glucagon, oxyntomodulin (OXM), GLP-1, and GLP-2 (27).


Box 1 | 

Proprotein convertases (PPCs) are a family of proteins responsible for other proteins activation and involved in many important biological processes, such as cholesterol synthesis.

PCSK1/3 and PCSK2, PPCs subtypes in humans, perform the proteolytic cleavage of prohormones to their intermediate forms (21).

Brain and intestine GCG + cells are discovered to express PCSK1/3 while PCSK2 is expressed in the pancreas (22, 23).






Figure 1 | Diagram showing the relationship between translation and post-processing of glucagon precursors and its physiological processing pattern in the tissue. Coded by the preproglucagon gene, proglucagon is catalyzed by PCSK1/3 in the gut and brain and further processed to glicentin-related pancreatic polypeptide (GRPP) and oxyntomodulin (OXM), GLP-1, intervening peptide-2 (IP-2), and GLP-2. In the α-cells of the pancreatic islet, PCSK2 predominates and processes proglucagon to glucagon, GRPP, intervening peptide 1 (lP1), and a proglucagon fragment.



In 1966, Hopsu-Havu and Glenner discovered the existence of the enzyme dipeptidyl peptidase-4 (DPP-4) (28), encoded by the DPP4 gene. A study has shown that high expression of DPP-4 is not only found in intestinal epithelial brush border, but also in endothelial cells (29). Owing to DPP-4 and renal elimination, native GLP-1 in human retain a short-lived half-life of around 1-2 minutes. For this reason, GLP-1 analogues were synthesized to prolong their short half-life. Meanwhile, DPP-4 cleaves the two active forms of GLP-1, GLP-1 (7-36 amide) and GLP-1 (7–37), into GLP-1 (9-36 amide) and GLP-1 (9-37), which have a relatively low affinity to GLP-1R and serve as the major circulating forms (30–32). These intact forms and inactive GLP-1 metabolites can be quickly cleared via renal elimination. By contrast, there is some laboratory evidence, indicating that kidneys are not the chief organs of the DPP-4 mediated metabolism of GLP-1 (33). Further studies in pigs revealed that a high degree of NH2-terminal degradation of GLP-1 occured in the hepatic portal system (34), concomitant with the evidence that DPP-4 is found in high concentrations in hepatocytes and endothelial cells (35, 36). There are two types of DPP-4, the membrane-spanning cell surface protein and the circulating protein (37). Pharmacological inhibition of DPP-4 using DPP-4 inhibitor sitagliptin could inhibit GLP-1 cleavage to maintain a higher concentration of GLP-1 in the blood circulation (29). This could induce insulin secretion from β cells of islet so as to improve glucose tolerance in normal and diabetic animals (38, 39).



Tissue Distribution of GLP-1R

To gain further insights into the involvement of GLP-1 by binding to GLP-1R (40), GLP-1R’s presence was first confirmed and effects of the peptide on cAMP concentrations were investigated (9). However, the analysis of GLP-1R always confronted an obstacle due to the absence of antibodies that were sufficiently selective and available. Further, it is noteworthy that there was disputed information in the expression of GLP-1R in different cell types. Due to the lack of selective antibodies and application of specific anti-GPCR antibodies (41), the exact cellular localization of the GLP-1R remains equivocal (42). Notably, Novo Nordisk, a Danish pharmaceutical company, has recently developed the monoclonal antibody [MAb]3F52, which can specifically bind to the extracellular domain (ECD) Fab region of GLP-1R, and enabled the selective detection of GLP-1R in C57BL mice (43). Different from specific anti-GPCR antibodies, the monoclonal GLP-1R antibody could be used for specific and highly sensitive detection of GLP-1R in primate pancreas, kidney, lung, heart, gastrointestinal (GI) tract, liver, and thyroid. It is generally accepted that GLP-1R was detected in the β-cells, arterial walls of the kidney and lung, heart myocytes of the sinoatrial node, and the Brunner’s gland of the duodenum (43). Moreover, GLP-1 expressed in the liver has been reported, while no other publications showed its expression in hepatocytes (44). In terms of structure, GLP-1R is constituted by seven transmembrane helices (TMH) interconnected by intracellular loops, accompanied by a C-terminal intracellular domain and a large (w120 amino acid) N-terminal extracellular domain (ECD) (45). GLP-1 binds to GLP-1R in a complicated procedure, with GLP-1 peptide stably anchored in its position through an extensive network of interactions (40). In particular, recent studies identified the expression of GLP-1R in adipocytes (46, 47). The latest research proved that LG promotes pre-adipocytes differentiation and decreased fatty acid synthase (FASN) expression in differentiated adipocytes (47). In addition, LG could decrease lipogenesis in the liver in times of IR, driving the pathogenesis of non-alcoholic steatohepatitis (NASH) (48). Furthermore, some experiments demonstrated that LG could serve as an important intervention in NASH, which increased adipose insulin sensitivity (49). Moreover, PKA and ERK1/2 inhibitors can reverse the LG-induced FASN down-regulation. In GLP-1R-/- mice, lack of GLP-1R expression in adipocytes caused a reduction in adipogenesis, through the induction of apoptosis in pre-adipocytes by inhibiting ERK, PKC, and AKT signaling pathways (50) (Figure 2). Among non-human primates (NHPs), the highest GLP-1 immunoreactivity is present in the hypothalamus, the area postrema, the NTS, and the dorsal vagal nucleus (51). In the human brain, GLP-1R mRNA is expressed in the cerebral mantle, the hypothalamus, the hippocampus, thalamus, putamen, and the dorsal pallidum (44). The high affinity and specificity could be showed in GLP-1 binding to GLP-1R, suggesting that GLP-1 may play a potential role in the central nervous system (CNS) through mediating some biological processes such as food intake and body weight (BM) (52). Actually, GLP-1 analogues have the ability to lower body weight through inhibition of food intake, which is related to peripheral GLP-1R signaling and central GLP-1R signaling. In 1996, it was reported that intracerebroventricular (ICV) of GLP-1 reduced food intake in fasted rats in a dose-dependent (53), suggesting that GLP-1 may act on central GLP-1R to produce satiation. Furthermore, exendin (9–39), a selective antagonist of GLP-1R, blocked the inhibitory effect of GLP-1 on food intake in fasted rats (53) with an increase in food intake and fat mass (54). Along with that, the anorectic effect vanished after administering LG and exendin-4 in GLP-1R KO mice (55). This suggested that central GLP-1 had a physiological role in regulating food intake in rats and GLP-1R may be necessary for the anorectic effect. Recent studies have also reported that the expression of hindbrain GLP-1R control food intake and BM in rats (56). Besides, infusion of exendin-4 into the 4th ventricle reduced food intake through reducing meal frequency in rats (57). Undoubtedly, central GLP-1R signaling is vital for the anorectic effect of GLP-1 analogues. In humans, satiety was increased and food intake was reduced after IV infusions of physiological doses of GLP-1 during meals (58, 59). Furthermore, the anorectic effects of IP injection of LG and exendin-4 were attenuated by subdiaphragmatic vagal deafferentation in rats, indicating that peripheral GLP-1 could inhibit food intake. In humans, the anorectic effect of GLP-1 was disappeared after truncal vagotomy (60), suggesting that vagal afferents are related to mediating the satiating effects of GLP-1. Despite the findings above, the mechanisms underlying GLP-1 inhibiting food intake and BM are still complex. A variety of evidence indicates that peripheral injection of GLP-1 analogues may act directly on the hypothalamus and hindbrain or the signal is transmitted to the hindbrain by vagal afferents (57). With that, central GLP-1R activation suppresses food intake and lower BM by enhancing phosphorylation of PKA and MAPK and decreasing the activity of AMPK in the NTS. Contrary to behavior therapy without them, multiple studies confirmed that LG and semaglutide could reduce BM and enhance weight loss maintenance (61). Furthermore, reducing weight effects of semaglutide is greater than LG (62). Therefore, it is worth anticipating that GLP-1 analogues are hopeful obesity drugs to control food intake, BM, and appetite.




Figure 2 | Model diagram of potential mechanisms of neuroprotective and anti-inflammatory effects of GLP-1. GLP-1 analogues like native GLP-1 have a longer half-life. Their effects are mediated through binding to GLP-1R, which could inhibit pathways such as the NF-κB pathway and MAPKs pathway. LPS, combined with TLR-4, activates the NF-κB pathway and triggers an inflammatory response while GLP-1 could inhibit the response to protect the synaptic plasticity. Besides, GLP-1 binds to GLP-1R to the active AMPK pathway involved in neuroprotection.





Dysfunction of GLP-1 and Diseases


GLP-1 and AD

AD is the most common neurodegenerative disease with an incurable cognitive impairment, but recently hope is proposed due to the development of Biogen’s monoclonal antibody drug aducanumab (ADU) in the USA. ADU selectively binds to Aβ fibrils and soluble oligomers, which reduced amyloid plaques in a dose-dependent and time-dependent manner (63). However, it has not been proven that ADU has clinical benefits in treating cognitive dysfunction in AD (64). Despite the extensive studies in the past decades, the fundamental mechanism responsible for the development and progression of AD has not yet been fully elucidated. Recent experimental and clinical studies have shown that AD can be considered as a metabolic disorder corresponding with T2DM (65) and is referred to as Type 3 diabetes in some instances. Postmortem analysis has revealed that insulin resistance (IR) also occur in AD patients brain with significantly decreased expression of the insulin receptor, concomitant with the disease progression (66, 67) and indicated that the defects in insulin signaling are associated with AD pathogenesis (68). It is also worth noting that the correlations between T2DM and AD have been found in epidemiological studies (69). Along with that, the network meta-analysis demonstrated that the cognition of AD patients could be significantly improved after using anti-diabetic drugs (70). Convincing evidence has proved that AD is impacted by GLP-1 analogues through various mechanisms (71), such as IR, inflammatory cytokines, and oxidative stress, which supports and helps the proposed correlations (69). In addition, evidence from recent experimental studies suggests that most GLP-1 analogues can be injected peripherally and absorbed into the brain, indicating that they could cross the blood-brain barrier (BBB) and exert physiological influences directly on the human brain (72) (detail seen Box 2). These impacts include increasing neuron progenitor cells proliferation, prolonging potentiation in the hippocampus, improving learning, as well as reducing plaque formation and inflammation in the brain (73). Hence, from the experimental results mentioned above, it could be inferred that anti-diabetic incretin-related drugs may indirectly affect AD. It has also been confirmed that AD pathologic markers, oligomeric Aβ and Aβ plaque load, could be reduced by LG and microglial activation is decreased and memory behaviors are improved in APPswe/PS1_E9 (APP/PS1) mouse model after using LG (74). In addition, mice overexpressing GLP-1R in the hippocampus has shown an increase in neurite growth and improvement in spatial learning abilities (75). It has also been demonstrated in a randomized, placebo-controlled, double-blind study that LG improved glucose metabolism and cognition in AD patients (76). Furthermore, in streptozocin (STZ i.c.v) -induced AD rats (77) and APP/PS1 mice (78), DPP-4 inhibitors sitagliptin and saxagliptin were observed to have the ability to eliminate Aβ accumulation, clear abnormal phosphorylation of tau, and improve brain mitochondrial dysfunction probably through activation of AMPK in neuronal cells (66). Besides, a novel GLP-1/GIP receptor agonist DA5-CH could reverse STZ-induced working memory and spatial memory impairments in rats (79). The drug also decreased the expression of tauS596 protein and increased the expression of synapse-related proteins in the hippocampus (79). As mentioned above, insulin receptors and synapses which correlate to memory in the brain are reduced after amyloid-β oligomers (AβOs) are infused into the lateral cerebral ventricle of NHPs, while LG could provide partial protection and decrease levels of tau (80). The neuroprotective effects of LG may involve in activation of the PKA signaling pathway, indicating that activating GLP-1R is propitious to protect brain insulin receptors and synapses in patients with AD (80). As mentioned above, DPP-4 inhibitors can increase endogenous GLP-1 levels by suppressing GLP-1 degradation. With that, DPP-4 inhibitors have a lower risk than GLP-1R agonists in leading to hypoglycemia. Therefore, it is beneficial for their possible usage in treating AD (81). Currently, common DPP-4 inhibitors include gliptin, saxagliptin, linagliptin, vildagliptin, and sitagliptin. Studies showed that gliptin is helpful for improving cognition in AD. Vildagliptin and sitagliptin could prevent mitochondrial dysfunction in the brain and improve learning behavior in high-fat diet-induced IR rats (82). Besides, previous studies in mice models of AD showed that linagliptin could decrease Aβ accumulation, attenuate tau phosphorylation and inhibit neuroinflammation (83). However, clinical data are still not sufficient and available for the application of DPP-4 inhibitors in AD patients. Based on the analysis above, despite the requirement of more clinical evidence, existing data has indicated the potential prospect for the use of GLP-1 and its analogues in AD treatment in the future (81).


Box 2 | 

Protein kinase C (PKC), as a family of protein kinase enzymes, plays a vital part in several signal transduction cascades and have the ability to regulate other proteins through the phosphorylation of hydroxyl groups of serine and threonine amino acid residues.

As we know, proteins involved in p-p38 and p-JNK are MAPKs pathways and p-AKT are all proteins belonging to PI3K/Akt pathway.

Various GLP-1 analogues include exendin-4, LG, lixisenatide, albiglutide, dulaglutide, semeglutide, taspoglutide and so on. And small peptide GLP-1 analogues have been demonstrated to cross BBB via peripheral administration, including LG, lixisenatide and exendin-4 (72).



Analyzing cerebrospinal fluid (CSF), ventricular fluid (VF), and postmortem brain tissue by means of multiplex bead-based ELISAs, the results of the experiment further suggested that there are fifteen cytokines whose levels are elevated in CSF and brain in the course of early-stage AD (84). However, pro-inflammatory mediators in VF and brain are suppressed during later stages of AD, indicating that neuro-inflammation-mediated neurodegeneration occurs mainly in the early or a specific stage of AD rather than the whole clinical course (68). It is widely known that inflammation is a common feature in metabolic diseases, spreading from peripheral tissue to the brain, thus resulting in cognitive dysfunctions (85). Consequently, scientists put forward the “gut-brain axis” hypothesis to explain the functional collaboration between gut homeostasis and cognitive dysfunctions (85). Moreover, previous studies (53), as well as recent researches approved that GLP-1 analogues influence CNS to promote satiation (86). In order to further confirm the role of the gut-brain axis in this regulation, MG1363-pMG36e-GLP-1 was constructed, which could directly express GLP-1. As discussed above, lipopolysaccharides (LPS) could prompt inflammation and amyloidogenesis in the brain, by inducing the disorder of TNF-a, IL-1β, and cyclooxygenase-2 (COX-2) (87). MG1363-pMG36e-GLP-1 decreased the escape latency in mice that are injected with LPS. It has also impaired the ability of spatial learning and memory compared with the control model mice. Consistently, supplementation of MG1363-pMG36e-GLP-1 could also offset the markedly enhanced level of TLR-4 expressing on glial cells induced by LPS (88). According to the previous reports, LPS can bind to the TLR-4 on the glial cells, activate the NF-κB pathway to trigger inflammatory responses, and subsequently facilitate the secretion of TNF-α and IL-6 (89). This can alter the normal balance in synaptic plasticity and lead to cognitive decline (90). Similarly, GLP-1 reduced the expression of p-p38, p-JNK, and p-AKT, as shown in Box 2, suggesting that GLP-1 suppresses inflammatory responses by inhibiting the MAPKs signaling pathway (88) as shown in Figure 2. Therefore, anti-inflammatory and neuroprotection effects might be exerted through inhibiting NF-κB and MAPKs signaling pathways (88). Based on the results mentioned above, GLP-1 related signaling pathways have been corroborated as promising strategies to prevent and treat AD.



GLP-1 and Hypertension

GLP-1 analogues LG and exendin-4 have been investigated in multiple models of hypertension. Not only do the effects on BP differ between acute and chronic administration methods, it is also seemingly species-dependent. A short-term administration of LG results in an unchanged or slightly elevated BP while the long-term administration has the opposite effect. Regardless of distinctive administration methods, it was confirmed that the speedy decline in BP could be observed after LG or exendin-4 injection in response to angiotensin II (Ang II) infusion in the C57BL/6 mouse model while in Glp1r−/− mice BP was not affected (91). Studies have also found that in vitro application of LG in isolated blood vessel segments cannot lower blood pressure. In most of the acute infusion studies conducted in healthy adults, BP was unchanged. Current clinical data indicate that GLP-1R agonists reduce BP in diabetic patients (92) and the antihypertensive effect can also be observed in Dahl salt-sensitive rats (93), in Ang II -induced hypertension rats (15, 91) and SHRs rats (94). Collectively, these studies indicate that the antihypertensive effect of GLP-1 is mediated by its natriuretic effect on the kidneys, vasodilation on endothelial cells, and reduction of sympathetic activity on brain stem catecholamine neurons (95). Following healthy human subjects infusion with native GLP-1, diastolic blood pressure (DBP) showed a slight increase, concomitant with a related increase in muscle sympathetic nerve activities (96). This suggests that endogenous GLP-1 might have the ability to reduce BP. Notably, multiple clinical experiments show that systolic blood pressure (SBP) is decreased by GLP-1R agonists in T2DM hypertensive patients while DBP is less affected (92, 97, 98). Furthermore, numerous research studies have shown that long-term blockade of GLP-1R signaling by GLP-1R antagonist exenatide- (9–39) enhances SBP but doesn’t affect DBP in normotensive and hypertensive rats, suggesting the relatively weak correlation between GLP-1 and DBP (99). Additionally, further investigations proved that a blockade of GLP-1R could result in the GFR reduction and NHE3-mediated sodium reabsorption enhancement in the proximal tubule (100). Previous studies have also demonstrated that GLP-1R agonists exendin-4 (Ex4) induced diuresis and natriuresis by increasing GFR and inhibiting the main renal proximal tubule sodium reabsorption in normotensive rats (101, 102). As mentioned above, GLP-1R signaling plays a natriuretic role to modulate Na+ balance and prevents volume expansion (95). It is also worth noting that GLP-1’s cardioprotective effects act independently of weight loss with a higher expression level of cardio-protective genes, including Akt, GSK3b, PPARD and so on (103). After intravenous administration of native GLP-1 in healthy adults, the cardiac output increased (104). Furthermore, Ex4 treatment of isolated mouse cardiomyocytes increases the phosphorylation of AKT and ERK (105) and has positive effects on cardiomyocytes growth and survival (106). Opposite results were also found in isolated adult rat cardiomyocytes that contraction was not be accelerated after treated with GLP-1 (107), accompanied with a decreased left ventricular contractility (108). At the same time, GLP-1 enhanced the heart recovery after ischemia and improved left ventricular functions in the same study, suggesting that its effects on BP may depend on different physiological conditions. Moreover, decreased HR and cardiac contractility, increased thickness of the left ventricular wall and left ventricular developed pressure (LVDP) were also seen in GLP-1-/- mice (109, 110). Given this, the performance and output of the heart were improved by GLP-1 in the post-ischemic heart while cardiac output was decreased by GLP-1 in non-pathological conditions (111). In this way, it can be seen that BP fluctuates due to different physiological states, which could exert an influence on the functions of GLP-1.

Furthermore, in most studies concerning the chronic effects of GLP-1 on BP, BP is not the primary or pre-established endpoint and most data comes from studies in T2DM. In several studies, consistent decrease of SBP and BP-lowering occurred in the early period independent of weight loss (112–114). At the same time, when GLP-1 is used in conjunction with other antihypertensive agents, its antihypertensive effect appears to be adjunctive and independent of the effects of other antihypertensive agents (115). Presently, a large number of experimental animals have been used to elucidate its mechanisms, but the pathways aren’t detailed enough to be clearly illuminated in humans (91). More specifically, it is ambiguous whether this same pathway works in humans. That is to say, it may be beneficial for better application of GLP-1 drugs with a comprehensive understanding of their capacity to selectively lower BP. GLP-1 drugs are promising treatment option in cardiovascular diseases which is often a co-morbidity in T2DM.



Correlation Between GLP-1 and Non-Alcoholic Steatohepatitis

There is currently a significant increase in the rate of patients with non-alcoholic fatty liver disease (NAFLD) with its prevalence rate reaching up to 40%. It has now surpassed viral liver disease to become the world’s most common liver disease, increasing the imminence of more basic and clinical research. A large number of studies have shown that the longer the disease lasts for, the more other serious diseases will develop such as liver cancer and liver failure. NAFLD, divided into two categories: non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis (NASH), is a group of diseases with different clinical manifestations and progression rates in individuals (116). With the overload supply of metabolic substrates, excessive fat accumulates in the hepatocytes, accompanied by gradual generation of potential toxic lipid species and the progressive increase in de novo lipogenesis (DNL) in NAFLD (117). Characterized by cell injury and inflammatory cell infiltration, NASH is regarded as a more aggressive form of NAFLD possibly progressing to cirrhosis and hepatocellular carcinoma with limited treatment options (18). Obesity and T2DM represent two of the major risk factors for NASH (118) and with a history of NASH, the possibility of suffering liver and cardiovascular diseases is greatly increased (119). Furthermore, IR in the liver and adipose tissue has been regarded as a crucial driver of NASH morbidity and mortality (48), while GLP-1 analogues have the ability to improve glycaemic control, lowering weight and activating liver enzymes in patients with T2DM. All these functions help promote GLP-1 an appealing therapy of NASH (120). Through promoting lipolysis in adipose tissue, IR is believed to exacerbate lipotoxicity, which is positive feedback further aggravating the imbalance of metabolism (121). Besides, macrophages (Mφ) in adipose tissue are also involved in IR and lead to the impairment of adipose tissue functions (122). Numerous studies have demonstrated that elevated fatty acid levels activate the TLR-4 signaling in adipose tissue, urging the polarization of Mφ to polarize from the anti-inflammatory M2 Mφ into the pro-inflammatory M1 Mφ (123). Furthermore, tumor necrosis factor-α (TNF-α) and IL-6 are produced by M1 Mφ, which are relevant components in the occurrence of IR (124). Besides, oxygen provision is deficient on account of hypertrophic adipose tissue and hypoxia is associated with fatty infiltration caused by M1 Mφ, which may be a potential mechanism of IR (122, 124). In the meantime, mitochondrial dysfunction is induced by hepatic IR and lipid accumulation and the lipid peroxidation mediated by cytochrome p450 2E1 boost the production of reactive oxygen and promote the degradation of mitochondria (125), which could further lead to the lack of cellular energy and metabolic intermediates accumulation, all these may lead to the secretion of pro-inflammatory cytokines, hepatocellular apoptosis and hepatic fibrogenesis, finally resulting in cirrhosis of the liver (125) (Figure 3).




Figure 3 | Illustration of the complex pathologic processes of NASH. T2DM and obesity increase the risk of NASH. IR in the adipose tissue and liver is a key driver, which leads to the imbalance of metabolism. Mitochondrial damage leads to less cellular energy production and adipose tissue hypertrophy, resulting in Mφ changing from the anti-inflammatory M2 Mφ state into the pro-inflammatory M1 Mφ. The process of all these changes will lead to enhance secretion of TNF-α, IL-6 and lipid accumulation in the hepatocyte, which eventually develop into fibrosis and cirrhosis.



To date, NASH is considered as a progressive form of NAFLD. Due to the complexity of NASH, no current treatment is approved for it (126) and most therapies remain to be traditional and focus on lifestyle intervention, which is difficult to maintain (127). Abundant evidence revealed that liver fibrosis is a key factor determining clinical outcomes in NASH patients (128). Pioglitazone and vitamin E are considered as possible treatment options while they have no effects on liver fibrosis (116). LG and semaglutide are proven to have beneficial effects on the histologic resolution of the disease (129, 130). Besides, the GLP-1R/GGCR dual agonist, Cotadutide, was shown to relieve steatosis, inflammation and fibrosis in both Ob/Ob NASH mice model and C57BI/6J NASH mice model (131). Several lines of evidence suggest that the potential roles of LG directly act on human liver cells in vitro to reduce steatosis by decreasing the level of DNL and increasing the fatty acid oxidation (132–134). Notably, after receiving LG, most patients showed improvements in steatosis and hepatocyte ballooning. Exciting experimental evidence available in patients with NASH suggests the potential of LG to reduce lipotoxicity by improving adipose tissue’s insulin sensitivities (49). After receiving LG, only a tiny portion of patients with NASH showed progression (129). Semaglutide, which is similar to LG, has been reported to reduce levels of alanine aminotransferase and markers of inflammation (135) with the levels of inflammation biomarkers being significantly lower after it treatment. Given the lack of liver GLP-1R expression (136), the potential mechanism of actions of GLP-1R agonists in NASH may be related to the indirect beneficial effects on body weight, IR and reduction in metabolic dysfunction, lipotoxic effects and inflammation (49, 137). LG and semaglutide treatment of NASH may be multifactorial, probably resulting from the accruing effects on losing weight and better control of glycaemic index (129). Moreover, Cotadutide was demonstrated to decrease fat accumulation in the liver and retard hepatic fibrogenesis developing in high-fat diet (HFD) and HFD/CCl4 mouse models (138, 139). Other studies show that Cotaduide could intervene and reverse NASH through improving metabolism in the liver including lipid and glucose metabolism via GCGR in mice, suggesting that Cotaduide may be a potential and viable therapeutic as a targeted drug intervention to reverse disease progression of NASH (131).




Conclusions

To sum up, GLP-1 has extensive effects based on its biological characteristics through binding to GLP-1R. Apart from being used for treating T2DM, GLP-1 has a close relationship with AD and BP. Correspondingly, it is confirmed that GLP-1 analogues have neuroprotective and anti-inflammatory effects, which could alleviate learning and memory dysfunctions in the AD brain. GLP-1 is related to BP which depends on species, administration methods and physiological conditions. However, the principle of GLP-1 regulating BP is still not fully understood. Due to the ability to ameliorate IR and lipotoxicity in the pathogenesis of NASH, GLP-1R is a potential therapeutic target for NASH. In conclusion, GLP-1 provides a novel approach for treating AD, hypertension and NASH.
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Treatment with exogenous GLP-2 has been shown to accelerate the growth of intestinal adenomas and adenocarcinomas in experimental models of colonic neoplasia, however, the role of endogenous GLP-2 in tumor promotion is less well known. Mice with a global deletion of the glucagon receptor (Gcgr-/-) display an increase in circulating GLP-1 and GLP-2. Due to the intestinotrophic nature of GLP-2, we hypothesized that Gcgr-/- mice would be more susceptible to colonic dysplasia in a model of inflammation-induced colonic carcinogenesis. Female Gcgr-/- mice were first characterized for GLP-2 secretion and in a subsequent study they were given a single injection with the carcinogen azoxymethane (7.5 mg/kg) and treated with dextran sodium sulfate (DSS) (3%) for six days (n=19 and 9). A cohort of animals (n=4) received a colonoscopy 12 days following DSS treatment and all animals were sacrificed after six weeks. Disruption of glucagon receptor signaling led to increased GLP-2 secretion (p<0.0001) and an increased concentration of GLP-2 in the pancreas of Gcgr-/- mice, coinciding with an increase in small intestinal (p<0.0001) and colonic (p<0.05) weight. Increased villus height was recorded in the duodenum (p<0.001) and crypt depth was increased in the duodenum and jejunum (p<0.05 and p<0.05). Disruption of glucagon receptor signaling did not affect body weight during AOM/DSS treatment, neither did it affect the inflammatory score assessed during colonoscopy or the number of large and small adenomas present at the end of the study period. In conclusion, despite the increased endogenous GLP-2 secretion Gcgr-/- mice were not more susceptible to AOM/DSS-induced tumors.
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Introduction

The glucagon-like peptides (GLPs) are post-translational cleavage products of the precursor polypeptide proglucagon (1, 2). Proglucagon is processed in a tissue-specific manner, giving rise to glicentin/oxyntomodulin, GLP-1 and GLP-2 in the intestine and brain, and glucagon and the major proglucagon fragment in the pancreas (2, 3). GLP-2 exerts its effect primarily in the intestine where it controls mucosal growth and adaptation (1, 4, 5). Administration of exogenous GLP-2 increases intestinal proliferation, decreases apoptosis (6), improves nutrient absorption (7), enhances barrier function (8) and intestinal blood flow (9, 10), and it can be demonstrated that endogenous GLP-2 mediates adaptive regrowth after a period of nutrient deprivation (11). These intestinotrophic features of GLP-2 have guided the hormone’s therapeutic potential for the treatment of intestinal injury, culminating in the FDA approval of the DPP-4 resistant human GLP-2 analog teduglutide for the treatment of adults and children aged 1 and over for short bowel syndrome, who are receiving parenteral support (12).

Due to the observed tropic effects of exogenous GLP-2, the potential for growth acceleration and malignant transformation of subclinical neoplasia remains a question for the safety of treatment with GLP-2 receptor agonists. Several studies have examined the effects of GLP-2 on the development of neoplastic changes in the intestines of mice (13–15) using multiple modes of tumorigenesis including pro-carcinogens azoxymethane (AOM), 1,2-dimethylhydrazine (DMH) as well as ApcMin/+ mice. Yet, the lack of consensus in the literature regarding the tumor-promoting effect of GLP-2 warrants further investigations; in addition, the effects of chronically elevated levels of endogenous GLP-2 and its potential contribution to neoplastic development have never been investigated.

Partial or complete blockage of glucagon action, achieved through genetic loss (16–18) or pharmacological blockage of glucagon signaling (17, 19) is associated with pancreatic GLP-1 production and increased circulating GLP-1 in mice, most likely due to pancreatic α-cell hyperplasia (20). Consequently, these mice display decreased blood glucose (21), improved glucose tolerance, enhanced glucose-stimulated insulin secretion (17), and resistance to streptozotocin-induced diabetes (22). The consequences of attenuating glucagon receptor signaling on GLP-2 and the assessment of impact is less well known, but it has been demonstrated that a small fraction of the major proglucagon fragment is normally processed to GLP-2 (23).

In the present study, we assessed the use of Gcgr–/– mice as a model of chronically elevated GLP-2 secretion. We characterized the tissue-specific production of GLP-2 in the pancreas, intestine and plasma and hypothesized that these changes would correlate with a characteristic GLP-2-induced growth response. Finally, we used AOM/DSS treated Gcgr–/– mice to assess the development of colonic tumorigenesis in the presence of increased endogenous GLP-2.



Materials and Methods


Animals

All experiments were conducted following the guidelines of Danish legislation governing animal experimentation (1987) and with permission from the Danish Animal Experiments Inspectorate (license no. 2013-15-2934-00833). Glucagon receptor knockout (Gcgr−/−) mice C57BL/6Gcgrtm1Mjch were bred in-house with permission from Dr. Maureen Charron as detailed previously (16). Animals used in experimentation were between 8-10 weeks old and Gcgr+/+ littermates were used as controls. All mice were housed in individually ventilated cages in a standard 12:12 h light-dark cycle with free access to water and standard chow. Mice were housed in groups of 6-8 independent of genotype.



Intestinal Characterization of Gcgr−/− Mice

Unfasted female Gcgr−/− mice (n=8) and their Gcgr+/+ littermates (n=10) were anesthetized with an intraperitoneal injection of ketamine (90 mg/kg) (MSD Animal Health, Madison, New Jersey, USA) and xylazine (10 mg/kg) (Rompun Vet, Bayer Animal Health, Leverkusen, Germany), body weight was recorded and blood was drawn from vena cava and transferred to EDTA coated tubes containing a dipeptidyl peptidase-4 inhibitor (0.01mmol/L valine pyrrolidide (ValPyr), final concentration) (Novo Nordisk, Denmark). Plasma samples were centrifuged at 1200 g for 15 min at 4°C then stored at -20°C until processing. The small and large intestine was removed, flushed with saline and weighed (24). Tissue from duodenum, jejunum, ileum and mid colon was fixed in 10% neutral formalin buffer (Cell Path Ltd, Powys, United Kingdom) for 24 h and afterward transferred to 70% alcohol until further processing for morphometry. Tissue from duodenum, jejunum, ileum, mid colon and pancreas was snap-frozen and stored at -80°C for gut hormone analysis.

In a separate study, unfasted female and male Gcgr−/− mice (n=16) and their Gcgr+/+ littermates (n=15) were anesthetized as above and plasma was collected as described above.



Histology

Formalin-fixed tissue was dehydrated and paraffin-embedded. Histological transverse sections of 4 μm were cut and stained with hematoxylin/eosin. Villus height and crypt depth was measured in at least 20 well-oriented villi and crypts per animal (24). Slides were examined with a light microscope connected to a camera (Zeiss Axio Lab.A1, Brock & Michelsen, Birkeroed, Denmark). Morphology was analyzed using Zeiss Zen lite software (Carl Zeiss Microscopy GmbH, Göttingen, Germany). All measurements and evaluations were performed with the observer blinded from the origin of the tissue.



Pancreatic and Intestinal Protein Extraction, Plasma Extraction and Measurement of GLP-2

Snap-frozen tissue was subject to peptide extraction carried out as previously described (25). In brief, the protein was extracted by homogenization in 1% trifluoroacetic acid (TFA) (Thermofisher Scientific, Massachusetts, USA) and the concentration of protein was determined using the Pierce BCA Protein Assay Kit (Thermofisher Scientific). The peptide was purified by solid phase extraction using tc18 cartridges (Waters, Massachusetts, USA) which were eluted using 70% ethanol containing 0.1% TFA. The eluates were air-dried overnight using a blow system and reconstituted in 1 ml of assay buffer (phosphate buffer 80 mM, 0.1% human serum albumin, EDTA 10 mM, pH 7.5) containing 0.01 mM ValPyr. Intact, biologically active GLP-2 was quantified by radioimmunoassay utilizing antiserum #92160 specific for an intact N-terminus of GLP-2 (1–33) (2). Plasma measurements were made from two pooled plasma samples and were extracted with 75% ethanol before analysis.



Establishment of the AOM/DSS Model

Female Gcgr−/− mice (n=19) and their Gcgr+/+ littermates (n=8) received an intraperitoneal injection of azoxymethane (7.4 mg/kg) (Sigma-Aldrich, Denmark), followed by one cycle of 3% dextran sulfate sodium (DSS) (Mr ~40,000) (Sigma-Aldrich, Denmark) for six days commencing day eight. Mice were weighed on day 1, 4, 8, 10, 11, 12, 13, 16, 18, 27, 30, 38 and 44. All mice were euthanized on day 44.



Endoscopic Investigation

Twelve days after DSS treatment Gcgr−/− mice (n=4) and their Gcgr+/+ littermates (n=4) were anesthetized with isoflurane (Baxter, Lillerod, Denmark; flow concentration: (1.5% vol./vol.) and subjected to high-resolution colonoscopy using the COLOVIEW mini-endoscopic system (Karl Storz, Tuttlingen, Germany) according to the Becker et al., 2006 protocol (26). The observer was blinded as to the genotype of the mouse, and colons were assessed using the murine endoscopic index of colitis severity (MEICS), with a maximal score of 15.



Macroscopic Analysis of Early Colon Adenomas

After euthanasia by cervical dislocation, the colons were flushed through the rectum with PBS, followed by ice-cold 4% paraformaldehyde. Colons were fixed for 3-5 min with paraformaldehyde. The colons were then removed, cut longitudinally and pinned to a polyethylene plate. The samples were further fixated for 24 h in 4% paraformaldehyde and then transferred to 70% ethanol until further analysis. The colons were washed in distilled water and stained with 0.2% methylene blue for 30 min and examined using a stereomicroscope. The number of adenomas ≤ 2 mm in diameter and those larger were counted. The investigator was blinded concerning the origin of the tissue.



Statistical Analysis

All statistics were performed using GraphPad Prism 8. Statistical evaluation of the data was carried out using two-sided, unpaired t tests when comparing two independent groups. Survival curves were drawn using the Kaplan-Meier method and analyzed using the log-rank test. Values of p<0.05 were considered significant and all data in the text and graphs are presented as mean ± SEM.




Results


Biochemical Characterization of Gcgr−/− and Gcgr+/+ Mice

Extractable GLP-2 in the pancreas could not be detected in Gcgr+/+ mice but was present in the Gcgr−/− mice at a concentration of 38 ± 15 pmol/g protein (p<0.0001) (Figure 1A). Extractable intestinal GLP-2 was not affected by genotype (Figure 1B). Secreted GLP-2 measured in the plasma was found to be 35 ± 13 pmol/L in the Gcgr−/− mice. This was highly significant compared to 3 ± 1 pmol/L in the Gcgr+/+ mice (p<0.0001) (Figure 1C).




Figure 1 | Biochemical characterization of Gcgr−/− and Gcgr+/+ mice. Extracted GLP-2 (1-33) in (A) the pancreas and (B) intestine normalized to grams (g) protein determined by BCA assay. (C) Plasma levels of GLP-2 (1-33). Gcgr+/+ mice are shown in black and Gcgr−/− mice are shown in grey. Data were compared using a two-sided, unpaired students t-test and presented as means ± SEM. ****p value <0.0001, ND, non-detectable.





Body Weight and Morphometric Characterization of the Intestine of Gcgr−/− and Gcgr+/+ Mice

The body weight of Gcgr−/− mice did not differ from their Gcgr+/+ littermates (Figure 2A). The SI and colon weight, normalized to body weight, was 25% and 8% larger in Gcgr−/− mice compared to Gcgr+/+, (p<0.0001 and p<0.05) (Figures 2B, C). Villus height was significantly higher in the duodenum of Gcgr−/− mice compared to Gcgr+/+ (p<0.01) but did not differ in the jejunum or ileum (Figure 2F) as visualized in the histological photographs (Figures 2D, E). Crypt depth was significantly deeper in the duodenum and jejunum of Gcgr−/− mice compared to Gcgr+/+ (p<0.05 and p<0.05) (Figure 2G) but the crypts in the ileum and colon did not differ (Figure 2G).




Figure 2 | Morphometric characterization of the intestine of Gcgr−/− and Gcgr+/+ mice. (A) Body weight (BW). (B) Small intestinal (SI) weight and (C) colon weight normalized to BW. (D) Hematoxylin and eosin-stained intestinal tissue, from Gcgr+/+ mice (Di) duodenum, (Dii) jejunum, (Diii) ileum and (Diiii) colon; and (E) Gcgr-/- mice (Ei) duodenum, (Eii) jejunum, (Eiii) ileum and (Eiiii) colon. (F) Villus height and (G) crypt depth estimations. Data were compared using a two-sided, unpaired students t-test and presented as means ± SEM. *p value <0.05, **p value <0.01, ****p value <0.0001.





AOM/DSS Model in Gcgr−/− Mice

Throughout the experiment, the body weight did not differ greatly between Gcgr-/- and Gcgr+/+ mice, but the body weight characteristically fell and recovered following DSS treatment regardless of genotype (Figure 3A). The final body weight did not differ between Gcgr−/− and Gcgr+/+ mice. Genotype did not affect the survival probability following AOM/DSS (Figure 3B). Colonic mucosal damage, scored by colonoscopy 12 days after DSS treatment, did not differ between Gcgr-/- and Gcgr+/+ mice (Figure 3C). After 6 weeks, all animals had the presence of adenomas, predominantly located in the distal part of the colon. The number of both small, defined as ≤ 2 mm in diameter, and large adenomas, defined as > 2 mm in diameter was the same in Gcgr-/- and Gcgr+/+ mice (Figures 3D, E).




Figure 3 | AOM/DSS model in Gcgr−/− and Gcgr+/+ mice. Female Gcgr−/− mice (n=19) and their Gcgr+/+ littermates (n=8) received an intraperitoneal injection of azoxymethane (7.4 mg/kg), followed by one cycle of 3% DSS commencing day eight for six days. Body weight (BW) (A) was recorded once or twice a week. (B) Survival probability during the period of experimentation. (C) Murine endoscopic index of colitis severity, with a maximal score of 15. (D) The number of small adenomas per colon defined as smaller than 2 mm in diameter. (E) The number of large adenomas per colon defined as larger than 2 mm in diameter. Data were compared using a two-sided, unpaired students t-test or log-rank test and presented means ± SEM.






Discussion

Teduglutide, a stabilized version of GLP-2, has been approved for the treatment of adult and pediatric (1 year and older) short bowel syndrome in patients requiring parenteral support (12). Benefits to patients include an increase in intestinal wet weight and absorption (27) leading to a reduction in parenteral nutrition volume requirements, but exogenous GLP-2 administration in animal models has been linked to the acceleration of neoplastic growth (13, 14). This highlights the urgency of further research into the role of GLP-2 and malignancy. Here, we used the Gcgr-/- mouse as a model for elevated GLP-2 and assessed colonic dysplasia using the AOM/DSS model of inflammation-induced colonic carcinogenesis.

We investigated the intestinal parameters in the Gcgr-/- animals. The weight of the small intestine was increased by 25% in the Gcgr-/- mice. Morphological examination revealed increased villus height and crypt depth in the proximal portion. Also, the weight of the colons of the Gcgr-/- mice were found to be larger than normal. Such a growth response mirrors that seen following GLP-2 treatment in animal models (26–28). Next, we investigated the plasma concentration of GLP-2 and found that this was highly elevated in the Gcgr-/- mice. Proglucagon is produced in both the pancreas and in the intestines, therefore we investigated the tissue concentration in these tissues. Even though we did find that the intestines were hypertrophic, GLP-2 measurements from the intestine showed the typical distribution with the highest concentrations measured in the colon followed by the ileum with no differences between knockout and wild type animals. However, we did find that the pancreas had an elevated concentration of GLP-2. We have previously described that Gcgr-/- mice showed alpha-cell hyperplasia and hypertrophy, and increased pancreatic concentrations of GLP-1 and glucagon (20). In the normal state, proglucagon is primarily processed to glucagon by prohormone convertase (PC1/3) in the alpha cells (3) and GLP-1 and GLP-2 are mainly produced in the intestinal L cells by PC2 cleavage, but small amounts of fully processed GLP-2 are found in the pancreas (23). As previously observed (20), GLP-1 concentrations were rather low compared to the very increased glucagon levels (<1%), and the increase in both GLP-1 and GLP-2 is assumed to be a consequence of extreme proglucagon expression in the knockout mice. It would seem fair to assume that the massive intestinal growth would be a consequence of the increased level of GLP-2, however, we cannot from our data exclude any other reasons.

Taken together we proposed the Gcgr-/- mouse as a model of increased endogenous GLP-2, which can be used to investigate chronically elevated levels of endogenous GLP-2 and its potential contribution to neoplastic development. Several methodologies exist to induce colon carcinogenesis, yet the AOM/DSS model closely resembles the pathogenesis observed in human colorectal cancer; characterized by frequent tumors located in the distal colon and beginning with polypoidal growth (29). In this study, we show that during the acute inflammation phase following the chemically-induced mucosal injury (12 days following DSS treatment) all mice displayed features of neoplastic growth but the loss of glucagon signalling did not affect the MEICS-score. Additionally, six weeks post AOM injection the number of adenomas was unaffected by the missing glucagon receptor expression. These observations contrast the outcomes of other carcinogen-induced tumorigenesis studies that describe an increase in dysplastic changes following teduglutide treatment (13, 14) and instead support conclusions drawn from experimentation utilizing native GLP-2, wherein there were no increases in malignancy following GLP-2 treatment, utilizing AOM, DMH and the genetic model of human intestinal cancer ApcMin/+ mice (15). However, the functionality of this mouse strain stems from germline mutations in the Gcgr gene which potentially could complicate the interpretation of our data by unanticipated compensatory adaptations arising in mice with germline gene deletions. To combat this issue, we suggest further exploration utilizing long-term glucagon antagonist and assessment of growth and gut hormone content.

To conclude, our results show that although elevated levels of native GLP-2 were associated with a massive growth of both the small intestine and colon, it did not contribute to aggravation of neoplastic growth.
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Bone tissue is organized at the molecular level to resist fracture with the minimum of bone material. This implies that several modifications of the extracellular matrix, including enzymatic collagen crosslinking, take place. We previously highlighted the role of several gut hormones in enhancing collagen maturity and bone strength. The present study investigated the effect of proglucagon-derived peptides on osteoblast-mediated collagen post-processing. Briefly, MC3T3-E1 murine osteoblasts were cultured in the presence of glucagon (GCG), [D-Ala²]-glucagon-like peptide-1 ([D-Ala²]-GLP-1), and [Gly²]-glucagon-like peptide-2 ([Gly²]-GLP-2). Gut hormone receptor expression at the mRNA and protein levels were investigated by qPCR and Western blot. Extent of collagen postprocessing was examined by Fourier transform infrared microspectroscopy. GCG and GLP-1 receptors were not evidenced in osteoblast cells at the mRNA and protein levels. However, it is not clear whether the known GLP-2 receptor is expressed. Nevertheless, administration of [Gly²]-GLP-2, but not GCG or [D-Ala²]-GLP-1, led to a dose-dependent increase in collagen maturity and an acceleration of collagen post-processing. This mechanism was dependent on adenylyl cyclase activation. In conclusion, the present study highlighted a direct effect of [Gly²]-GLP-2 to enhance collagen post-processing and crosslinking maturation in murine osteoblast cultures. Whether this effect is translatable to human osteoblasts remains to be elucidated.
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Introduction

Bone tissue is a two-component material made primarily of poorly crystalline hydroxyapatite tablets and type I collagen-based organic matrices (1). The mineral component confers stiffness to the bone tissue (2, 3) while collagen confers a degree of tensile strength, ductility, and toughness (4, 5). Type I collagen biosynthesis is a complex process and includes several intracellular post-translational modifications in osteoblast including assembly of pro-collagen chains, secretion, extracellular processing, and crosslinking to form a mature functional organic matrix (6). The resulting collagen molecules assemble into collagen type I fibrils that are subsequently stabilized as a result of oxidative deamination of ε-amino groups of specific lysine and hydroxylysine residues by lysyl oxidase, forming aldehyde moieties (7). Aldehyde moieties are extremely reactive and their interactions with other aldehydes in the side chain of amino acids present in the primary structure of type I collagen result in the formation of covalent crosslinks, critical for a functional mature collagen. The formation of collagen fibrils has been described as entropy driven, similar to the self-assembly of microtubules or actin filaments (8). However, several non-collagenic proteins found in the bone extracellular matrix have been shown to regulate collagen deposition and fibril formation. Among them, biglycan and decorin, two small proteoglycans, play a major role in collagen deposition and fibril formation as demonstrated by abnormal collagen fibrils in deficient animals (9, 10). Furthermore, functional lysyl hydroxylase and lysyl oxidase, two key enzymes involved in post-translational modifications of collagen molecules, are also compulsory for normal collagen deposition and fibril organization (11).

A growing body of evidence suggested that several peptides produced by enteroendocrine cells are key in the maintenance of bone quality (12–14). Depending on tissue-specific splicing, proglucagon mRNA gives rise to several peptide including glucagon (GCG), glicentin-related peptide, oxyntomodulin, glucacon-like peptide-1 (GLP-1), and glucagon-like peptide-2 (GLP-2) (15). Administration of exogenous oxyntomodulin, GLP-1, or GLP-2 has previously evidenced beneficial effects on bone quality and especially collagen maturity in vivo (16–18). However, despite the fact that GLP-1 and GLP-2 receptors have previously been evidenced in murine and human osteoblasts (19, 20), little is known whether the observed effects are due to direct activation of osteoblast cells.

The aim of the present study was to investigate whether GCG, [D-Ala²]-GLP-1, and [Gly²]-GLP-2 directly affect collagen biosynthesis and processing in osteoblast cultures.



Materials and Methods


Reagents

Alpha-MEM, penicillin, and streptomycin were purchased from Gibco (Wokingham, UK). Fetal bovine serum was purchased from Eurobio Scientific (Les Ulis, France). [D-Ala²]-GLP-1, GLP-1, [Gly²]-GLP-2, GLP-2, and GCG were synthesized by Genecust (Boynes, France). Purity and molecular mass of peptides were determined by reverse-phase HPLC and mass spectrometry. All other chemicals were purchased from Sigma-Aldrich (Poole, UK) when otherwise stated.



Cell Culture

MC3T3-E1 cells are phenotypically normal osteoblasts, derived from fetal mouse calvaria, that can differentiate into bone-forming osteoblasts and the deposition of bone-like extracellular matrix (21). MC3T3-E1 cells were purchased from the American Type Culture Collection (ATCC, Teddington, UK). Cells were grown and expanded at a ratio of 1:4 in propagation medium containing alpha-MEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin in a humidified atmosphere enriched with 5% CO2 at 37°C. For collagen deposition studies, cells were detached with trypsin-EDTA and plated at a density of 1.5 × 104 cells/cm2 and grown to confluence in propagation medium. Confluence was reached within 48 h. At confluence, the propagation medium was replaced by the differentiation medium containing alpha-MEM supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 50 µg/ml ascorbic acid, and various concentrations of proglucagon-derived peptides. This day was considered as day 1. The differentiation medium was replenished every 2 days. 2′,5′-Dideoxyadenosine (DDA) was used as an adenylyl cyclase inhibitor at a concentration of 50 μM. This concentration has been used previously to dramatically reduce the level of cAMP in MC3T3-E1 cells without affecting osteoblast viability (13).



Receptor Expression

Sequences encoding the murine Gcgr, Glp1r, and Glp2r were synthesized and cloned into pcDNA3.1(+) vector between NheI and EcoRI sites of the multiple cloning sites. The resulting vectors were sequenced for validation (GeneCust, Boynes, France). CHO-K1 cells were purchased from ATCC (Teddington, UK). Cells were grown and expanded at a ratio of 1:5 in propagation medium containing F-12 supplemented with 10% FBS 100 U/ml penicillin and 100 μg/ml streptomycin in a humidified atmosphere enriched with 5% CO2 at 37°C. CHO-K1 cells were transfected with plasmids encoding proglucagon-derived peptide receptors or the empty vector using Invitrogen™ Lipofectamine™ 3000 as recommended by the manufacturer. Twenty-four hours post-transfection, total RNA was extracted using Nucleozol (Macherey-Nagel GmbH, Düren, Germany) and mRNA were purified with NucleoSpin columns (Macherey-Nagel) and stored at −80°C until use. In parallel, MC3T3-E1 cells were grown in propagation medium and total RNA was isolated 48 h post-seeding as for CHO-K1 cells. In a pilot study, we did not evidence changes in expression between 24 h, 48 h, and 72 h. One microgram of total RNA was reverse transcribed using random hexamer primers and SuperScript II reverse transcriptase (Invitrogen, France). Amplification was performed in duplicate with iQ SYBR Supermix (BioRad, Courtaboeuf, France) using a Light Cycler 480 machine (Roche, Mannheim, Germany). Primer sequences have been designed by the Cell and molecular analyses platform of the University of Angers (http://sfricat.univ-angers.fr/fr/plateformes/pacem-analyse-cellulaire-et-moleculaire.html) and are provided in Table 1. Gene expression was calculated using the comparative Ct method with the normalization of the target to the housekeeping gene B2m.


Table 1 | PCR primers used in this study.



At the protein level, receptor expression was investigated by Western blot. Briefly, empty pcDNA3.1(+) vector or vectors containing proglucagon-derived peptide receptor sequences were transfected as above into CHO-K1 cells. Forty-eight hours post-transfection, cells were lysed with RIPA buffer (Thermo Fisher Scientific, Rockford, IL). MC3T3-E1 were grown in propagation medium and lysed with RIPA buffer as described for CHO-K1 cells. Cell lysates were spun at 13,000 g for 15 min at 4°C and stored at −80°C until use. Forty micrograms of protein lysates were loaded and run on a 4%–12% bis Tris plus bolt gel (Thermo Fisher Scientific) and blotted onto a PVDF membrane. The PVDF membranes were blocked with 5% bovine serum albumin (BSA) in Tris buffered saline for 1 h and membranes were incubated overnight at 4°C with specific antibodies for GCGr (Ref NLS4256, Novus Biologicals, Noyal Châtillon sur Seiche, France), GLP-1r (Ref NBP1-97308, Novus Biologicals), or GLP-2r (Ref PA5-76959, Invitrogen, Rockford, IL). Subsequently, the membranes were washed in TBS and incubated with a rabbit IgG HRP-conjugated antibody for 1 h at room temperature. Immunoreactive bands were visualized using an ECL kit (Amersham Biosciences).



Intracellular cAMP Determination and Phospho-Proteome Array

For intracellular cAMP determination and phospho-proteome array, MC3T3-E1 cells were plated at a density of 1.5 × 104 cells/cm2 and grown for 48 h in alpha-MEM supplemented with 5% FBS, 5% bovine calf serum, 100 U/ml penicillin, and 100 μg/ml streptomycin in a humidified atmosphere enriched with 5% CO2 at 37°C. After 48 h, cells were starved in alpha-MEM supplemented with 0.5% BSA for 16 h and then incubated for 15 min in alpha-MEM supplemented with 0.5% BSA and 1 mM IBMX (cAMP assay only) prior to stimulation with proglucagon-derived peptides. After 45 min, cells were washed with ice-cold PBS, incubated in RIPA buffer, and centrifuged at 13,000 g for 10 min. Supernatants were collected and stored at −80°C until use. Cyclic AMP determination was performed with a fluorometric commercially available kit (R&D Systems Europe, Abingdon, UK) according to the manufacturer’s recommendations. Phospho-proteome array was performed using a commercially available kit (ref ARY003C, R&D Systems Europe, Abingdon, UK) according to the manufacturer’s recommendations.



Amine Oxidase Activity

Amine oxidase activity was assessed in the cell culture supernatant after 13 days of culture and stimulation with proglucagon-derived peptides. This period of time corresponds to the highest expression of LOX (11). Oxidase activity was determined using a fluorometric assay developed initially by Palamakumbura et al. (22). At day 12, the differentiation medium was replaced by phenol red-free DMEM containing 0.1% BSA, 50 µg/ml ascorbic acid, and proglucagon-derived peptides. After 24 h, cell culture supernatants were collected, centrifuged at 3,000 rpm for 30 min at 4°C, aliquoted, and stored at −80°C until use. Amine oxidase activity was determined in culture supernatants after incubation at 37°C for 30 min in the presence of 1.2 M urea, 50 mM sodium borate (pH 8.2), 1.3 nmol H2O2, 1 UI/ml horseradish peroxidase, 10 mM diaminopentane, and 10 µM Ampliflu™ red in opaque 96-well plates. At the end of the incubation period, the plate was placed on ice and fluorescence was read using an M2 microplate reader (Molecular devices, St Gregoire, France) with excitation and emission wavelength was set up at 563 nm and 587 nm, respectively.



Fourier Transform Infrared Microspectroscopy (FTIRM)

For determination of enzymatic collagen crosslinking, the same plate used for LOX assay was decellularized prior to examination by FTIRM. Briefly, cells were rinsed with cold PBS and incubated in decellularization medium consisting of 0.2 M cacodylate buffer (pH 7.4), enriched with 0.1% Triton X-100, for 4 h at room temperature. Then, cultures were rinsed abundantly with milliQ water, fixed in absolute ethanol, scraped off the culture dish, and transferred onto BaF2 windows where it was air-dried as reported previously (13).

Collagen crosslinking was evaluated by FTIRM using a Bruker Vertex 70 spectrometer (Bruker optics, Ettlingen, Germany) interfaced with a Bruker Hyperion 3000 infrared microscope equipped with a standard single-element Mercury Cadmium Telluride (MCT) detector. Mid-infrared spectra were recorded at a resolution of 4 cm−1, with an average of 32 scans in transmission mode. Background spectral images were collected under identical conditions from the same BaF2 windows at the beginning and end of each experiment to ensure instrument stability. Water vapor was corrected prior to baseline correction. Post-processing was performed with a lab-made Matlab routine (R2020b, The Mathworks, Natick, CA) and included Mie scattering correction, second-derivative spectroscopy, and curve fitting routines. Trivalent collagen crosslink content (Area ratio 1660 cm-1/Amide 1), divalent collagen crosslink content (Area ratio 1690 cm-1/Amide 1), and collagen maturity (area ratio 1660/1690 cm-1) were computed as reported previously (23).



Statistical Analysis

Each experiment has been replicated at least three times. Results were expressed as mean ± standard deviation (SD). Kruskal–Wallis test with Dunn’s multiple comparisons was used when more than two groups were present in the series. When only two groups were present in the series, non-parametrical Mann–Whitney test was used (GraphPad Prism 6.0, San Jose, CA). Differences at p < 0.05 were considered to be significant.




Results


Activation of MC3T3-E1 Osteoblasts With [Gly²]-GLP-2 But Not GCG or [D-Ala²]-GLP-1

We first examined whether MC3T3-E1 osteoblast cells expressed the known proglucagon-derived peptide receptors. As a positive control, we used CHO-K1 cells transfected with plasmids encoding the murine receptors. As evidenced in Figure 1A, transcripts of all three receptors were present in receptor-transfected CHO-K1 cells. However, in MC3T3-E1 cells, the level of expression of Gcgr and Glp1r was not significantly different as observed in CHO-K1 cells transfected with empty vectors. However, it is worth noting that Glp2r expression in MC3T3-E1 cells, although not significant as compared with CHO-K1 cells transfected with the empty vector, almost reached statistical significance with a p-value of 0.0636. At the protein level, surprisingly, commercial antibodies sold as specific of GCGr and GLP-1r failed to evidence any sign of higher expression in receptor-transfected CHO-K1 cells as compared with empty vector-transfected cells (Figure 1B). A stronger band was observed in GLP-2r-transfected CHO-K1 cells as compared with empty vector-transfected cells. However, as a band was also present in empty vector-transfected CHO-K1 cells, it is difficult to ascertain whether GLP-2r is expressed by MC3T3-E1 osteoblast cells. We also performed a functional assay where MC3T3-E1 cells were stimulated with 50 pM of GCG, [D-Ala²]-GLP-1, or [Gly²]-GLP-2 (Figure 1C). [Gly²]-GLP-2, but not GCG or [D-Ala²]-GLP-1, significantly increased intracellular cAMP levels as compared with saline-treated cells (p = 0.0277), suggesting that MC3T3-E1 osteoblast cells are capable to respond directly to [Gly²]-GLP-2. In order to verify whether such response was specific to [Gly2]-GLP-2 or could be extrapolated to native GLP-2 peptide, we investigated the extent of activation in intracellular pathways in MC3T3-E1 cells. Interestingly, [Gly²]-GLP-2 and GLP-2 activated the same intracellular pathways represented by CREB (Ser133), AMPKa2 (Thr172), and STAT2 (Tyr689) (Figure 1D). Furthermore, in order to ascertain whether increase of intracellular cAMP in MC3T3-E1 cells was restricted to [Gly²]-GLP-2, we compared head-to-head the extent of cAMP elevation with unmodified peptide, and we did not evidence any significant difference (Figure 1E). In order to verify if the lack of cAMP response, in MC3T3-E1 cells, treated with [D-Ala²]-GLP-1 was restricted to the use of the long-lasting analog, we also compared head-to-head the extent of intracellular cAMP response with native peptide. GLP-1 and [D-Ala²]-GLP-1 did not show any sign of cAMP increase and activation.




Figure 1 | Expression and activation of proglucagon-derived peptide receptors in murine osteoblasts. (A) Relative expression of glucagon receptor (Gcgr), glucagon-like peptide-1 receptor (Glp1r), and glucagon-like peptide-2 receptor (Glp2r) was investigated by qPCR. CHO-K1 cells transfected with the empty pcDNA3.1 vector was used as negative control. CHO-K1 cells transfected with the pcDNA 3.1 vector encoding the Gcgr, Glp1r, or Glp2r sequence were used as positive control. Expression in MC3T3-E1 cells was used to assess expression in osteoblast cells. (B) Presence of GCGr, GLP-1r, and GLP-2r was determined by Western blot with commercially available antibodies. Arrowheads point out at the theoretical location of receptor. (C) Intracellular levels of cAMP were determined in MC3T3-E1 cells 45 min after treatment with 50 pM of GCG, [D-Ala²]-GLP-1, or [Gly²]-GLP-2. (D) Phospho-proteome array in MC3T3-E1 cells treated with either saline or 50 pM of GLP-2 or its long-lasting analog [Gly²]-GLP-2. (E) Intracellular levels of cAMP were determined in MC3T3-E1 cells 45 min after treatment with 50 pM of GLP-2 or [Gly²]-GLP-2. *p < 0.05 and **p < 0.01 vs. saline-treated cultures.





Effects of Proglucagon-Derived Peptides on Lysyl Oxidase Activity and Collagen Maturity

We next thought to ascertain whether proglucagon-derived peptides were capable of modulating lysyl oxidase activity, a key enzyme involved in enzymatic crosslinking of collagen fibers in bone tissue, and possibly enzymatic collagen crosslinking in MC3T3-E1 osteoblast cultures. As shown in Figure 2A, only [Gly²]-GLP-2 was capable of significantly enhancing lysyl oxidase activity (p < 0.0001), in a dose-dependent manner up to 50 pM. Neither GCG nor [D-Ala²]-GLP-1 significantly enhanced lysyl oxidase activity. Collagen maturity, representing the ratio of mature trivalent collagen crosslinks over immature divalent collagen crosslinks, was significantly dose-dependently increased with [Gly²]-GLP-2 to reach a maximum at concentrations of 50 pM and above (Figure 2B). However, this parameter was unchanged in the presence of increasing concentrations of GCG or [D-Ala²]-GLP-1. In order to better apprehend the impact of proglucagon-derived peptides on collagen maturity, we thought to determine changes in immature and mature collagen crosslinks. Here again, [Gly²]-GLP-2, but not GCG or [D-Ala²]-GLP-1, significantly reduced dose-dependently the extent of immature crosslinks and increased the amount of mature crosslinks, suggesting an acceleration of collagen crosslink maturation (Figures 2C, D). Indeed, when divalent and trivalent collagen crosslinks were plotted at the concentration of 50 pM (Figure 2E), it appeared obvious that conversion of immature to mature crosslink was enhanced in the presence of [Gly²]-GLP-2.




Figure 2 | Proglucagon-derived peptides and collagen matrix quality. (A) Lysyl oxidase activity and (B) collagen maturity, expressed as the ratio of mature trivalent/immature divalent collagen crosslinks, are dose-dependently increased in the presence of [Gly²]-GLP-2, but not GCG or [D-Ala²]-GLP-1. (C) Percentage of immature and (D) mature collagen crosslinks in the extracellular matrix. (E) Normalized enzymatic collagen crosslinking in the extracellular matrix at 50 pM. **p < 0.01 and ***p < 0.001 vs. untreated cultures.





[Gly²]-GLP-2 Enhances LOX Activity and Collagen Maturity Through a cAMP-Dependent Pathway

As [Gly²]-GLP-2 induced a significant rise in intracellular cAMP, we thought to determine the contribution of this pathway in MC3T3-E1 osteoblast cultures. As presented in Figure 3A, and as expected, the use of 2′,5′-dideoxyadenosine (DDA) significantly reduced the intracellular levels of cAMP as compared with vehicle-treated cultures (p = 0.002). Subsequently, we also examined the impact of cAMP inhibition on LOX activity (Figure 3B). Interestingly, the use of DDA significantly reduced LOX activity to levels similar to saline-treated cultures (p = 0.008). Consequently, the collagen maturity was also altered and reduced by 16% ± 2% in [Gly²]-GLP-2+DDA-treated cultures as compared with [Gly²]-GLP-2+vehicle-treated cells (p = 0.002) (Figure 3C).




Figure 3 | GLP-2 action on collagen maturity is dependent on adenylyl cyclase activity. MC3T3-E1 osteoblast cells were incubated with a specific adenylyl cyclase inhibitor (DDA) prior to incubation with 50 pM [Gly²]-GLP-2. (A) cAMP, (B) LOX activity, and (C) collagen maturity in osteoblast cultures. **p < 0.01 vs. vehicle-treated cultures.






Discussion

Several lines of evidence suggest that peptides produced by enteroendocrine cells are beneficial for bone quality and strength (16, 24–28). Indeed, GLP-2 was previously shown to reduce circulating markers of bone resorption rapidly after administration and to enhance bone mineral density in post-menopausal women (29, 30). The present study provides new insights into the effects of proglucagon-derived peptides on osteoblasts and highlights that [Gly²]-GLP-2 but not GCG or [D-Ala²]-GLP-1, directly participates in collagen post-processing through activation of adenylyl cyclase and the production of cAMP.

The present study could not demonstrate with certitude the presence of the known GLP-2 receptor at the surface of MC3T3-E1 cells. MC3T3-E1 cells are murine preosteoblasts, similar to calvarial osteoblasts, that can be differentiated into mature osteoblasts in the presence of ascorbic acid (21). Previously, it has been postulated that GLP-2 exerts its skeletal effects through binding in parathyroid glands and reduction of parathyroid hormone secretion (31, 32). Unfortunately, the specificity of the anti-GLP-2r used in this study was not enough to validate undoubtedly the presence of GLP-2r in osteoblasts. Specificity of GLP-2r antibodies is a real issue, which has also been previously reported by others (33, 34) and indeed, and up to now, we did not validate a suitable antibody. Previously, expression of the GLP-2r had been detected in human osteosarcoma-derived MG-63 and TE-85 cell lines (19). However, more recent human data, acquired in human bone marrow mesenchymal stem cell differentiated towards osteoblasts, suggest the absence of the known GLP-2r (35). Our data gathered in the MC3T3-E1 cells are in agreement with such observation, but it is worth noting that we cannot exclude a low level of expression of this GLP-2r in murine osteoblasts or alternative splicing that could hamper its detection with our primer pair as already evidenced by others recently in the testis (36). However, and more interestingly, administration of [Gly²]-GLP-2 or GLP-2 in the osteoblast cultures resulted in increased concentration of intracellular cAMP, suggesting that these cells were still capable to respond to these peptides. Further studies are required to fully elucidate the mechanism of action of GLP-2 in osteoblasts. However, it is worth noting that such observations have already been reported for GLP-1 in the past with the possible presence of a secondary receptor in MC3T3-E1 cells (37). However, whether such receptor is specific to GLP-1, or shared with other molecules, remains to be elucidated. Nevertheless, the data presented in the present study suggest that if this receptor is present in MC3T3-E1 cells, it is not involved in collagen post-processing.

Administration of [Gly²]-GLP-2 into mature murine osteoblast cultures resulted in higher lysyl oxidase activity, a faster conversion of immature to mature collagen crosslinks, and ultimately to a higher maturity of the newly deposited extracellular matrix. This process was dependent on adenylyl cyclase as the use of a specific adenylyl cyclase inhibitor, 2’,5’dideoxyadenosine, blocked this effect. This is interesting and in agreement with already published literature where higher collagen maturity was observed in GLP-2-treated ovariectomized animals (16). Previously, effects of GLP-2 action on bone resorption have been hypothesized through a parathyroid hormone-dependent mechanism (31, 32). More recent literature is in agreement with such effects (35). However, in the present study, we also evidenced that the action of [Gly²]-GLP-2 on bone physiology is due to a direct stimulation of cAMP in osteoblasts. The respective contribution of direct vs. indirect effects of GLP-2 on collagen maturity in vivo requires to be further elucidated.

Importantly, in this study, we failed to evidence any effects of GCG or [D-Ala²]-GLP-1 on osteoblast-mediated actions. We did not observe the expression of GCGr or GLP-1r in osteoblasts and here again, the specificity of commercial antibodies directed to GCGr or GLP-1r epitopes was not satisfactory to highlight unambiguously the presence of these receptors in these cells. Nevertheless, we previously evidenced the lack of the known Glp1r expression in murine bone (26) whereas several authors demonstrated its expression in bone cell and tissue (19, 20, 38). Despite no receptor expressed on osteoblast, GLP-1 administration in several preclinical models of bone disorders demonstrated a potential for enhancing collagen post-processing, suggesting that the actions of GLP-1 are extraskeletal (12, 17, 18, 39). Furthermore, in clinical studies, GLP-1 was also capable of reducing osteoclast resorption as indicated by a reduction in CTx levels but had no effects on circulating marker of bone formation (40). However, although the presence of a putative GLP-1r in osteoclast remains to be fully demonstrated, it is plausible that the effects of GLP-1 on osteoclast resorption might be indirect.

Interestingly, GLP-2 is the second gut hormone, after glucose-dependent insulinotropic polypeptide (GIP), to exhibit direct effects on osteoblast-mediated collagen post-processing. Indeed, GIP is capable of enhancing directly LOX activity and collagen crosslinking in a cAMP-dependent manner, similar to what is observed with [Gly²]-GLP-2 (13). Recently, it was evidenced that GIP exerts this effect through activation of adenylyl cyclase, protein kinase A, phosphorylation of beta-catenin at Ser675, and complexation with TCF/LEF transcription factor in the LOX promoter (41). It remains to be ascertained whether GLP-2 exerts its effect through similar intracellular signaling pathways in osteoblasts. Nevertheless, it was previously shown that GLP-2 effects on circulating markers of bone remodeling were not inhibited by GIP3-30, a known GIPr antagonist (32), suggesting that GIP and GLP-2 would exhibit a synergistic action. It would be interesting to evaluate whether both peptides act synergistically to improve collagen post-processing.

In conclusion, the present study highlighted a direct effect of [Gly²]-GLP-2 to enhance collagen post-processing and crosslinking maturation in murine osteoblast cultures despite the fact that the known GLP-2r was not evidenced with certainty. Whether this effect is translatable to human osteoblasts remains to be elucidated.
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Postprandial glycemic control is an important target for optimal type 2 diabetes management, but is often difficult to achieve. The gastrointestinal tract plays a major role in modulating postprandial glycaemia in both health and diabetes. The various strategies that have been proposed to modulate gastrointestinal function, particularly by slowing gastric emptying and/or stimulating incretin hormone GLP-1, are summarized in this review.
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Introduction

The importance of glycemic control to the optimal management of diabetes has now been clearly established (1). Glycemic control can be estimated in a number of ways – including random blood glucose, fasting glucose, postprandial glucose, oral glucose tolerance test or OGTT [which incorporates both fasting glucose and the glycemic response to an oral glucose load (usually 75g)] and glycated hemoglobin or HbA1c (which reflects overall glycaemia over a period of 8-12 weeks). Traditionally, the OGTT has been regarded as the ‘gold standard’ test for the diagnosis of diabetes, although HbA1c is increasingly used. Fasting glucose is used extensively for both diagnosis and monitoring of type 2 diabetes. Postprandial glycaemia, in contrast, has received relatively little attention, despite the recognition of its critical importance to overall glycaemia in type 2 diabetes, and probable relevance as an independent risk factor for macrovascular disease (2). Postprandial hyperglycemia is usually the first defect in glucose intolerance (3). Impaired glucose tolerance, defined as abnormal PPG (between 7.8-11.1mmol) in the presence of a normal fasting glucose i.e., specifically a postprandial glycemic abnormality, is regarded as a ‘pre-diabetic state’ predisposing to type 2 diabetes. In type 2 diabetes, PPG makes a substantial contribution to overall glycaemia, as measured by HbA1c, and is the dominant contributor (i.e. >50%) when the latter is ≤8.0% (4, 5). The significance of targeting PPG to achieve desirable glycemic goals has been increasingly appreciated in the last two decades. In 2001, the ADA published a consensus statement relating to PPG and subsequently, in 2014, the International Diabetes Federation (IDF) released specific strategies for the management of PPG excursions in type 1 and type 2 diabetes advocating the use of dietary strategies (such as low glycemic index foods) and use of anti-diabetic medications (such as GLP-1 agonists) which target postprandial glycaemia (2, 6). Postprandial hyperglycemia is not only associated with microvascular disease, but probably increases the risk of cardiovascular complications. The DECODE study reported that PPG predicted all-cause and cardiovascular mortality better than fasting plasma glucose (FPG) in type 2 diabetes (7).



Gastrointestinal Determinants of Postprandial Glycemia

A number of factors impact postprandial glycemia. While these include pre-prandial glycemia, insulin secretion and sensitivity (hepatic and skeletal) and glucagon secretion this review focuses on gastrointestinal factors, particularly gastric emptying, intestinal carbohydrate absorption, and the incretin hormones gastric inhibitory polypeptide or glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1) (6). The significance of the gastrointestinal tract in modulating postprandial glycemia is dependent on glucose tolerance status. One way of evaluating this contribution is by calculating so-called ‘gastrointestinal glucose disposal’ GIGD; the amount of intravenously administrated glucose required to ‘copy’ the glucose excursions after the oral glucose load - If 25g intravenous glucose is required to copy a 75g oral glucose load, GIGD amounts to 100 × (75 – 25)/75 = 66% (8, 9). In other words, in this instance, the gastrointestinal tract is able to dispose of 50g of glucose. In health, GIGD approximate 66%. However, in type 2 diabetes, GIGD is markedly reduced and may even be zero (10). Recent studies have provided important insights into the relevance of gastric emptying and the incretin hormones to GIGD.



Gastric Emptying

Gastric emptying is the physiological process by which nutrients are transferred from the stomach to the duodenum at a tightly regulated rate to optimize their digestion and absorption (11). Gastric emptying is a complex coordinated process, involving the smooth muscle of the stomach, neural networks (Auerbach’s and Meissner’s plexi), vagal and enteric nervous systems, neurotransmitters such as nitric oxide, immune cells and the gastric ‘pacemaker cells’ known as the Interstitial cells of Cajal (ICC) (11). Ingested solid food is initially retained in the stomach while it is ground into small fragments, the majority <1mm in size, a process known as trituration. The food particles are then propelled across the pylorus into the duodenum, predominantly in a pulsatile manner. The overall rate of gastric emptying is dependent on both the composition and macronutrient content of a meal (12). Liquids are emptied preferentially when compared with solids. For solid emptying, there is typically an initial lag phase of about 20 min, while liquids empty essentially immediately. After the sloid lag phase gastric emptying of nutrient-containing foods (solid or liquid) typically approximates on overall linear pattern over time, whereas emptying of non-nutrient liquids follow a non-linear, volume-dependent, mono-exponential pattern. Accordingly, for nutrients, the volume of food ingested does not have a major impact the rate, as opposed to the duration, of emptying. In health, gastric emptying exhibits a wide inter-individual (about 1-3 kcal/min), but lesser intra-individual, variation (13). Abnormally delayed gastric emptying, or gastroparesis, occurs commonly in diabetes. Cross-sectional studies indicate that 30-50% patients with longstanding, complicated type 1 or 2 diabetes have gastroparesis. A hallmark of gastroparesis at the cellular level is loss of ICC (14). Conversely, gastric emptying may be accelerated in some people with diabetes, particularly well controlled uncomplicated type 2 diabetes (15) and adolescents with type 1 diabetes (16). Thus, the inter-individual variation in emptying is even wider in diabetes than health. Importantly in a given individual the rate of emptying, whether normal, delayed or more rapid, cannot be predicted based on clinical criteria. Whole upper gastrointestinal symptoms including postprandial fullness, nausea, vomiting, bloating, upper abdominal pain, and early satiety (17) are common in diabetes (18) and patients with gastroparesis often present with upper gastrointestinal symptoms, the relationship between the presence of symptoms and gastroparesis is modest at best.

Gastric emptying is a major determinant of postprandial glycemic excursions in both health and diabetes, accounting for a third of the variance in the initial rise in glucose. The relationship of the rate of gastric emptying to PPG is both time and glucose tolerance status-dependent (19). Accordingly, in health, following an oral glucose load.

The early (30 or 60 min) rise in plasma glucose is related directly to the rate of emptying, while the relationship to the 120 min value, which is used diagnostically is inverse, however in individuals with impaired glucose tolerance or type 2 diabetes, the relationship shows a ‘right-ward’ shift such that a direct relationship is observed even beyond 60 min (19, 20).



Measurement of Gastric Emptying

Scintigraphy is the ‘gold standard’ technique of measuring gastric emptying and allows the precise measurement of both solid and liquid emptying, potentially simultaneously. The American Neurogastroenterology and Motility Society and the Society of Nuclear Medicine have proposed a test meal which contains the equivalent of two large eggs, two slices of bread and strawberry jam (30 g) with water (120 ml) and comprises 255 kcal (with a composition of 72% carbohydrate, 24% protein, 2% fat and 2% fiber). The meal is radiolabeled with 1mCi 99Tc sulfur colloid (21). This meal may be suitable for a Western diet, but its applicability globally is questionable. The limitations of scintigraphy relate to radiation exposure and the requirement for specialized nuclear medicine equipment and trained personnel. The best alternative is a stable isotope breath test which, while a notional rather than precise measurement, correlates reasonably with scintigraphy and is non-invasive technique without radiation exposure. Subjects consume a meal containing a 13C labelled substrate, which is enzymatically converted to 13CO2 in the liver and excreted through the lungs. Breath samples are collected for 2-4 hours postprandially. Ultrasound can also be used to measure emptying, but is observer dependent and requires highly trained personnel. One of the most common methods of measuring gastric emptying in clinical trials is using the plasma kinetics of oral paracetamol absorption. While inexpensive and simple, it is an imprecise technique that cannot be used to assess gastric emptying of solids and is not recommended (22). Single-photon emission computed tomography (SPECT), magnetic resonance imaging (MRI) and 3D ultrasound are also non-invasive procedures able to provide true 3D images of the effect of meals on gastric volume and gastric accommodation, but remain research techniques.



Incretin Hormones

It has been known since the 1960’s that blood glucose levels are much lower following oral, compared with administration of a similar amount of intravenous glucose (23). This reflects the marked increase in insulin secretion following oral glucose, a phenomenon termed the ‘incretin effect’ (24). In late 1980s, the factors responsible for the incretin effect, the so-called ‘incretin’ hormones, glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) were discovered (25). GIP and GLP-1 are gut-derived peptides secreted from specialized entero-endocrine K (located predominantly proximally in the small intestine) and L (located predominantly more distally in the intestine) cells, respectively. All macronutrients have the capacity to stimulate incretin hormone secretion although their relative potency differs (fat and protein may be more powerful triggers for incretin release than carbohydrates). While low in the fasted state, plasma GLP-1 and GIP levels rise promptly following a meal (26). Circulating GLP-1 and GIP are rapidly degraded by the ubiquitous enzyme, dipeptidyl peptidase-IV (DPP-IV) and renal clearance, such that their half-lives are only a few minutes (27). The incretins both have glucose- dependent insulinotropic properties in health and GIP may be the dominant contributor to the incretin effect in health (28). GLP- 1 also slows gastric emptying substantially (whereas GIP has no effect) and suppresses glucagon, the latter in a glucose dependent manner (while GIP may stimulate it) (29, 30). A seminal observation was the recognition that the incretin effect is markedly reduced in type 2 diabetes (31). Incretin hormone secretion is essentially normal but the insulinotropic effect of GIP in type 2 diabetes is attenuated markedly (32). While that of GLP-1 is relatively maintained in type 2 diabetes. Intravenous infusion of GLP-1 in pharmacological concentrations reduces not only fasting, but also normalize postprandial glycemia in type 2 diabetes (33). Slowing of gastric emptying is a major mechanism to account for postprandial glucose lowering by exogenous GLP-1, as postprandial plasma insulin levels are usually reduced, rather than greater (34). These observations stimulated the development and subsequent widespread use of ‘GLP-1 based’ drugs for use in the management of type 2 diabetes. The latter are of two types: 1) GLP-1 receptor agonists and 2) DPP-IV inhibitors. Exenatide, the first GLP-1 receptor agonist, was approved by the FDA in 2005 and is a synthetic version of exendin-4, a peptide derived from saliva of the lizard, Heloderma suspectum, found to have ~50% similarity with human GLP-1, with resistance to DPP-IV degradation and relatively slow systemic clearance (35). Since then, a number of GLP-1 receptor agonists have been developed. These are currently administered subcutaneously once or twice a day (e.g., lixisenatide, liraglutide and exenatide BID) or once a week (e.g. exenatide QW, dulaglutide and semaglutide) (19, 35, 36). An oral formation of semaglutide has recently been developed (37, 38). Specific inhibitors of the DPP-IV enzyme prolong the availability of endogenous GLP-1 (and GIP) and are administered orally. A number of compounds in this class are available (e.g. sitagliptin, linagliptin, saxagliptin, vildagliptin and alogliptin) (19, 39, 40).



Gut Based Management of Postprandial Glycemia (PPG)

Several gut-based interventions/treatment strategies have been proposed to minimize postprandial glycemic excursions. These interventions can be broadly classified as i) dietary/non-pharmacological and ii) pharmacological (Figure 1).




Figure 1 | Potential mechanisms of postprandial glucose lowering of various gut-based strategies.




Dietary Approach

Nutritional/dietary management (Table 1) of postprandial hyperglycemia is an attractive option and underutilized. It may be of particular relevance to individuals with impaired glucose tolerance where pharmacological therapy is not usually mandatory.


Table 1 | Dietary approaches to reduce postprandial glycaemia.




i) Nutrient Preload

A nutrient preload refers to consumption of a small amount of macronutrient at a fixed interval (30-60 min) before a meal to reduce the postprandial glycemic excursion. These nutrients may reduce postprandial glucose by a number of mechanisms including slowing gastric emptying, stimulating the release of incretins, and other gut peptides and reducing subsequent meal intake. Fat and protein have been best characterized as macronutrient preloads. Because of its higher-calorie content, fat is emptied from the stomach and absorbed relatively more slowly (71, 72) and GLP-1 and GIP secretion are triggered by a fat preload (73, 74). Ingestion of fat as a preload or direct small intestinal administration both slow gastric emptying and stimulate the release of GLP-1, effects mediated by the interaction of lipolytic products with the small intestine, and partly by CCK. The dominant effect of fat is likely to be via slowing of gastric emptying-this is analogous to the use of olive oil or equivalent to slow the absorption of alcohol-containing beverages (75) (Figure 2). Slowing of gastric emptying is not as marked when fat is mixed with other nutrients; due to low density, in the seated position fat may ‘layer’ on top of other nutrients and exert little impact initially on emptying (41, 73, 74). In both health and type 2 diabetes (42, 76) whey protein, a by-product of milk, has been the best characterized (43). Soy, or whey-based protein preloads may have a greater impact on postprandial glycemia than fat (42, 77). When a whey-based protein preload is taken 30 minutes before a large meal, there is a reduction in postprandial glucose of 28-50% is associated with increased secretion of insulin, GLP-1, and GIP (43, 44, 78). The effects of protein are hypothesized to be mediated primarily by amino acids (in the case of whey leucine, isoleucine, and valine). Whey protein is digested quickly, compared to other proteins such as casein, and is associated with substantial incremental rise in postprandial amino acids which triggers the release of both insulin and glucagon (79).




Figure 2 | Gastric emptying (A) and blood glucose concentrations (B), after ingestion of a mashed potato meal when either 30 ml olive oil (oil), 30 ml water (water), or 30 ml water with 30 ml olive oil (water and oil) was consumed 30 minutes before the meal by type 2 patients. Data are the mean ± SEM. *P < 0.05, oil vs. water; #P < 0.05, oil vs. water and oil; ^P < 0.05, water vs. water and oil. [Reprinted with permission from Gentilcore et al. (41)].



A potential limitation in the use of protein and fat preloads is that they provide additional energy intake in a group where obesity is very common. On the other hand, the preload has the potential to suppress subsequent energy intake. Consuming oil by itself before a meal, may also be associated with gastrointestinal intolerance, and is unlikely to be culturally acceptable widely. The characteristics of an ideal preload are that it should have the capacity to slow gastric emptying, reduce postprandial glycemia substantially and contain minimal calories. The preload should also be inexpensive, readily available, well tolerated and acceptable by the majority of individuals. The effects of low-calorie preloads have also been evaluated. The artificial sweetener sucralose (with no calories) has no impact on gastric emptying with little, if any, stimulation of GLP-1 [ (46–48). 3-O-methylglucose preload, a non-metabolized substrate of SGLT1, was reported to slow gastric emptying and stimulate GLP-1 and GIP, to reduce PPG excursions in the first 30 minutes after a meal, when compared with a glucose preload (46). The above studies, relating to the effects of nutrient preloads on postprandial glucose excursions, are limited to acute or short-term interventions, for a maximum period of five weeks. A longer-term intervention study reported a significant lowering of postprandial blood glucose (~14%) and HbA1c (0.3%), where participants with type 2 diabetes consumed Inzone Preload (consisting only of natural food ingredients including pea-protein, whey protein, egg albumin, Ω 3/6 fatty acids, whole eggs, apple, rosehip, and sugar beet fiber) (29% protein) 30 min before each of three meals daily for 12 weeks (80). Further studies are required.



ii) The Impact of Macronutrient Composition and Sequence on PPG

Macronutrient composition, sequence and timing of a meal can impact postprandial hyperglycemia by a number of mechanisms, which include slowing of gastric emptying. For example, fat and protein, are both inhibitors of gastric emptying. Accordingly, incorporation of protein and/or fat into a carbohydrate rich meal or changing the proportion of macronutrients has the potential to reduce PPG and thereby, HbA1c. Gannon et al. reported that increasing the ratio of protein and fat, while decreasing ratio of carbohydrate, leads to a 38% reduction in net mean 24-h integrated glucose area response (including PPG) (50, 81). Another study conducted by this group demonstrated that an increase in dietary protein from 15 to 30% is associated with a reduction in PPG of 40% and HbA1c of 0.8% in type 2 diabetes (51). The positive impact of protein incorporation is hypothesized to mainly reflect its direct stimulatory effect on insulin secretion and slowing of gastric emptying (82). The addition of fat has been shown to slow gastric emptying and reduce PPG levels (83), but, of necessity, increases the energy load substantially, which has the potential to affect glycemic regulation adversely (53, 84). For example, one study, in healthy and obese individuals, reported that an increase in fat intake increase plasma insulin, while reducing insulin sensitivity (54). In another study, in healthy subjects, consumption of high monounsaturated fat was associated with an improvement in insulin sensitivity when compared with a high-saturated-fat diet (53). Nevertheless, the positive effect of monounsaturated fat on insulin sensitivity were inconsistent when the proportion of energy derived from total fat surpassed 38% of total energy (53, 55, 85). Several studies conducted in healthy and type 2 diabetic individuals have shown that adding low glycemic index carbohydrates to the diet reduces PPG by ~40% and HbA1c levels by ~0.5% (57–60, 86–88), though the impact of a low GI or high-fiber diet is inconclusive (53). Therefore, replacing refined carbohydrates and added sugar with grains, legumes, vegetables, and fruits that are rich in dietary fiber may represent an efficient strategy to reduce PPG.

Another potential approach is to alter the sequence, or order of consumption of macronutrients during a meal. For example, initial ingestion of non-carbohydrate macronutrients and ingestion of carbohydrates last has been reported to be effective in reducing postprandial glucose excursions among individuals with type 2 diabetes and impaired or normal glucose tolerance (64, 89). For example, Shukla et al. reported that ingestion of protein and vegetables before carbohydrates leads to a 39% reduction in postprandial glycemia in individuals with impaired glucose tolerance (64). Likewise, consumption of meat or fish, or vegetables before carbohydrate has been reported to reduce the postprandial glucose peak by almost 50%, as well as delay it by 30–60min and raise the level of GLP-1 and GIP (65, 66). However, as well as slowing gastric emptying, Shukla et al. demonstrated that protein and fat initially leads to higher GLP-1 levels and slower carbohydrate absorption, and also suggested that fiber from vegetables may be responsible (64, 67). A number of other studies support the beneficial effect of fiber to lower postprandial glycemia (59, 61). As compared with the preload, this approach has the indirect advantage of not involving additional energy intake (70, 89). Along with a reduction of PPG excursions, intake of vegetables before carbohydrates may per se also reduce the risk of other metabolic disorders, including cardiovascular disease (90).




Pharmacological Approach


GLP-1 Receptor Agonists

Based on their half-life, GLP-1 receptor agonists (Table 2) can be classified, as either ‘short-acting’, or ‘long-acting’. The ‘short-acting’ GLP-1 agonists, exenatide BID and lixisenatide, delay gastric emptying profoundly in a dose-dependent manner. The magnitude of the slowing of gastric emptying is also dependent on the baseline rate of emptying. It is not surprising, therefore, that ‘short acting’ GLP-1 agonists target postprandial hyperglycemia. It has been conventionally believed that long-acting GLP-1 receptor agonists, such as exenatide QW and liraglutide, are much more effective in targeting fasting, rather than postprandial, hyperglycemia and have little, if any, effect on gastric emptying. This concept was supported by the observation that continuous intravenous stimulation of the GLP-1 receptor is associated with tachyphylaxis i.e. lesser slowing of gastric emptying (91, 92, 115). However, it is now recognized that this concept is incorrect; both exenatide QW (116) and liraglutide (117) have been shown to slow emptying with sustained use, although the magnitude of their effect may be less than that of ‘short acting’ agonists. Given that modest slowing of emptying may have a major effect on postprandial glucose this is of relevance to their use in the management of type 2 diabetes (116).


Table 2 |  Summary of the pharmacological agents targeting postprandial glycaemia.



Some limitations of the strategy of using GLP-1 agonists for modulating gastric emptying and enhancing incretin secretion should be recognized: i) GLP-1 agonists should probably not be used in patients with existing gastroparesis. In the LEADER study, ‘delayed gastric emptying’ was reported three times more frequently in the liraglutide than the placebo group (93) ii) Gastrointestinal adverse effects, particularly nausea, vomiting and diarrhea, may limit tolerability. Unfortunately, in the majority of studies these have been assessed by participant self-report which is known to be unreliable (118) iii) the insulinotropic actions of GLP-1-based therapy necessitates adequate endogenous insulin secretory capacity iv) GLP-1 agonists are contraindicated in the rare case of medullary thyroid carcinoma. While recent observational studies and meta-analyses have failed to establish a causal relationship between GLP-1 agonists and acute pancreatitis, this remains potential issue (94, 119). A post-hoc analysis of the LEADER trial showed that the GLP-1 receptor agonist, liraglutide, to have an increased risk of gallbladder or biliary tract related events compared with placebo (120). It should be noted, however, that this trial was not specifically designed to assess the risks of gallbladder event rates with liraglutide.



GIP-Based Medications

There is some renewed interest in GIP-based drugs, especially when co-administered with GLP-1 (GIP/GLP-1 co-agonists) with studies suggesting that both GIP agonism and GIP antagonism may facilitate weight loss in type 2 diabetes. The effects of GIP-based drugs on gastrointestinal motility remain to be studied. However, given that GIP does not impact gastric emptying, it appears unlikely that an effect of GIP agonism is unlikely (22, 100).



DPP-IV Inhibitors

DPP-IV inhibitors (e.g. sitagliptin, vildagliptin, saxagliptin, linagliptin, and alogliptin) reduce both pre- and postprandial glucose (95) but have minimal, if any, effect on gastric emptying (104). Postprandial glucose-lowering by DPP-IV inhibitors may, however, be potentiated by a nutrient preload (121) a strategy which warrants additional exploration (105).



Acarbose

Acarbose, and other alpha-glucosidase inhibitors, such as voglibose, delays the production of monosaccharides from complex carbohydrates by inhibiting the alpha-glucosidase on the brush border membrane of the small intestine (122) to diminish postprandial glucose excursions (110, 122, 123). However gastrointestinal adverse effects are common (111).



Pramlintide

The synthetic analog of amylin, which is co-secreted with insulin in the pancreatic beta cells, pramlintide, reduces postprandial glucose in part by delaying gastric emptying. It may also enhance satiety (107, 108, 124).





Conclusions

Modulating gastrointestinal motility (especially slowing gastric emptying) and stimulating the incretin system are major targets for management of postprandial glycemia. A number of strategies, dietary as well as pharmacological, have been introduced. Regarding simple dietary approaches have shown promising results in small studies and larger trials are required to establish efficacy. On the other hand, pharmacological strategies, such as GLP-1 agonists are prescribed widely for type 2 management, but their use is largely empirical. There is a need for studies to evaluate their efficacy under various glycemic conditions and the relationship of the effects of these drugs on glycemic control with those on gastric emptying in an attempt to provide more targeted and personalized management.
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Purpose

Elevated postprandial glycaemia [PPG] increases the risk of cardiometabolic complications in insulin-resistant, centrally obese individuals. Therefore, strategies that improve PPG are of importance for this population. Consuming large doses of whey protein [WP] before meals reduces PPG by delaying gastric emptying and stimulating the secretion of the incretin peptides, glucose-dependent insulinotropic polypeptide [GIP] and glucagon-like peptide 1 [GLP-1]. It is unclear if these effects are observed after smaller amounts of WP and what impact central adiposity has on these gastrointestinal processes.



Methods

In a randomised-crossover design, 12 lean and 12 centrally obese adult males performed two 240 min mixed-meal tests, ~5–10 d apart. After an overnight fast, participants consumed a novel, ready-to-drink WP shot (15 g) or volume-matched water (100 ml; PLA) 10 min before a mixed-nutrient meal. Gastric emptying was estimated by oral acetaminophen absorbance. Interval blood samples were collected to measure glucose, insulin, GIP, GLP-1, and acetaminophen.



Results

WP reduced PPG area under the curve [AUC0–60] by 13 and 18.2% in the centrally obese and lean cohorts, respectively (both p <0.001). In both groups, the reduction in PPG was accompanied by a two-three-fold increase in GLP-1 and delayed gastric emptying. Despite similar GLP-1 responses during PLA, GLP-1 secretion during the WP trial was ~27% lower in centrally obese individuals compared to lean (p = 0.001). In lean participants, WP increased the GLP-1ACTIVE/TOTAL ratio comparative to PLA (p = 0.004), indicative of reduced GLP-1 degradation. Conversely, no treatment effects for GLP-1ACTIVE/TOTAL were seen in obese subjects.



Conclusion

Pre-meal ingestion of a novel, ready-to-drink WP shot containing just 15 g of dietary protein reduced PPG in lean and centrally obese males. However, an attenuated GLP-1 response to mealtime WP and increased incretin degradation might impact the efficacy of nutritional strategies utilising the actions of GLP-1 to regulate PPG in centrally obese populations. Whether these defects are caused by an individual’s insulin resistance, their obese state, or other obesity-related ailments needs further investigation.



Clinical Trial Registration

ISRCTN.com, identifier [ISRCTN95281775]. https://www.isrctn.com/.
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Introduction

The prevalence of obesity is increasing globally, which poses a significant challenge to health care systems. Obesity is a well-defined risk factor for the development of cardio-metabolic complications such as cardiovascular disease [CVD] and type 2 diabetes [T2D] (1, 2). In fact, obesity increases the risk of T2D six-fold, irrespective of genetic risk (3). Yet not all obese individuals develop T2D or display dysglycaemia. Instead, fat distribution is a critical determinant of insulin sensitivity (4), specifically when fat is stored around visceral areas (5–7), which is associated with hepatic insulin resistance, dyslipidaemia and impairments in insulin-mediated peripheral glucose disposal (8).

In the years that precede the transition from normal glucose tolerance [NGT] to T2D, a progressive decline in both insulin’s action and its secretion occurs augmenting a steady decline in glucose tolerance (9). For individuals who develop T2D, evidence suggests that it is the deterioration in postprandial glycaemia [PPG], rather than fasting glycaemia, that precedes the decline to overt dysglycaemia (10). Notably, PPG excursions have been shown to independently predict future cardiovascular morbidity and mortality even when fasting blood glucose concentrations or HbA1c are normalised (11–13). Therefore, approaches to minimising PPG are of importance for both patient and non-patient populations.

Several lines of work demonstrate that mealtime whey protein [WP] supplementation may serve as a simple, non-pharmaceutical approach to improve PPG control [as reviewed (14)]. WP is rich in branched-chain amino acids and bioactive peptides [potentially β-lactoglobulin and α-lactalbumin (15)] that upon digestion are rapidly absorbed into circulation. These constituents are potent insulin secretagogues (16) that also augment the incretin effect through the release of incretin peptides, glucose-dependent insulinotropic polypeptide [GIP] and glucagon-like peptide 1 [GLP-1] (15, 17), and delay the rate of gastric emptying (18). However, where a wealth of evidence demonstrates that pre-meal WP supplementation attenuates glycaemic excursions in obese individuals with T2D (19–23), studies investigating this treatment in obese subjects without overt dysglycaemia are scarce (24). This is surprising given such populations are likely exposed to periods of postprandial hyperglycaemia (25) and are at an increased risk of CVD and T2D (1, 2). There is also evidence to suggest that obese individuals have reduced gastrointestinal sensitivity to dietary nutrients (26–28), which may compromise the effectiveness of dietary preloads to regulate PPG. However, the gastrointestinal responses to mealtime WP in obese individuals remain poorly characterised.

Clinically meaningful improvements in metabolic health require chronic changes in PPG and other cardio-metabolic markers (29). It is, therefore, imperative to consider the long-term application of an available treatment and its sustainability to improve metabolic health. To this end, there are several methodological limitations associated with mealtime WP supplementation that have not been addressed in previous studies (14). For instance, it is common practice to present WP preloads as unpalatable, dry-mix powders that require dilution and mixing with flavouring immediately prior to their consumption (20–22, 24). However, there is a general unwillingness to consume dry-mix protein supplements in the presence of others (30) with taste and convenience also determining eating behaviours (31). These observations suggest that current preloading strategies are unlikely to be applicable beyond the research setting.

Accordingly, the purpose of this study was twofold. Firstly, given the associations between central adiposity and the development of T2D (1, 2, 11), we examined the glucose-lowering potential of a low volume, ready-to-drink WP shot innovated specifically as a non-pharmaceutical agent for PPG control in centrally obese adult males. Secondly, we assessed the practical application of our novel WP shot, and examined the hormonal and gastrointestinal responses to its ingestion in obese and healthy states.



Methods


Participants

Adult male volunteers aged between 18 and 65 y were recruited from the North-East of England. All participants regularly consumed breakfast, adhered to a standard sleep–wake cycle, were non-smokers, free from metabolic disease and reported no known food or dietary intolerances. Based upon the World Health Organisation’s threshold associated with the greatest risk of metabolic complications within Europid males, central adiposity was determined if an individual presented with a waist circumference of ≥102 cm or had a BMI ≥30 kg/m2 (32). Further, physically active individuals with a BMI ranging between 18.9 and 24.9 kg/m2 or a waist circumference of ≤94 cm were recruited as healthy controls (32). Ethical approval granted by the Ethics Committee of the Faculty of Medical Sciences, Newcastle University, and written informed consent was obtained from all participants at least 72 h prior to study enrolment. The trial was registered at ISRCTN.com (ISRCTN95281775).



Study Design

Participants were entered into a randomised-control, counterbalanced, crossover design involving two laboratory-based feeding trials. Participants consumed a WP or control [PLA] beverage 10 min before a standardised breakfast and provided venous blood samples over a 240 min postprandial period. Experimental visits were separated by 5–10 d.



Pre-Laboratory Control

Strenuous bouts of physical activity and alcohol were to be avoided 24 and 48 h prior to each experimental visit, respectively. Participants were instructed to avoid taking analgesics containing paracetamol the day preceding entry to the laboratory. Habitual dietary intake was recorded 24 h prior to participant’s first mixed-meal tolerance test and was replicated prior to the subsequent trial. A standardised evening meal (897 kcal [3,753 kJ]: 58% carbohydrates, 23% fat, 19% protein) was provided to be consumed the evening prior (~1,900–2,100 h) to entering the laboratory.



Mixed Meal Tolerance Test

Participants reported to the laboratory following a ~12 h overnight fast (0800 h ± 1 h). Once rested, an intravenous cannula (B Braun, Germany) was introduced into an antecubital vein for repeated blood sampling and a fasting sample collected (t = −15 min). Ten minutes prior to a mixed-nutrient breakfast (t = −10 min), participants randomly consumed a WP shot (15.6 g protein; Lacprodan® DI-6820, Arla Foods Ingredients Group P/S, Denmark) or volume-matched water [100 ml; PLA]. The mixed-nutrient breakfast consisted of 60 g ready-to-eat cereal (Cheerio’s, Nestle, UK) and 250 ml whole milk, providing each participant with 387 kcal (1,619 kJ) of energy derived from 58% carbohydrates, 27% fat, and 15% protein. The breakfast meal was initiated at t = −0 min and was to be consumed within 15 min to standardise any effects of eating rate on postprandial hormonal responses. Postprandial venous blood samples, and subjective appetite parameters via completion of a paper-based visual analogue scale [VAS], were collected periodically over a 240 min postprandial period (t = 0–240 min).

For the assessment of gastric emptying, participants were provided with 100 ml water and 1,500 mg of paracetamol (Bristol Laboratories Ltd, United Kingdom) that was consumed orally at the commencement of breakfast. Orally administered acetaminophen (paracetamol) is poorly absorbed by the stomach but is rapidly absorbed within the small intestine; thus, gastric emptying is the rate-limiting step for the appearance of acetaminophen within blood (33). The time to reach maximum acetaminophen concentrations occurs ~30–60 min post-ingestion; therefore, area under the curve during the first 60 min [AUC0–60] is regarded as a marker of the velocity of gastric emptying rates.

Water consumption during the postprandial period was limited to 250 ml per trial. To control for postural changes in plasma volume, participants remained seated throughout the testing period. Pre-arranged transportation to the facilities was provided to reduce pre-trial physical exertion.


Whey Protein Beverage

Participants were provided with a protein-rich, low volume, ready-to-drink WP shot of low viscosity liquid (15.6 g of WP in 100 ml). The pre-meal shot utilised a hydrolysed WP ingredient (Lacprodan® DI-6820, Arla Food Ingredients Group P/S) to produce a palatable, ready-to-drink beverage with a shelf life of 6 months that was stable at both room temperature and chilled environmental conditions. The design of this pre-meal shot was an academic-industry collaboration that incorporated the maximum dose of WP available to be present in minimal liquid volume, whilst taking into consideration the energy associated (100 kcal [418 kJ]), taste and mouthfeel of the WP product, and consumer convenience and preference. Each participant was provided with a “cocoa–cappuccino” flavoured WP shot and assessed the preload’s palatability via completion of a VAS. Please see supplementary data for detailed product development information (Supplementary Material 1).



Blood Collection and Analytical Procedures

Venous whole blood samples were collected into EDTA and serum vacutainers (Becton Dickinson, USA), and FC Mix vacuettes (Greiner Bio-One, Austria). EDTA vacutainers were pre-treated with aprotinin (#A6279, Sigma Aldrich, USA) and a DPP-IV inhibitor (#DPP4-010, Merck Millipore, USA) for the preservation of active GLP-1 [GLP-1ACTIVE] and kept on ice. EDTA and serum vacutainers were centrifuged at 3,000 rpm at 4°C for 10 min with the corresponding plasma and serum supernatant transferred into aliquots and stored at −80°C until subsequent analysis.

Serum insulin concentrations were quantified using an ELISA with <0.01% cross-reactivity with C-peptide or Proinsulin, and an assay sensitivity of 6 pmol/L (intra-assay, 3.8%; inter-assay, 9.7%; #10-1113-01, Mercodia AB, Sweden).

Plasma GLP-1 were quantified using a C-terminal targeting ELISA that measured the amidated forms of GLP-1, with a sensitivity of 1.5 pmol/L (intra-assay, 5%; inter-assay, 6.4%; #EZGLP1T-36K, Merck Millipore). This measurement reflects both the total amount of GLP-1 secreted (herein referred to as “GLP-1”) but also the peptide’s biological actions given GLP-1 activates afferent sensory neurons in the gastrointestinal tract before being degraded in the capillaries of the gut (34). GLP-1ACTIVE was measured using an ELISA employing N-terminal and side-viewing antibodies that measured GLP-1[7–36] NH2 with no cross-reactivity with GLP-1[7–37], the primary GLP-1 metabolite (GLP-1[9–36] NH2/[9–37]), or N-terminally extended forms (intra-assay, 10.3%; inter-assay, 14.1%; #80-GP1A-CH01, Alpco, USA). Plasma GIP were analysed using a C-terminal targeting ELISA that measured both the GIP[1–42] and GIP[3–42] moiety with an assay sensitivity of 1 pmol/L (intra-assay, 3.3%; inter-assay, 11.3%; #EZHGIP-54K, Merck Millipore).

HDL cholesterol, total cholesterol and fasting triglyceride concentrations were determined using plasma on an automated benchtop analyser (Reflotron Plus, Roche Diagnostics, USA) with an intra-analyte variation of <2.6, <5.6 and <8.1%, respectively. Plasma glucose concentrations were calculated from venous whole blood collected in FC Mix vacuettes (intra-assay, 5.7%; Biosen C_Line, EKF Diagnostics, UK). Serum acetaminophen concentrations were analysed using a clinical analyser (Roche Cobas, Roche Diagnostics GmBH, Germany) with a detection limit of 7.94mol/L (#05841208, Roche Diagnostics GmBH). Acetaminophen measures were conducted by the Blood Science unit of the Royal Victoria Infirmary (Newcastle upon Tyne Hospitals, UK). Where possible, samples from each participant were analysed on the same assay plate.




Calculations

Total and incremental areas under the curve [AUCn and iAUCn, respectively] were calculated using the trapezoidal rule (35) and divided by the duration of the observational period of interest (i.e., 60 or 240 min) to provide time-averaged values. The iAUC included all area below the concentration curve, ignoring values below baseline concentrations (35). HOMA-IR, which best reflects hepatic insulin resistance, was calculated using basal glucose and insulin concentrations from both mixed meal tolerance tests (36). Subjective appetite parameters (fullness, hunger, satisfaction, and prospective food intake) from the paper-based VAS were combined to produce a combined-appetite score (37). Missing sample points (1 time point from one lean and one centrally obese participant during the PLA and WP trial, respectively) were imputed by linear interpolation.



Sample Size Calculation

A sample size calculation was performed based on prior data collected from our laboratory using PPG AUC as the primary outcome (19, 24). To detect a statistical difference in PPG AUC, 12 participants were required in each group to test the null hypothesis that the population means of both groups are equal with probability of 0.8 and an associated type 1 error of 0.05.



Data Analysis

All data was assessed for normal distribution by a Shapiro–Wilks test and investigation of boxplots for outliers. Non-parametric data was log transformed and re-assessed for distribution. Where transformation failed, data were assessed non-parametrically. Between-group baseline variables were analysed by an independent samples t test or a Mann–Whitney U test. A mixed-model ANOVA with repeated measures with two within-group (time and treatment [i.e., WP or PLA]) and one between-group factors (condition [i.e., lean or centrally obese]) was performed to assess time-course changes in acetaminophen, glucose, insulin, the incretin peptides, and subjective appetite. AUC and iAUC variables (acetaminophen, hormonal, and subjective appetite) were analysed by a two-way mixed ANOVA with treatment and condition as factors. Post hoc analysis, adjusted for multiple comparisons by Bonferroni correction, were performed if ANOVAs revealed any significant interaction effects. Postprandial insulin and GLP-1ACTIVE concentrations were analysed by a two-way Friedman’s rank test with pairwise comparison to locate within-group treatment effects, and by a Kruskal–Wallis H test to examine between-group differences during the two trials. The Pearson product-moment correlation (r) and the Spearman’s rank order correlation (rs) were used to explore associations between variables displaying normal or non-normal distribution, respectively. Inferential statistics was conducted using the software package IBM SPSS Statistics (Version 26; IBM Corp., USA) and presented graphically using GraphPad Prism (GraphPad software version 9.0, USA). Significance was set at alpha p <0.05. All data is presented as means ± standard deviation [SD] unless stated otherwise.




Results


Participant Characteristics

The CONSORT [Consolidated Standards of Reporting Trials] flow diagram is shown in Supplementary Material 2. Twenty-five adult males (n = 12 centrally obese; n = 13 lean) were recruited and completed this investigation. One lean individual was highlighted as insulin-resistant (HOMA-IR 3.5) compared to the rest of the lean cohort and was subsequently removed from analysis. Therefore, data is analysed on 24 participants (n = 12 centrally obese; n = 12 lean). Participant characteristics are presented in Table 1.


Table 1 |  Cohort characteristics.



All subjects displayed normoglycemic fasting blood glucose concentrations; however, fasting insulin concentrations were markedly greater in the centrally obese cohort. Subsequently, HOMA-IR scores were greater in centrally obese participants. Fasting GLP-1 concentrations were also greater in this group. However, relative to total GLP-1, centrally obese individuals had lower GLP-1ACTIVE concentrations, indicative of increased dipeptidyl-peptidase IV [DPP-IV] activity in the basal state. When assessing participant characteristics individually, five subjects from the centrally obese cohort displayed three or more characteristics associated with the Metabolic Syndrome (32). One centrally obese subject had a family history of diabetes.



Postprandial Responses


Plasma Glucose Concentrations

Fasting plasma glucose concentrations were similar on both study days and did not differ between lean and centrally obese participants. PPG displayed a significant time ∗ treatment interaction (p <0.0001), such that PPG concentrations were reduced after WP between t = 15–45 min (all p <0.05; Figures 1A, B). A significant time ∗ condition interaction (p = 0.020) was also observed for PPG responses, where obese individuals displayed greater PPG concentrations throughout the postprandial periods compared to lean subjects (all p <0.05; see Figure 1A for specific time points). A main effect of treatment for PPG AUC0–60 was found (p <0.0001), whereby PPG AUC0–60 were 18.2 and 13% lower following the WP shot compared to PLA in the lean and centrally obese cohort, respectively (both p = 0.001; Table 2). Compared to lean subjects, AUC0–60 were ~17% greater in centrally obese subjects (condition, p = 0.002; Table 2). PPG AUC0–240 were unaffected by the WP preload.




Figure 1 | Mean ± SD time-course changes in plasma glucose (A, B) and insulin (C, D), following pre-meal consumption of a WP (red) and PLA preload (black) in lean (A, C) and centrally obese (B, D) males. Pre-meal treatments were administered 10 min before breakfast (t = −10 min), as indicated by the arrow on the figure. The mixed-nutrient meal was served at t = −0min and was to be consumed within 15 min. Time-course glucose data were analysed by a mixed-model ANOVA with repeated measures (time and treatment). Time-course insulin data were analysed by a Friedman’s ranks test with pairwise comparison. Between-group differences in postprandial insulin were assessed by a Kruskal–Wallis H test. *Denotes a within-group treatment effect (i.e., WP vs PLA). #denotes between-group differences (i.e., lean vs centrally obese) during the WP trial. ∇denotes between-group differences during the PLA trial. Statistical significance was accepted as p <0.05.




Table 2 | Postprandial area under the curve values of biochemical parameters during the mixed-meal tolerance test.





Plasma Insulin Concentrations

Due to the distribution of data, temporal insulin responses were analysed non-parametrically. During both study days, insulin concentrations increased following breakfast, peaking at t = 15–30 min before returning to baseline values (Figures 1C, D). In obese subjects, insulin concentrations were greater at t = 0 min and at t = 120 min following the WP preload compared to PLA. Similarly, the WP shot increased the early (t = −0 min and t = 0 min) and late (t = 90 min) secretion of insulin in lean subjects compared to PLA (all p <0.016, Figures 1C, D). Overall insulin secretion (iAUC0–240) was greater following the WP shot comparative to PLA (treatment, p = 0.047), although upon sub-group analysis, this was only evident in the obese cohort (p = 0.044) and not lean subjects (p = 0.393). As expected with the population studied, centrally obese individuals had greater insulin concentrations during both trials (p <0.0001). Accordingly, insulin iAUC0–240 were a ~two-threefold greater in obese participants compared to lean during both trials (p <0.0001; Table 2).



Plasma Total and Active GLP-1 Concentrations

GLP-1 concentrations increased following breakfast consumption on both study days, peaking at t = 15 min before returning to baseline values (Figures 2A, B). Compared to PLA, pre-meal WP increased postprandial GLP-1 concentrations (time ∗ treatment, p <0.0001) with significant differences between t = 0–120 min in both groups (all p <0.034). Postprandial GLP-1 responses were similar between cohorts (time ∗ condition, p = 0.577), although overall GLP-1 concentrations were ~25% greater in obese individuals (condition, p = 0.035). When assessing GLP-1 secretion (i.e., iAUC0–240), a significant main effect for treatment was found (p = 0.002), such that WP increased GLP-1 iAUC0–240 by a two–three-fold compared to the PLA trial in both lean and obese cohorts (p = 0.002 and p = 0.015, respectively). However, GLP-1 secretion in response to the preloads differed between groups (treatment ∗ condition, p = 0.011). During the WP trial, GLP-1 iAUC0–240 was ~27% lower in centrally obese participants compared to the lean (p = 0.001); whereas GLP-1 iAUC0–240 were similar between groups during PLA (p = 0.760; Table 2).




Figure 2 | Mean ± SD time-course changes in plasma GLP-1 (A, B), GLP-1ACTIVE (C, D) and GIP (E, F) following pre-meal consumption of a WP (red) and PLA preload (black) in lean (A, C, E) and centrally obese (B, D, F) males. Pre-meal treatments were administered 10 min before breakfast (t = −10 min), as indicated by the arrow on the figure. The mixed-nutrient meal was served at t = −0 min and was to be consumed within 15 min. GLP-1 and GIP data were analysed by a mixed-model ANOVA with repeated measures (time and treatment). Time-course GLP-1ACTIVE data were analysed by a Friedman’s ranks test with pairwise comparison to locate within-group treatment effects, and by a Kruskal–Wallis H test to examine between-group differences. *Denotes a within-group treatment effect (p <0.05).



As expected from the increase in GLP-1, postprandial GLP-1ACTIVE concentrations were elevated during the WP trial compared to PLA (p <0.0001) with significant differences at t = 0 min and between t = 30–120 min in both groups (all p <0.034; Figures 2C, D). Accordingly, GLP-1ACTIVE iAUC0-240 was increased by a two-threefold during the WP trial compared to PLA (treatment, p <0.0001; Table 2). A significant treatment ∗ condition interaction was also found (p = 0.043), which revealed that during the WP trial there was a tendency for GLP-1ACTIVE iAUC0–240 to be lower in obese subjects compared to lean (p = 0.085), with no differences during PLA (p = 0.671).



Plasma GLP-1ACTIVE/TOTAL Concentrations

Relative to the total amount of GLP-1 secreted during the early postprandial period (0–60 min), the GLP-1ACTIVE/TOTAL iAUC0–60 was greater during the WP trial compared to PLA (treatment, p = 0.009) with a tendency for similar responses between cohorts (condition ∗ treatment, p = 0.099). However, when GLP-1ACTIVE/TOTAL iAUC0–60 responses were assessed individually by pairwise comparisons, such an effect was only evident in the lean cohort (p = 0.004) and not in obese subjects (p = 0.431). Additionally, it was revealed that the GLP-1ACTIVE/TOTAL iAUC0–60 during the WP trial was lower in obese individuals compared to lean participants (p = 0.016), whereas GLP-1ACTIVE/TOTAL iAUC0–60 were similar between cohorts during PLA (p = 0.329).



Plasma GIP Concentrations

Fasting GIP concentrations were ~23% lower at commencement of the WP trial vs PLA in the centrally obese group (p = 0.040), whereas basal GIP concentrations were similar between trials in lean subjects (Figures 2E, F). During both study days, GIP concentrations increased following the breakfast meal before returning to baseline values at t = 240 min. Postprandial GIP concentrations displayed a significant time ∗ treatment interaction (p <0.0001). In obese subjects, GIP concentrations were elevated at t = 0 min, t = 90 min and t = 120 min during the WP trial compared to PLA (all p <0.001; Figure 2F). Similar temporal responses were observed in the lean cohort but without statistical significance (Figure 2E). GIP iAUC0–240 demonstrated a significant treatment effect (p <0.0001), such that GIP iAUC0–240 was greater during WP compared to PLA. Upon sub-group analysis, GIP iAUC0–240 were increased by 17.7% in the lean group and by 34.3% in the centrally obese group following WP compared to PLA (p = 0.078 and p = 0.001, respectively). GIP iAUC0-240 were similar between cohorts during both study days (condition, p = 0.382; Table 2).



Gastric Emptying

Following breakfast, acetaminophen concentrations increased and remained elevated throughout the trial (Figure 3). Serum acetaminophen concentrations demonstrated a significant time ∗ treatment interaction (p <0.0001), such that acetaminophen concentrations were lower between t = 0–45 min following WP compared to PLA (p <0.0001). As such, acetaminophen AUC0–60 were ~35% lower during WP compared to PLA (treatment, p <0.0001; Table 2). During both study days, gastric emptying rates were similar between subjects. Using pooled data from all participants on both study days, a positive relationship between acetaminophen AUC0–60 and glucose AUC0–60 was revealed (r = 0.318; p = 0.028).




Figure 3 | Mean ± SD time-course changes in serum acetaminophen concentrations following the WP (red) and PLA preload (black) in lean (A) and centrally obese (B) males. Data were analysed by a mixed-model ANOVA with repeated measures (time and treatment). *Denotes a significant within-group treatment effect (p <0.05).





Subjective Appetite

There were no differences in individual appetite components following both WP and PLA treatments, thus only combined-appetite scores were analysed. Combined-appetite scores decreased following breakfast in both study days before returning to baseline levels upon trial completion (time effect, p <0.001). Combined-appetite scores were unaffected by the WP treatment and displayed similar responses between lean and obese participants (data not shown).




Metabolic Predictors for GLP-1 Secretion

Since there were differing GLP-1 responses following the WP shot, we assessed potential metabolic predictors for GLP-1 secretion. While there were no correlates found for GLP-1 secretion during PLA (p >0.110), GLP-1 iAUC0–240 during the WP trial was negatively correlated with waist-to-hip ratio (rs = −0.431; p = 0.035) and fasting triglycerides (rs = −0.441; p = 0.031). Individuals with a greater HOMA-IR also had lower GLP-1 iAUC0–240 following mealtime WP supplementation (rs = −0.419; p = 0.042), but not during PLA. There were no predictors for GIP secretion.



Preload Palatability and Gastrointestinal Responses

Participants responded positively to the WP preload in terms of taste (76.6 ± 12.4 mm), likability (73.7 ± 11.8 mm) and palatability (77.6 ± 12.7 mm). There were no reported upper or lower gastrointestinal side effects following WP consumption.




Discussion

We examined the postprandial hormonal and metabolic responses to a mixed-nutrient meal following consumption of novel, ready-to-drink shot containing a low dose of WP (15 g) in lean and centrally obese NGT males. Our primary finding was that consumption of a small pre-meal WP beverage markedly attenuates the rise in PPG in both lean and obese cohorts. These reductions in PPG were associated with the early and sustained secretion of GLP-1, and a slowing of gastric emptying. However, despite comparable reductions in PPG, the metabolism and secretion of GLP-1 following mealtime WP supplementation differs between centrally obese and lean subjects, which may derive from several metabolic complications associated with the viscerally obese state. These data may have important implications for nutritional strategies targeting the biological actions of GLP-1 in abdominally obese and insulin resistant patient populations.

The dose of WP provided, although ~25–65% smaller than those used previously in non-patient populations (24, 38, 39), sufficiently reduced PPG AUC0–60 (~13–18%) in both lean and centrally obese adult males. Despite the marked reduction in PPG, pre-meal WP supplementation had minimal effects on insulin secretion across the early postprandial period, which contrasts previous literature (19, 22, 23, 38), suggesting that the observed reductions in PPG were largely insulin-independent. Indeed, gastric emptying, which is a major determinant of PPG (18, 40), was substantially delayed following the WP shot; the latter would also favour the modest insulin responses found (41). Of note, insulin concentrations were elevated immediately post-breakfast (t = 0 min) during the WP trial, which may be in response to an increase in plasma glucagon that can occur following protein feeding (22, 23), although the effects of insulin and glucagon on PPG appear counterbalanced (14). Importantly, our WP shot was just as effective at reducing PPG excursions in centrally obese individuals as it was for lean subjects, which may have significance since our obese cohort exhibited several features consistent with the Metabolic Syndrome (32). For instance, for the same modest elevation in PPG (~8 mmol/L), the incidence of T2D is increased by two-fold in centrally obese individuals with features of the Metabolic Syndrome compared to obese people with more favourable metabolic characteristics (11). Fat accretion around central areas is also associated with increased glycaemic variability (25), which may induce oxidative stress and vascular injury (42), facilitating the onset of CVD. Our data, therefore, supports the application of a low dose of pre-meal WP to regulate PPG in this clinically vulnerable cohort.

Remarkably, PPG concentrations remained largely unchanged from basal values when the mixed-nutrient meal was preceded by the pre-meal WP shot. The magnitude of this suppression was surprising, which may be due to the NGT populations studied, although mealtime WP supplementation (~20 g) has previously failed to produce similar results in lean (38) and obese (24) NGT adults. Additionally, despite upholding NGT, our centrally obese cohort were significantly insulin resistant and may have shown slight glucose intolerance as indicated by the greater post-meal glucose excursions and accompanying hyperinsulinemia compared to lean subjects (43). It is, therefore, unlikely that these findings were due to glycaemic status of our subjects. Of note, an acute dose of exenatide markedly supressed the glycaemic responses to an oral glucose load in centrally obese adults (44), akin to our reported findings. The authors found that exenatide substantially supressed endogenous glucose production [EGP], increased hepatic glucose uptake, and delayed the absorbance of oral glucose (44). Similar mechanisms were also reported in lean adults following sequential glucose loading (45). It is appealing to speculate that our WP preload may have augmented similar gluco-regulatory pathways to those described. In this regard, the increase in GLP-1 following the WP shot may be of particular importance since GLP-1 can inhibit EGP and promote hepatic glucose uptake, independent of its actions on pancreatic islet hormones (46, 47). However, the influence of mealtime WP on hepatic glucose metabolism remains to be characterised and requires future investigation.

The consumption of the pre-meal WP shot differentially affected the secretion of the incretin peptides compared to PLA, such that the WP preload elicited a marked increase in the release of GLP-1 (~127–218% iAUC0–240), whereas postprandial GIP responses were modestly affected (~17–34% iAUC0–240). This data suggests that GLP-1 plays a greater role in PPG regulation following a low dose of pre-meal WP in NGT adults. Indeed, this assertion is consistent with the observed slowing of gastric emptying during the WP trial, which was most likely mediated by GLP-1 (18, 48). In fact, GLP-1’s influence on gastric emptying may outweigh its insulinotropic effects to regulate PPG (49), where the glucose-lowering potency of GLP-1 is attenuated when its actions to delay gastric emptying are overridden (50). On the other hand, GIP reduces PPG by augmenting insulin secretion in a strict glucose-dependent manner (51). Thus, due to the low PPG concentrations experienced during the WP trial, the “requirement” for the insulinotropic actions of GIP was negligible, which may provide an explanation for the modest postprandial GIP responses observed (41).

In the present study, we confirm previous reports that GLP-1 secretion is disordered in obese individuals (27, 28), particularly in those with abdominal adiposity (52). During the WP trial, GLP-1 iAUC0–240 was ~27% lower in centrally obese participants compared to their lean counterparts. However, these findings were surprising given that there were no group differences in GLP-1 secretion during PLA. Gastric emptying rates, which are known to determine GLP-1 release (53), were also similar between groups; although our chosen method to quantify gastric emptying may have been inadequate to distinguish inter-variable differences. Nonetheless, there is no clear evidence to suggest that gastrointestinal motility is disordered or unresponsive to dietary protein-mediated stimulation in obese individuals (54, 55). Therefore, it is unlikely that the reduced GLP-1 secretion observed during the WP trial was due to delayed gastric emptying in centrally obese subjects.

Obesity is associated with the reduced expression of specific L-cell genes, including those associated with nutrient sensing (56), which may provide an explanation for the diminished GLP-1 secretory responses. Explorative analysis revealed that during the WP trial, GLP-1 secretion was inversely related with an individual’s fasting triglyceride concentrations (rs = −0.441) and waist-to-hip ratio (rs = −0.431), whereas no correlates were found during PLA. Insulin resistance was also associated with attenuated GLP-1 responses following the WP shot (rs = −0.419). Given GLP-1 secretion in response to a large dose of hydrolysed WP (~48 g) appears to be intact in obese individuals (55), central adiposity, or its associated metabolic derangements, may compromise the responsiveness of protein-sensing receptors to mediate GLP-1 secretion in response to smaller amounts of dietary proteins/peptones (56, 57). It must be acknowledged that this assertion, although of interest, does not establish a causal relationship and requires future study.

In the current investigation, we measured both the total and active GLP-1 peptide, providing conclusions on the metabolism of GLP-1 following its release (34). As expected, GLP-1ACTIVE concentrations were greater following the WP treatment, which reflects the increase in the total peptide secreted. However, the WP shot also increased the GLP-1ACTIVE/TOTAL ratio suggesting an inhibitory effect on DPP-IV activity, although this was only evident in the lean cohort. Thus, our WP dose (15 g) may have been insufficient to inhibit DPP-IV activity in centrally obese individuals, which is unsurprising given that DPP-IV activity is elevated in obese states (58, 59). This hypothesis is also coherent with previous findings in overweight people with well controlled T2D, where an increase in GLP-1ACTIVE/TOTAL was observed after consumption of a WP preload at a dose three-fold greater than what was administered here (15 g vs 50 g) (21). Nonetheless, the physiological importance of this observation is unclear, particularly given WP reduced PPG in both cohorts, implying that the mechanisms by which mealtime WP regulates glycaemia are at least partially intact in abdominally obese individuals. The regulation of PPG by endogenous GLP-1 is also complex that involves the activation of vagal afferent fibres in the gut, prior to its release and degradation (34), that are not reflected by our venous measures. To challenge this concept and to delineate the therapeutic role WP-mediated GLP-1 secretion on PPG metabolism, it would be worthwhile to examine the application of mealtime WP with and without the concomitant administration of a DPP-IV inhibitor and the GLP-1 antagonist, exendin (9–39) NH2.

In both cohorts, subjective appetite parameters were unaffected following the WP preload, which is at variance with some (19) but not all (24, 38) previous studies. These results might be construed as surprising given the increase in GLP-1 observed during the WP trial, where the consumption of WP also stimulates the secretion of several other anorexigenic hormones and supresses postprandial ghrelin concentrations (60, 61). However, the physiological and hormonal changes that result in objective reductions in energy intake are not always noticeable at the subjective level (62). It is, therefore, difficult to conjecture from the subjective markers reported the potential effect of our pre-meal WP shot on subsequent energy intake.

There are few studies that have assessed the long-term application of mealtime WP to regulate glycaemia, which may be in part due to the laborious and inconvenience associated with preparing traditional WP supplements, particularly if these are to be consumed multiple times per day (14). Novel to this study, we used a WP preload created specifically for free-living glycaemic management. Our WP shot contained 15 g of dietary protein from 100 ml of low-viscosity liquid that was importantly both effective in its actions but also highly palatable and convenient in its delivery. The WP preload was presented in contemporary packaging and was served “ready-to-drink”, which has been previously shown to attenuate patient self-consciousness when consuming protein supplements publicly (30). Additionally, the WP shot had a ~6-month shelf-life that, without compromising peptide stability and functionality, was stable at both chilled and at room temperatures. This allows for unrestricted access without the need for immediate refrigeration and may help facilitate mealtime WP’s application in a real-world setting. Further strengthening the ecological validity of our findings, care was taken to provide a commonly consumed breakfast meal, and administering the WP shot as a 10 min preload was a timing that we considered to embody free-living eating patterns.

There are, however, several limitations to this study that merit comment. Firstly, the acetaminophen absorbance test was used to measure gastric emptying, which cannot discriminate between the emptying of liquids or solids and fails to distinguish between the effects of gastric emptying or those from small intestinal glucose absorbance. Nonetheless, our finding agrees with previous interventions that used the gold standard, scintigraphy, to measure gastric emptying following mealtime WP supplementation (20). Secondly, since our assessments were carried out at a single breakfast meal, our reported findings do not represent the glycaemic and hormonal responses that occur at meals consumed later in the day (63). To the best of the authors’ knowledge, no studies to date have examined the effect of circadian rhythm on the application of mealtime WP, which requires future investigation. Finally, we did not assess the application of pre-meal WP on hepatic glucose metabolism or trace PPG fluxes. This would have provided detailed insight into the influence of our small WP preload on PPG metabolism, particularly since the ingestion of WP stimulates glucagon secretion (22) that may counterintuitively affect EGP in insulin-resistant individuals.

In summary, consuming 15 g of dietary protein from a small, contemporary WP shot diminishes PPG excursions in lean and centrally obese males. Providing a WP beverage in a small, ready-to-drink format that encompasses both consumer convenience and preference may be a suitable way to apply this strategy free-living. However, the metabolism and secretion of GLP-1 following mealtime WP supplementation is compromised in centrally obese patients, which requires consideration when applying this novel strategy in abdominally obese individuals. Whether such defects are associated with an individual’s insulin resistance, their obese state or other visceral adiposity-related ailments is unknown.
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Initially discovered as an impurity in insulin preparations, our understanding of the hyperglycaemic hormone glucagon has evolved markedly over subsequent decades. With description of the precursor proglucagon, we now appreciate that glucagon was just the first proglucagon-derived peptide (PGDP) to be characterised. Other bioactive members of the PGDP family include glucagon-like peptides -1 and -2 (GLP-1 and GLP-2), oxyntomodulin (OXM), glicentin and glicentin-related pancreatic peptide (GRPP), with these being produced via tissue-specific processing of proglucagon by the prohormone convertase (PC) enzymes, PC1/3 and PC2. PGDP peptides exert unique physiological effects that influence metabolism and energy regulation, which has witnessed several of them exploited in the form of long-acting, enzymatically resistant analogues for treatment of various pathologies. As such, intramuscular glucagon is well established in rescue of hypoglycaemia, while GLP-2 analogues are indicated in the management of short bowel syndrome. Furthermore, since approval of the first GLP-1 mimetic for the management of Type 2 diabetes mellitus (T2DM) in 2005, GLP-1 therapeutics have become a mainstay of T2DM management due to multifaceted and sustainable improvements in glycaemia, appetite control and weight loss. More recently, longer-acting PGDP therapeutics have been developed, while newfound benefits on cardioprotection, bone health, renal and liver function and cognition have been uncovered. In the present article, we discuss the physiology of PGDP peptides and their therapeutic applications, with a focus on successful design of analogues including dual and triple PGDP receptor agonists currently in clinical development.
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Introduction

While the gut hormones secretin and gastrin were discovered almost two decades earlier (1, 2), it was the extraction, isolation and purification of insulin from canine pancreatic extracts in Toronto in 1921, that truly signifies the advent of peptide-based therapeutics (3). Indeed, the first clinical use of animal-derived insulin began the following year. Continued innovation has led to the production of longer-acting formulations (4), as well as biosynthetic, recombinant DNA human insulins in the 1980’s (5). In this respect, it is incredible to think that a century later, insulin remains a vital mainstay in the management of Type 1 diabetes mellitus (T1DM).

Although insulin therapy is often indicated in poorly controlled Type 2 diabetes mellitus (T2DM), this condition is more often managed with diet plus an array of medications that augment remaining endogenous insulin production and function. Indeed, peptide-based therapeutics have become important tools in the management of T2DM, emulating the success of insulin in T1DM. In particular, enzymatically stable analogues, based on the endogenous incretin hormone glucagon-like peptide 1 (GLP-1), are now widely prescribed second- and third-line agents for T2DM (6). Furthermore, orally-available inhibitors of the enzyme dipeptidyl peptidase-4 (DPP-4), which degrades incretins including GLP-1, have been increasingly prescribed since their approval in 2007 (7).



Proglucagon – Discovery and Processing

As its name suggests, GLP-1 is related to the glucose-elevating hormone, glucagon. Indeed, a family of glucagon-related peptides exists, all of which are derived from differential processing of a common prohormone, proglucagon (8). Whilst glucagon and its hyperglycaemic actions were discovered in 1922 (9), its amino acid sequence was not elucidated until 1957 (10). Furthermore, proglucagon went undiscovered until the early 1980’s, when its cDNA was initially identified in anglerfish (11, 12), with discovery of a proglucagon equivalent in rat (13, 14), hamster (15), cow and human several years later (16). These discoveries were made possible with the advent of lab-scale cDNA cloning techniques, which made it feasible to accurately predict amino acid sequences of proteins by decoding the nucleotide sequences of cloned recombinant cDNA copies of mRNAs. Such experiments highlighted that glucagon and several peptides with a high degree of sequence homology were encoded by this prohormone (11, 12).

Interestingly, anglerfish islets were demonstrated to express two separate proglucagon peptides, meaning a hybrid approach was taken to identify cDNA encoding the 29 amino acid (aa), anglerfish glucagon (11, 12). From there, cDNA encoding for previously sequenced proteins, glicentin and oxyntomodulin was uncovered (17, 18), with glucagon located within the middle portion of this sequence (11). However, the proposed proglucagon sequence exhibited unexpected C-terminal elongation, containing an additional 34-residue glucagon-related carboxyl-terminal peptide, which exhibited structural similarity with another previously sequenced hormone, glucose-dependent insulinotropic polypeptide (GIP) (11, 19). Further study of anglerfish proglucagon led to the characterisation of a second proglucagon cDNA, derived from a different mRNA and gene which encoded glucagon. This shared significant homology with mammalian glucagons, but also a second C-terminal glucagon-related peptide, again comprised of 34 residues with significant sequence homology to glucagon (12).

Whilst work in anglerfish provided an excellent starting point, particularly in highlighting the presence of these carboxy glucagon-related peptides (11, 12), it was the elucidation of the structure of mammalian proglucagon which truly sparked interest in proglucagon-derived peptides (PGDP’s). While sequence homology with anglerfish proglucagon was high, isolation of the first mammalian proglucagon from hamster unveiled organisational differences, with the 158 amino-acid mammalian precursor containing three PGDP arranged in tandem, namely glucagon and what the authors termed, glucagon-like peptides 1 and 2 (GLP-1 and GLP-2) (15). The biological importance of these carboxy-peptides was initially unclear. Through a combined approach employing immunoassays, immunohistochemistry and chromatography of tissue extracts, it was established that GLP-1 and GLP-2 coexisted with glucagon in pancreatic islet cells and with oxyntomodulin in intestinal L-cells, where they are present at vastly greater concentrations than islets (20).

We now understand that proglucagon is expressed in both alpha-cells of the pancreatic islets (21, 22), as well as neuroendocrine L-cells (23), primarily located in the distal ileum and colon ( (24); Figure 1). However, the PGDP profile is not identical in the pancreas and gut, due to differential post-translational processing of proglucagon by tissue-specific enzymes termed prohormone convertases (PC) ( (25); Figure 1). Broadly speaking, it is accepted that pancreatic alpha-cells mainly possess PC2, which cleaves dibasic Lys-Arg sites within proglucagon to generate glicentin-related pancreatic peptide (GRPP), glucagon, intervening peptide-1 (IP-1) and major proglucagon fragment (MPGF) ( (26, 27); Figure 1). In contrast, in the L-cell, proglucagon is cleaved by PC1/3 at Arg-Arg sites to yield glicentin, GRPP, oxyntomodulin (OXM), GLP-1, intervening peptide-2 (IP-2) and GLP-2 ( (23, 26); Figure 1). It is important to note that these distinctions are not totally sacrosanct, with a degree of crossover existing. As such, recent evidence has highlighted that the gut is a possible extrapancreatic source of glucagon ( (28); Figure 2), while local intra-islet GLP-1 production has also been established in alpha cells, particularly in times of beta-cell stress (29). Moreover, it is now understood that proglucagon-containing neurons are located in the solitary nucleus of the medulla oblongata (30), which utilises PC1/3 in a similar fashion to the gut to generate PGDP’s in the central nervous system (CNS) ( (31); Figure 1). These PGDP’s and their therapeutic exploitation will be discussed in due course.




Figure 1 | A schematic overview of tissue-specific proglucagon processing in the gut/brain (A) and in the pancreas (B). The proglucagon gene, located on chromosome 2 and comprised of 6 exons, is transcribed to generate proglucagon messenger RNA (mRNA). Proglucagon mRNA is subsequently translated to yield the 158 residue, precursor protein, proglucagon. In enteroendocrine L-cells of the ileum and colon (A) proglucagon is processed by prohormone convertase 1/3 (PC1/3) to generate glicentin, oxyntomodulin, glucagon-like peptides-1 and -2 (GLP-1, GLP-2) and intervening peptide-2 (IP-2). Conversely, in pancreatic alpha-cells (B), post-translational modification by prohormone convertase 2 (PC2) is responsible for the generation of the major proglucagon fragment (MPGF), glucagon, glicentin-related pancreatic polypeptide (GRPP) and intervening peptide-1 (IP-1).






Figure 2 | An overview of PGDP actions and secretion from pancreatic alpha-cells (A) and enteroendocrine L-cells (B)). A fall in circulating glucose concentration sees a reduction in intracellular adenosine triphosphate (ATP) levels and resultant closure of ATP-sensitive K+ channels to depolarise the plasma membrane and trigger the influx of Ca2+ ions, the primary stimulus for glucagon release (A). Glucagon is subject to N-terminal dipeptide removal by dipeptidyl-peptidase 4 (DPP-4). Glucagon(1-29) agonises glucagon receptors (GCGR) to evoke protein kinase A (PKA) activation and subsequent mobilisation of cyclic adenosine monophosphate (cAMP). Enteroendocrine L-cells of the distal gut are an open-type cell, rich in chemoreceptors and respond to digestion products of dietary carbohydrate, free fatty acids (FFA) and amino acids (AA’s) to release a number of PGDP’s into circulation (B). Glicentin(1-69) is an agonist for GCGR, GLP-1R and GLP-2R, although with less affinity than their primary hormonal ligands. Additionally, glicentin may serve as a precursor to glucagon in the gut, facilitated enzymatic degradation by enzymes such as carboxypeptidases-B and -E (CP-B, CP-E). Oxyntomodulin (OXM) is a dual agonist for GCGR and GLP-1R, but shows bias towards GLP-1R. It is cleaved by DPP-4 to yield inactive OXM(3-37). Bioactive glucagon-like peptide 1 (GLP-1(7-36)) agonises target GLP-1R to evoke PKA-mediated rises in cAMP, while activation of β-arrestin is also implicated in insulin secretion. DPP-4 cleaved GLP-1(9-36) is inactive. Glucagon-like peptide 2 (GLP-2) agonises target GLP-2R to evoke rises in PKA/cAMP. It is inactivated by DPP-4 to generate GLP-2(3-23). Enzymes are indicated by yellow boxes/arrows. Receptor interactions are indicated by dashed lines, with affinity indicated by increasing thickness of the arrow. Major tissues expressing receptors are also provided.





Glucagon

The 29 aa polypeptide hormone glucagon (Table 1) is the most widely recognised PGDP (9, 10), produced by PC2-mediated cleavage of proglucagon in pancreatic alpha cells ( (26, 27); Figure 1).


Table 1 | Glucagon and related analogues in the management of hypoglycaemia in T1DM.



Discovered shortly after insulin (9), glucagon and insulin are intrinsically linked, with the major metabolic actions of glucagon counteracting those of insulin (35). As such, insulin secretion from pancreatic beta-cells is stimulated largely by elevated glucose concentrations, reducing circulating glucose levels via inhibition of glycogenolysis and gluconeogenesis, accompanied by stimulation of glycogen synthesis in the liver (36). Furthermore, insulin stimulates glucose uptake via GLUT-4 translocation in adipose and muscle (37), which in turn promotes efficient metabolism of protein, lipids and carbohydrate (favouring glycolysis) (38). Conversely, hypoglycaemia following fasting, or exercise is the most potent stimulus for glucagon secretion [(39, 40); Figure 2].

The hyperglycaemic action of glucagon is well-established, being demonstrated as early as its discovery, with the hormone’s name reflecting this; glucagon – “the glucose agonist” (9). Hyperglycaemic actions of glucagon are mediated through promotion of glycogenolysis and gluconeogenesis in liver, whilst also inhibiting glycolysis and glycogenesis (41). Furthermore, in times of limited carbohydrate availability, glucagon promotes non-carbohydrate energy formation in the generation of lipids and ketone bodies or through the breakdown of fatty acids to acetyl-coenzyme A (42). Further research into the actions of glucagon has demonstrated a role in satiety, with acute administration in humans diminishing hunger and reducing food intake (43), whilst also stimulating energy expenditure and cardiac contractility (44, 45).

There is some debate over the receptor interactions at play in some of these biological actions, for example: given that circulating glucagon concentrations rise following a period of fasting, its involvement in food reduction seems counter-intuitive, suggesting cross-reactivity with the GLP-1 receptor (GLP-1R) (42). In the context of this article, we will consider glucagon actions mediated through agonism of its own specific G protein-coupled receptor (GPCR) the glucagon receptor (GCGR). This receptor is widely expressed, particularly in the liver, but is also found in the adrenal glands, heart, adipose tissue, GIT, and pancreas (46, 47). Binding with the receptor activates adenylyl cyclase that leads to intracellular production of cyclic adenosine monophosphate (cAMP) and subsequent activation of protein kinase A (PKA). PKA stimulates the synthesis of transcription factors including cAMP response element-binding protein (CREB) in the nucleus, a promoter of gene expression. Simultaneously, GCGR activation of phospholipase C (PLC) and subsequent increase in inositol 1,4,5-triphosphate (IP3), facilitates release of calcium ions from the endoplasmic reticulum to influence CREB-regulated transcription co-activator (CRTC2), which enhances CREB-dependent gene expression (42). Importantly, glucagon is rapidly inactivated in the circulation by enzymes, including DPP-4, to generate inactive glucagon (3–29) (48); Figure 2).

While considered for many years as solely a consequence of insulin deficiency, in the 1970’s the “bihormonal hypothesis”, proposed by Roger Unger, highlighted the role of an imbalance in the complex interplay between glucagon and insulin in instigating diabetic hyperglycaemia (35). Indeed, the rationale behind this longstanding hypothesis inspired research into the development of dual pump systems, sometimes termed “dual-hormone artificial pancreas”. Such pumps are regulated by a glucose sensor to deliver insulin or glucagon, as necessary, from independent pumps and are thought to be possibly more efficacious than insulin-only pumps (49), although none have successfully reached the clinic to date. We now understand that T2DM is characterised by elevated fasting glucagon levels (50), while glucose suppression following a glucose challenge is stunted (51). Furthermore, it has been suggested that postprandial hyperglucagonaemia and impaired glucagon response to hypoglycaemia are features of T1DM (52).


Glucagon Therapeutics and Hypoglycaemia

Given glucagon’s ability to rapidly mobilise glucose from tissue stores, GCGR agonism has found valuable application in countering severe hypoglycaemia in T1DM patients, an adverse consequence of insulin therapy (53). Mild-to-moderate hypoglycaemia is defined as an event that can be self-treated, irrespective of symptom severity, or an asymptomatic blood glucose measurement of ≤3.9 mmol/L (54). It is usually managed via ingestion of rapidly absorbed carbohydrates, such as drinks or foods high in glucose, whereas severe hypoglycaemia requires immediate, emergency intervention (32). While intravenous (i.v.) infusion of dextrose is an option, it is now more common for patients or carers to possess an injectable glucagon preparation, which can be administered subcutaneously (s.c.) or intramuscularly (i.m.) (55). Such intervention is reliable and faster than the dextrose method, greatly reducing the risk of hypoglycaemic-induced coma and death. Rather than requiring a potentially lengthy wait for arrival of a qualified healthcare professional to perform an i.v. infusion, glucagon emergency kits simply involve reconstitution of glucagon powder, which can be injected into the patient’s leg or abdomen (32, 55). Moreover, a ready-to use autoinjector preparation termed “Zegalogue®” has recently gained FDA approval for management of hypoglycaemia (33), further improving ease of use. I.v. dextrose may then be required to prevent rebound hypoglycaemia (34), a potential consequence of the rapid in vivo inactivation of administered native glucagon (48).

Longer-acting, DPP-4 resistant analogues are in development that may address the issue of rebound hypoglycaemia. Two such analogues are the fatty-acid incorporating, NNC9204-0043 currently listed at Novo Nordisk ((34); Table 1), and dasiglucagon, which employs several amino acid substitutions to infer improved stability [(56); Table 1]. The former has only shown promise in in vitro settings (34), whereas dasiglucagon has very recently gained FDA approval in T1DM (56). Indeed, dasiglucagon is the active component of Zegalogue, and beyond application in prefilled injector pens, is currently in phase 3 trials as a subcutaneous infusion for treating congenital hyperinsulinaemia, and in phase 2 trials as part of a bihormonal artificial pancreas pump system alongside insulin (57). Glucagon emergency kits have been further improved with the development of intranasal (i.n.) glucagon. While not entirely novel, having been in development since the 1990’s (34), the first such product was only approved in 2019 (58). Termed Baqsimi®, the ready-to-use i.n. formulation has been proposed to lead to resolution of hypoglycaemia up to four times faster than injectable glucagon kits (59). The single-use preparation simply requires the user to administer one spray into either nostril, which is reported to deliver a 3 mg dose of glucagon (57).




Glucagon-Like Peptide-1

The next PC1/3-mediated (Figure 1), L-cell-derived PGDP to be discussed has become a mainstay of T2DM management, representing one of the principal modern success stories of peptide therapeutic development. GLP-1 is a 29-residue (Table 2), gut-derived incretin hormone (77). GLP-1 is released post-prandially from L-cells [(77–79); Figure 2], with release influenced by the composition of each meal ingested; in particular, meals that are rich in fat and carbohydrate are known to be the primary physiological stimulus for GLP-1 secretion (78–81). Additionally, GLP-1 secretion can be triggered, not only by mixed nutrient load, but also via individual nutrients and bile acids. For example, oral administration of glucose alone has been shown to stimulate GLP-1 secretion in humans (82), as well as amino acids such as glutamine (83). Sodium-glucose transporter 1 (SGLT1) plays a glucose-sensing role on the L-cell surface, and although a contributor, is thought to play a lesser role than glucose transporters (GLUT) in relation to GLP-1 release (84). GLP-1 secretion is biphasic, with an early phase occurring 10-15 min after ingestion of nutrients and a second, more prolonged phase occurring 30-60 min after ingestion (81). Given the distal location of L-cells in the gut, it is unlikely that direct nutrient contact with these cells can be the sole mechanism initiating GLP-1 secretion. Thus, the autonomic nervous system, in particular the vagus nerve (which innervates a significant portion of the gut), is thought to play a role in this early phase of release, with nutrient content being more important for the second phase (85).


Table 2 | GLP-1-based therapeutic peptides.



The biologically active forms of GLP-1 are GLP-1 (7–36)-amide and GLP-1 (7–37) which are equipotent in terms of their incretin effects [(60); Table 2 and Figure 2]. However, they do not circulate equally, with GLP-1 (7–36)-amide accounting for ~80% (20, 82). Both forms of circulating GLP-1 are subject to rapid N-terminal degradation by DPP-4 (86, 87), cleaving after Ala2 to generate GLP-1(9-36) or (9-37) metabolites (86, 87). While GLP-1(9-36) is considered a weak antagonist of beta-cell GLP-1R (88), there is evidence suggesting that this metabolite may reduce inflammation in cardiac tissue following myocardial infarction (89). GLP-1(9-36) has also been demonstrated to promote cardiac glucose uptake similar to GLP-1(7-36)-amide (90), so the descriptor “inactive” may not be entirely accurate. Additionally, a recent study suggests that GLP-1(9-36)-amide may indirectly influence glycaemia through antagonism of GCGR on alpha-cells to influence the glucagonostatic effects of GLP-1 (91). However, the implications of any GLP-1(9-36) effects on glycaemia are thought to be relatively inconsequential in comparison to GLP-1(7-36)-amide (92).

The GLP-1R is a family B, or secretin-like G-protein coupled receptor (GPCR) (93). A structurally identical GLP-1R has been identified in various tissues, for example: pancreatic tissue (alpha-, beta-, delta-cells), stomach, and intestine, as well as CNS regions including the hypothalamus and brainstem ( (81, 93); Figure 2). Binding of GLP-1 to its target-receptor on the beta-cell surface leads to activation of several intracellular transduction pathways (Figure 2). The hormone augments insulin secretion, mainly via stimulation of intracellular cAMP-mediated events and promotes glucose-induced biosynthesis of insulin, resulting in replenishment of insulin stores within beta-cells and reducing cell exhaustion (81, 94–96). Conversely, GLP-1 is known to suppress glucagon secretion from alpha-cells ( (97); Figure 3). The mechanisms behind this have been hotly debated, with it claimed to be an indirect effect mediated through increased insulin or somatostatin secretion (98, 99), while some have indicated the effect is more direct (100), especially given the presence, albeit at low expression (~10%), of GLP-1R on alpha-cells (101). Beyond this, activation of pancreas duodenum homeobox 1 (Pdx-1), a transcription factor essential for pancreatic development and beta-cell function (activated downstream from GLP-1R via cAMP activation), is thought to be a shared influence in these three processes (102). Prevention of beta-cell exhaustion may indirectly prevent cell death, but GLP-1 also directly influences proliferation by a number of proposed pathways including phosphatidylinositol 3-kinase (PI3-K) mediated rises in extracellular signal-related kinase (ERK) 1/2 and p38 mitogen-activated protein kinase (MAPK), as well as Pdx-1 (103). In keeping with this, exendin-4 has been shown to have no effect on proliferation or inhibition of apoptosis in beta-cell specific, Pdx-1 knockout (KO) mice (104).




Figure 3 | An overview of the biological consequences for agonism of target receptors of major PGDP’s, namely glucagon receptor (GCGR) and glucagon-like peptide-1 and -2 receptors (GLP-1R, GLP-2R). Organ-specific actions are provided with arrows indicating up or downregulation of specific effects to highlight the therapeutic potential for multiagonism in relation to PGDP’s. As indicated by the key, the colour of arrow indicates the receptor interactions responsible. “GFR” indicates glomerular filtration rate.



Since entry into the clinic, research on GLP-1 has continued, unveiling new mechanisms behind the various benefits of GLP-1R agonists, as well as possible new applications in other conditions. With regards to diabetes, it is now well established that chronic administration of GLP-1R mimetics not only enhances insulin secretion but also positively influences overall islet function, restoring normal morphology in even severe models of diabetes (105). Additionally, the ability of exogenous GLP-1R mimetics to maintain and promote beta-cell mass through reductions in apoptosis and increases in proliferation are well established (105–108). Culture of DPP-4 resistant, N-acetyl-GLP-1 (Table 2) with pancreatic ductal-cells has also been shown to induce expression of genes indicative of a transition to a beta-cell like phenotype (61, 109), but translation to humans requires further study. Advances in cell-lineage tracing technology have seen the development of transgenic animal models that employ fluorescently tagged alpha- or beta-cells to identify such islet cell transitioning events in the in vivo setting (110, 111). Recent studies have shown that administration of liraglutide to such mice with diabetes can prevent beta- to alpha-cell transdifferentiation (112), whilst also actively driving alpha- to beta-cell conversion to help restore beta-cell mass (113–115).

GLP-1 also inhibits glucagon secretion and exerts additional extra-pancreatic actions of therapeutic value including inhibition of gastric acid secretion and gastric emptying (Figure 3), which help reduce post-prandial spiking of blood glucose by slowing transit of nutrients from the stomach to the small intestine (81). In addition to locally produced GLP-1 (116), GLP-1 crosses the blood-brain barrier to agonise GLP-1R within hypothalamic CNS centres, where ingestive behaviour and satiety is dictated [(117); Figure 3]. Increased satiety reduces food intake, with resultant weight loss being an important benefit in overweight or obese-T2DM patients. Moreover, the widespread tissue presence of GLP-1R has witnessed new physiological roles for GLP-1 beyond glycaemia and satiety such as cardioprotection ( (118, 119); Figure 3), enhancing bone mass and strength in preclinical models of T2DM (120), and is thought to play an important role in enhancing cognition ( (121); Figure 3). Additionally, a possible role for GLP-1 in resolution of hepatic steatosis (122–124) through reduction in fatty acid accumulation by activation of both macroautophagy and chaperone-mediated autophagy (125), has attracted much interest.


GLP-1 Therapeutics and Diabetes

GLP-1 was not the first incretin hormone to be discovered, with GIP being identified almost two decades previously in 1969 (126). However, with a proposed role for GIP in development of obesity coupled with a loss of insulinotropic effect in T2DM (127), therapeutic application did not follow such a straightforward path. Thus, when a preservation of the insulinotropic effects of GLP-1 in obesity was established (128), excitement surrounding the possible therapeutic application of this newly discovered incretin hormone began to grow. Furthermore, direct comparisons of analogues of these two incretins often resulted in more favourable outcomes for GLP-1 compared to GIP (129). Nonetheless, current evidence regarding GIP-based therapy looks more promising in T2DM once glycaemic control has been re-established (130). This is perhaps evident with new compounds being developed that operate through combined activation of GLP-1R and GIPR (130), as discussed in more detail below.

Initial therapeutic investigations into GLP-1 were promising, highlighting that delivery of exogenous, native peptide had the ability to improve overall glycaemia, insulin sensitivity, beta-cell function and reduce both appetite and food intake when administered by continuous s.c. infusion over a 6 week period in patients with diabetes (131). Moreover, tachyphylaxis was not reported and the side-effect profile was favourable (131). However, due to rapid inactivation by DPP-4 (132), continuous infusion was required, making it unsuitable for regular use in a “real world” setting.

With the discovery of exendin-4, an unexpected GLP-1R mimetic isolated from the saliva of the Gila monster lizard (Heloderma suspectum) (62), the tide began to turn. The first 30 residues of this 39 aa peptide demonstrated 53% sequence identity with human GLP-1 (Table 2), but despite such variance, the peptide was proven to be a potent agonist for mammalian GLP-1R (62), effectively bringing about GLP-1R-mediated benefits on glycaemia, body weight and appetite (133). Importantly, the substitution of Ala2 with Gly2 in exendin-4 conferred resistance to DPP-4, while further sequence variations rendered the peptide less susceptible to ectopeptidases like neprilysin (NEP) (134). Studies in anaesthetised pigs has shown that GLP-1 clearance involves multiple organs including hepatic, peripheral and renal extraction, whereas exendin-4 is subject solely to glomerular filtration, which also appears to be up to two-fold slower than native GLP-1 (134). This results in an in vivo action of ~5 hours (63), allowing for twice daily administration as opposed to continuous infusion. Synthetic exendin-4 reached full approval for therapeutic use in humans in 2005 (Byetta™), being prescribed under the generic trade name “exenatide” and has become a highly influential and widely prescribed second- and third-line agent in T2DM, generally following failure of metformin or metformin/sulphonylurea combination (135). Indeed, oral DPP-4 inhibitors, such as sitagliptin, were approved as second-line agents in 2007 (7), while a plethora of additional GLP-1 mimetics have since gained regulatory approval for diabetes in addition to exenatide, namely the longer-acting mimetics: liraglutide, semaglutide, albiglutide and dulaglutide (Table 2). In contrast, attempts to discover suitable bioactive small molecule agonists of GLP-1R have failed, despite considerable efforts, due to poor potency and allosteric alteration of receptor conformation (136, 137).



Other Potential Applications for GLP-1 Therapeutics


Obesity

Beyond glucose homeostasis, exciting research has highlighted extra-pancreatic benefits and new applications for established GLP-1 mimetics, many of which are exciting prospects. For example, despite the enormous upsurge in the incidence of obesity and associated complications including T2DM (138), existing drug therapies for obesity are grossly insufficient, with bariatric surgery being far more effective (139). Against this background, in 2019 liraglutide became the first GLP-1 analogue approved by the FDA, EMA and MHRA as a treatment option for obesity (65). Importantly, while glycaemic improvements undoubtedly influence weight loss, pharmacokinetic investigation in human participants suggested the effects of liraglutide on weight loss are primarily mediated through increased energy expenditure (66). Prior to regulatory approval, the “SCALE”, phase III trials demonstrated a sustained 2-year weight loss with liraglutide treatment as an adjunct to diet and exercise in non-diabetic participants (140, 141), strengthening the argument that effects are largely independent of glycaemic modulation. Additionally, 3-year follow-up demonstrated that liraglutide delayed diabetes development in patients with pre-diabetes, taking almost 3 times longer in patients receiving liraglutide (142).

Given the successful application of liraglutide in this regard and the scale of the obesity problem, other GLP-1R mimetics are beginning to be touted as treatment options for obesity. Indeed, a phase III clinical programme assessing efficacy and safety of once-weekly semaglutide (SUSTAIN) in T2DM was completed recently for s.c. semaglutide, manifesting a substantial average weight loss of 14.9% (-15.3 kg) following 68 weeks treatment (69). Additionally, a direct comparison between liraglutide and semaglutide indicated superior weight loss was attained with the latter (143). FDA approval has now been sought for semaglutide use in obesity, meaning we may be on the verge of witnessing a new treatment option available for obesity that rivals bariatric surgery.

There is also increasing interest in the therapeutic potential of combining currently available GLP-1R mimetics (Table 2) with other currently prescribed antidiabetic drugs. The combination of exenatide with the sodium–glucose co-transporter 2 (SGLT2) inhibitor, dapagliflozin, was investigated in the DURATION-8, phase III clinical trial which demonstrated a degree of synergy between the two agents, with improvements in short- and long-term glycaemia and weight loss exceeding either agent alone (144). Moreover, a 2-year follow-up demonstrated long-term efficacy of this combination (145). An additional phase II trial, ENERGIZE, has sought to identify the mechanism behind the apparent synergy (146), the findings of which may influence whether such a combination is advanced further.



Cardiovascular and Renal Benefits

The growing strength of the cardiovascular and renal benefits of established GLP-1 mimetics add another string to their bow in the management of T2DM, with cardiovascular disease (CVD) being the number one cause of death in patients with T2DM (147). As demonstrated by long-term prospective cardiovascular outcomes trials (CVOTs), which have reported over the last four years, liraglutide (LEADER), semaglutide (SUSTAIN-6), albiglutide (HARMONY OUTCOMES) and dulaglutide (REWIND) have all shown significant reductions in composite cardiovascular outcomes [(64, 119, 148); Table 2], indicating they may be the agents of choice when macrovascular complication risk is high in T2DM patients. These longer-acting GLP-1R mimetics elicit more favourable cardiovascular outcomes than shorter-acting agents like exenatide or its analogue lixisenatide (EXSCEL and ELIXA), which demonstrated non-inferiority, but no obvious cardiovascular benefit [(64, 119, 148); Table 2]. Additionally, proposed renal benefits of SGLT2 inhibitors have seen trials such as “DECLARE-TIMI 58” report reduced rates of hospitalisation due to heart failure in dapagliflozin-treated groups of T2DM patients (148). Thus, given the exploration of exenatide and dapagliflozin in the DURATION-8 and ENERGIZE trials (144–147), it may stand to reason that such a combination may be studied in relation to CVD, perhaps with a more favourable GLP-1R mimetic than exenatide. Indeed, the phase III FLOW trial is currently recruiting patients to assess the renoprotective actions of semaglutide. Thus, we await the results of this trial to determine whether semaglutide may be the GLP-1R mimetic of choice in this regard (149).



Cognition, Alzheimer’s, and Parkinson’s Disease

Vascular deterioration in T2DM can also be linked to cognitive impairment, with growing evidence highlighting cross-sectional and prospective associations between T2DM and cognitive impairment and diminished memory and executive function (150). Clinical studies have concluded that T2DM is a significant risk factor that can double the likelihood of developing dementia (151). It appears that a loss of insulin sensitivity in the brain (152), coupled with impaired insulin function (153), results in impaired growth factor secondary messenger cascades that are vital for cell growth, repair and synaptic function (154). GLP-1 receptor mimetics such as exendin-4 or liraglutide can reverse insulin desensitisation in the brain (155, 156). Key biomarkers for cognitive impairment such as phosphorylation of protein kinase B (AKT) and glycogen synthase kinase-3beta (GSK-3B), were reduced by liraglutide administration in diabetic rats in a time-dependent manner (153). In more practical terms, exendin-4 administration in a diet-induced obese (DIO) model reversed impaired memory formation in mice (157) and liraglutide normalised object recognition memory impairment in a similar model (158). Similar findings have been observed with DPP-4 inhibitors (159), although it is important to note that other gut hormones, particularly GIP (157), are also implicated here. Additionally, similar to CVD (145, 146), it appears that the combination of GLP-1 mimetic with SGLT-2 inhibitor may too be beneficial with regards to cognition, with DIO/STZ-mice receiving liraglutide/SGLT-2 combination therapy presenting with improved recognition and hippocampal morphology (160).

Importantly, evidence suggests that the beneficial effects of GLP-1 in relation to cognition may be independent from glycaemic improvement, with a study comparing metformin and the GLP-1 analogue (Val8)GLP-1(GluPAL) demonstrating that only the latter reversed memory impairment in DIO mice (76). This hypothesis is supported by the finding that GLP-1R agonists have also shown neuroprotective effects in non-diabetic patients with Alzheimer’s (AD) or Parkinson’s disease (PD) (161, 162). Long-term potentiation (LTP) of synaptic activity, the cellular correlate of memory (163), is impaired in diabetes. Liraglutide administration reversed diabetes-related LTP blockade and actively promoted LTP formation in DIO mice (157, 158), while rescuing hippocampal LTP loss in an ob/ob murine model of obesity-diabetes (164).

While the close relation between GLP-1 and insulin signalling is undoubtedly important in cognition, it is crucial to highlight that beyond this mechanism, GLP-1R mimetics upregulated several neuroprotective growth factors such as: insulin-like growth factor 1 (IGF-1) (165), brain-derived neurotrophic factor (BDNF) (166), glia-derived neurotrophic factor (GDNF) (164), as well as vascular endothelial growth factor (VEGF) (157, 158).

Indeed, preclinical work in rodents has illuminated both the associations between cognitive decline in AD/PD and T2DM, whilst implicating the potential of GLP-1R activation in curbing such decline (167). As such, exenatide was employed in small-scale, proof of concept, human trials in PD patients, with these trials of <100 participants indicating exenatide treatment elicited improved scores in tests of cognitive function over the course of 12 months treatment (168, 169). Moreover, a further 12 months after study conclusion, those patients receiving exenatide still achieved significantly improved cognition scores than those receiving placebo (170). With such promising results, it is unsurprising that larger scale trials were conducted, such as the phase II, ELAD trial (171), which employed liraglutide in patients with moderate AD and associated dementia. Outcomes were disappointing, with it announced in late 2020 that no difference in cerebral glucose metabolic rate or improvement in daily activity was apparent between treatment or placebo (171), although some scores of cognitive function were improved by liraglutide. Despite such disappointment, interest in GLP-1R mimetics in relation to cognitive function has not been perturbed, with a number of phase II trials recruiting in 2020 to study currently available GLP-1R mimetics in AD and PD (172). Notably, a common theme of these trials is an adjustment of treatment demographic towards patients with relatively recently diagnosed AD/PD (172).



Bone Fragility

Increased bone fragility is a further complication associated with diabetes, with the aetiology suspected to be due to an increase in porosity of bone, impacting on bone quality (173). Bone fragility also appears to be a feature in both T1DM and T2DM (174–176). Like cardiovascular complications, effects on bone have the potential to limit physical activity in T2DM patients. Furthermore, a role for endogenous GLP-1 in the development of diabetes-associated bone fragility has been identified, with GLP-1R KO mice presenting with reduced bone mass through increased osteoclast activity (177, 178). Given the implication of GLP-1R involvement in the aetiology of bone fragility in diabetes, research has explored the possibility of GLP-1R agonist or DPP-4 inhibitor use in the management of the condition with favourable outcomes (175, 179). Exenatide has been shown to enhance bone strength by increasing trabecular bone mass, bone formation and trabecular microarchitecture, whilst also improving collagen maturity in rodent models of diabetes (180, 181). Similarly, liraglutide significantly prevented deterioration of the quality of the bone matrix in a streptozotocin-induced, rodent model of T1DM (175). Importantly, GLP-1 is not the only incretin involved in the pathogenesis of bone fragility in diabetes, with single GIP receptor (GIPR) KO and dual GLP-1R/GIPR KO mice presenting with enhanced bone fragility (182, 183). Indeed, the unimolecular GIPR/GLP-1R/GCGR agonist, [D-Ala2]GIP–Oxm (Table 4), significantly improved bone strength and mass at both organ and tissue levels in leptin receptor-deficient, ob/ob obese diabetic mice (184). Possible translation of these findings from animals to humans is still required.



Polycystic Ovary Syndrome

There is increasing evidence in support of incretin-analogue use in polycystic ovary syndrome (PCOS) (185), an endocrine disorder which greatly impacts fertility in women, with over 10% of women of reproductive age affected by the condition (186). PCOS is a metabolic disorder that has overlap with T2DM, with patients often being overweight, and presenting with symptoms such as severe insulin resistance, hyperinsulinaemia and dyslipidaemia (187). The interrelation between PCOS and T2DM is further highlighted by the ability of bariatric surgery, specifically Roux-en-Y bariatric surgery (RYGB), to totally ameliorate both T2DM and PCOS (188, 189). Moreover, incretin function has been shown to be impaired in PCOS (187), thus application of GLP-1 mimetics in this condition is a hypothesis built on firm physiological reasoning. Although in relative infancy compared to application in T2DM, the study of application of GLP-1 mimetics in PCOS has been overwhelmingly positive (190). Liraglutide was shown to normalise irregular menstrual bleeding in PCOS patients (191), whilst improving conception rates when used at low dosage in combination with metformin (192). Indeed, it has been suggested that in obese PCOS patients with concurrent insulin resistance, GLP-1 analogues may be a better treatment option than metformin (193). Possible application of PGDPs in female fertility is worthy of further exploration.




Innovations in Formulation and Delivery of GLP-1 Therapeutics

Since the approval of exendin-4 for T2DM, increasingly longer acting formulations of GLP-1 analogues have been developed. The first, liraglutide, a mammalian GLP-1 analogue employing conjugation to a palmitic acid chain via a linker coupled to the Lys26 residue was approved in 2010 [(194); Table 2]. This modification increased half-life to ~12 h, through promoting non-covalent binding to albumin and reduced renal clearance, permitting once daily administration (195). Indeed, further longer-acting analogues were developed employing several strategies. The conjugation of the native GLP-1 analogue, D-Ala8GLP-1(Lys37), to an antithrombin III (ATIII)-binding pentasaccharide, known as CarboCarrier®, produced a peptide with potential for once-weekly dosing [(73, 74); Table 2], while a once-weekly exenatide preparation (Bydureon™) which employs microspheres to form a slowly released, peptide-depot gained regulatory approval in 2014 [(196); Table 2]. Additionally, the once weekly preparations albiglutide and dulaglutide employ covalent interactions to attach the peptide to human albumin or a tail fragment of an IgG 4 antibody respectively, which impedes clearance (67, 68), while semaglutide achieves the same pharmacokinetic profile with non-covalent interaction with albumin (70). Such advancement has continued with a once-monthly, hydrogel preparation utilising the analogue [Gln28]exenatide currently undergoing development (75), while a novel osmotic minipump, termed Itca 650, is currently in phase III clinical trials (FREEDOM-1) (197). This pump administers a constant infusion of exenatide following subcutaneous implantation, reported to last for up to 12 months before requiring replacement (197).

In addition to this novel delivery method, there is growing interest in development of oral GLP-1 therapies, with preclinical data now describing bioactivity of orally delivered exendin-4 (198, 199), albeit requiring a considerably larger dose than intraperitoneal injection in mice. Most notable is a novel formulation of semaglutide that makes use of an absorption enhancer, sodium N-(8-[2-hydroxylbenzoyl] amino) caprylate (SNAC), designed to protect peptides from proteolytic degradation and promote absorption across the gastric mucosa [(71); Table 2]. Phase II trials comparing oral to s.c. semaglutide in diabetes management revealed comparable improvements in glycaemia when compared to placebo, but notably oral treatment attained slightly greater weight loss over the 26 week study (-6.9 kg/-7.6%, compared to -6.4 kg/-7.2%) (71). This therapeutic has recently gained FDA approval following successful phase III trials (PIONEER-7) in T2DM patients and provides significantly better improvements in glycated haemoglobin (HbA1c) than sitagliptin in T2DM (200). Like previously available oral antidiabetics (7), oral semaglutide is taken once-daily as a tablet formulation, being prescribed under the brand name Rybelsus® (201). Moreover, as part of the PIONEER trial program, oral semaglutide was studied in patients with renal impairment and demonstrated favourable outcomes (202), possibly indicating that like s.c. semaglutide there was cardiovascular benefit (118). However, when outcomes were assessed upon completion of PIONEER-6 non-inferiority compared to placebo was evident (72), but there was no obvious cardiovascular benefit. These new findings are highly relevant and should lead to greater patient acceptability and compliance in treatment of T2DM and other disorders, as compared to traditional injection route for peptide therapies.




Glucagon-Like Peptide-2

The discovery of GLP-1 and GLP-2 occurred simultaneously following the cloning of cDNAs and genes encoding mammalian proglucagon in the early 1980s, with experiments unveiling the sequences of two novel glucagon-like peptides (15, 16). At that time, the biological functions had not been described for either hormone, with the insulinotropic actions of GLP-1 reported in 1987 (96). This delay was due to the lack of bioactivity of GLP-1 (1–37) (203), which hampered progress until the truncated peptide GLP-1 (7–36)-amide was uncovered (204). Perhaps, as a result of subsequent research focusing on the exciting prospect of exploiting GLP-1 as a potential antidiabetic agent, GLP-2 based research may be considered somewhat less intense, with the biological action as a growth promoter in gut not being uncovered until almost a decade after actions of GLP-1 (205).

The development of the first GLP-1/GLP-2 secreting GLUTag cell-line represents a starting point in the elucidation of the biological function of GLP-2. This cell line was produced via the creation of a transgenic mouse model with GLP-1/2 secreting tumours in the colon, from which L-cells could be extracted and immortalised (206). An observation was made that these animals all exhibited marked enlargement of the small bowel following tumour-induction, inspiring the hypothesis that a PGDP secreted by these tumours must have been responsible for the intestinotrophic activity (205). Interestingly, Bloom had reported the first enteroglucagonoma patient with small intestinal villous hypertrophy, malabsorption, as well as colonic and jejunal stasis some 20 years earlier (207). However, the question remained as to which hormone, or hormones, were responsible. Initially, the intermediary peptide, glicentin, was identified to elicit intestinotrophic action (208). However, subsequent administration of synthetic GLP-2 into mice indicated that GLP-2-mediated increases in small bowel weight surpassed those seen with glicentin (209), making it the more likely instigator.

As their name suggests, both GLP hormones are closely related with both being synthesised by the action of PC1/3 and secreted from intestinal L-cells of the distal gut (Figure 1) (25, 210). Following liberation from proglucagon, the 33 residue GLP-2 is secreted post-prandially in a biphasic fashion from nutrient-sensing L-cells (Figure 2), particularly in response to carbohydrates and lipids contained within luminal contents [(211); Figure 2]. Notably, the distal location of these cells indicates a neural pathway must be involved, given plasma GLP-2 levels (along with other L-cell-derived hormones) are shown to rise rapidly following ingestion (212).

GLP-2 exerts its actions through agonism of its own target receptor, a GPCR termed the GLP-2 receptor (GLP-2R) [(25); Figure 2]. The receptor is widely expressed throughout the entirety of the gut and is highly specific for GLP-2, with other PGDPs demonstrating relatively low affinity (213). Similar to GLP-1, agonism of the GLP-2R evokes a rise in intracellular cAMP and subsequent PKA activation, however, intracellular calcium remains unchanged [(214); Figure 2]. Activation of the receptor directly reduces enterocyte apoptosis and increases crypt cell proliferation, which operates in tandem to increase microvilli height [(215); Figure 3]. The hormone has also been demonstrated to improve intestinal blood flow, decrease gut motility and inhibit gastric acid secretion [(216); Figure 3]. There is some evidence that GLP-2 is produced in small functional amounts within pancreatic islets, but the alternative processing of proglucagon by PC1/3 in alpha-cells to give GLP-1 under conditions of cellular stress is likely much more significant (217).


GLP-2 Therapeutics and Short Bowel Syndrome

The intestinotrophic properties of GLP-2 were an attractive prospect in development of therapeutics for conditions such as short-bowel syndrome (SBS), usually a consequence of surgical removal of a section of the bowel in Crohn’s disease (218). This condition is characterised by malabsorption as a result of chronic diarrhoea with further dehydration and weight loss, and depending on severity, the overall quality of life can be greatly impaired. The condition can be managed by parenteral nutrition (PN) and hydration, however, in the long-term this increases the likelihood of infection and potentially sepsis (219). Additionally, patients have a strict reliance on PN which can impede mobility, further impacting on quality of life. Hence, a medication with the ability to manage the condition and reduce the need for PN was highly sought after.

In support of GLP-2 use in SBS, endogenous levels have been shown to rise following excision of bowel (220), while preclinical data showed promising improvements in bowel mass in rats receiving GLP-2 infusion following 75% removal of the mid jejuno-ileum (221). Moreover, infusion of GLP-2 in patients in whom the terminal ileum and colon had been resected, improved intestinal absorption and nutritional status (222). Thus, GLP-2R has clear application in treatment of the condition. As is the case with GLP-1(7–36), GLP-2 is rendered inactive by enzymatic N-terminal dipeptide (His1-Ala2) removal by DPP-4, producing the major fragment GLP-2 (3–33) (205). Thus, in order to be therapeutically viable, the native hormone must be modified to facilitate exogenous administration.

Substitution of the penultimate Ala2 for Gly2 (as found in exendin-4) enabled the development of [Gly2]GLP-2 (Table 3), a DPP-4 resistant, long-acting GLP-2 mimetic (214). The peptide employed single amino acid substitution and presented a more specific approach than blanket DPP-4 inhibition (222). The analogue was later named “teduglutide” and demonstrated early promise in a dose-range pilot study in human SBS patients (227). Subsequent phase III clinical trials confirmed beneficial effects in several cohorts of SBS patients, manifesting in improved intestinal morphology, renal function as well as a favourable side-effect profile (223, 228). Furthermore, treatment reduced reliance on PN in many patients (223), while a portion of previously dependent patients was able to completely discontinue PN (229). Teduglutide was subsequently approved by the FDA in 2012 and is prescribed under the trade names Gattex® in the USA and Revestive® in Europe (Table 3).


Table 3 | GLP-2-based therapeutic peptides.



Following the success of teduglutide, further GLP-2 analogues are currently in development, with research aimed to improve the ~5 h circulating half-life of teduglutide (230). Apraglutide ([Gly2, Nle10, D-Phe11, Leu16]-GLP-2) employed further substitutions (Table 3), identified through structure-activity relationship studies of lipophilic amino acid substitutions in positions 11 and 16 of teduglutide, and has been shown to prolong in vivo bioactivity through reduced renal clearance in rodents (224). Similar findings were observed in monkey and mini-pig (225), whilst exhibiting excellent specificity and potency for the GLP-2R. The peptide was more efficacious than both teduglutide and another GLP-2 analogue in development, glepaglutide [(226); Table 3], and has started recruiting for phase III clinical trials in SBS patients (231). That said, glepaglutide has a reported half-life of 50 h and has also entered phase III clinical trials (226). It employs nine amino acid substitutions and a C-terminal tail of six Lys residues (Table 3). The analogue forms a subcutaneous depot at the injection site, from which glepaglutide and its active metabolites are gradually released into the circulation. Phase II trials indicated the analogue was well absorbed, effective and tolerated (226). Thus, apraglutide and glepaglutide may represent an exciting new step in development of GLP-2 analogues, emulating the success of long-acting GLP-1 analogues, which can be administered at less frequent intervals than currently available once-daily preparation, teduglutide.



GLP-2 Therapeutics and Osteoporosis

An additional similarity to GLP-1 research is the pursuit of new therapeutic applications. With the widespread expression of GLP-2R (213), it was postulated that GLP-2 may have application in the management of osteoporosis. Osteoporosis is a condition characterised by bone mass reduction and microarchitecture impairment caused by an imbalance in bone formation and resorption, increasing the risk of fractures (232). Moreover, the prevalence of osteoporosis continues to surge in accordance with an increasingly ageing population (233). A number of the widely-prescribed, anti-resorptive drugs, particularly bisphosphonates, are believed to possess unfavourable side-effect profiles (234), thus alternative treatment options are being sought. Indeed, the involvement of gut hormones in bone mass and formation has been widely researched, with the roles of GLP-1, as well as GIP (175), discussed above.

However, unlike these related gut hormones, the role and indeed application of GLP-2 with respect to bone mass is more divisive. In initial studies of GLP-2 in SBS, an additional observation was made that, following 5 weeks treatment, patients presented with significantly increased spinal areal bone mineral density (222). Subsequently, it was demonstrated that s.c. GLP-2 administration reduced bone resorption in post-menopausal women while not affecting bone formation (235). However, the findings in SBS patients were refuted, with a later study reporting that an intact bowel is required for exogenous GLP-2 administration to have such an effect (236). Additionally, unlike GIPR, an equivalent GLP-2R has not been identified on human osteoclasts (237), indicating that its actions are indirect, with inhibition of parathyroid hormone (PTH), mediated by activation of GLP-2R on PTH gland, suggested to be the mediator of its effects on bone resorption (236). Moreover, a small-scale trial in healthy males employed GIPR antagonists to confirm the antiresorptive effects of GLP-2 are independent of this receptor (238). The mechanisms behind the bone actions of GLP-2 require further investigation to firmly establish a link.

Despite this, several studies support the involvement and potential use of GLP-2 in bone formation in some capacity. In a study of postmenopausal women with concurrent T2DM, it was revealed that ingestion of a mixed nutrient meal saw a reduction in biomarkers for bone fragility, coupled with a rise in GLP-2 levels (239), indicating the importance of the gut. However, this study did not ascertain the involvement of other gut hormones. These findings are supported by more recent work in ovariectomised rats, an animal model replicating postmenopausal osteoporosis. It was established that 4 weeks s.c. administration of GLP-2 resulted in improvements of bone architecture and mass through both promotion of bone formation and a reduction in resorption (240). Interestingly, studies of GLP-2 effects on bone have all employed human GLP-2, as opposed to longer-acting analogues. Furthermore, i.v. administration of a high dose of GLP-2 was outperformed by lower doses of s.c. GLP-2 in terms of reducing bone resorption (241). Thus, given longer acting, s.c. teduglutide is currently available, as well as other enzyme resistant analogues in development, their potential use for therapy of osteoporosis is exciting. Moreover, given the involvement of several gut hormones in this gut-bone axis (242), coupled with the success of unimolecular multiagonists with relation to bone improvements (184), it stands to reason that incorporation of a GLP-2R agonising component may improve the efficacy of such agents in promoting bone density.




Other Potential Proglucagon-Derived Therapeutics


Oxyntomodulin

Oxyntomodulin (OXM) was discovered as a fragment of glicentin (243, 244), sharing substantial sequence homology and essentially the entire 29 amino acid glucagon molecule with an additional C-terminal octapeptide, IP-1, resulting in 37 residue OXM ( (245, 246); Figure 1 and Table 4).


Table 4 | Oxyntomodulin-based therapeutic peptides.



Like other gut-based PGDPs, OXM is released post-prandially from L-cells (254). OXM increases energy expenditure and physical activity, promotes weight loss and improves glycaemia in humans (254, 255). No specific OXM receptor is known to exist; rather, the peptide acts as a dual agonist for GCGR and GLP-1R (Figure 2), although it binds to both with lower affinity than either of their primary ligands (256, 257). In the current thinking, OXM-mediated weight loss is believed to be elicited through activation of the GCGR, bringing about anorectic actions and increased energy expenditure [(258); Figure 3]. In contrast, GLP-1R agonism accounts for improved glucose homeostasis through augmented insulin secretion, overcoming the hyperglycaemic actions of GCGR activation [(259); Figure 3]. Mechanistic studies reveal that OXM behaves as a differential agonist depending on the receptor, acting as a full agonist in recruiting β-arrestin 2 to the GCGR, but partial agonist in recruiting β-arrestin 1 and 2 and GPCR kinase 2 to the GLP-1R (260). Furthermore, some data suggests that OXM is a GLP-1R-biased agonist relative to GCGR (260).



Oxyntomodulin Therapeutics and Obesity/Diabetes

As alluded to above, the ability of OXM to effectively activate both GCGR and GLP-1R, thereby improving blood glucose and body weight, is attractive for the development of peptide therapeutics for obesity/T2DM, provided an appropriate receptor balance is struck. Like all other PGDPs, OXM is subject to rapid inactivation by DPP-4 which targets cleavage after the N-terminal Ser2 residue (261). This rapid inactivation precludes use of the unmodified hormone as a therapeutic. Thus, while initial studies demonstrated that native OXM decreases food intake and enhances energy expenditure in both healthy and obese human volunteers, these employed undesirably frequent dosing of three- or four-times daily (262, 263).

As with GLP-1, DPP-4 resistant forms of OXM are required therapeutically and given the sequence similarities between the two peptides, successful approaches taken with GLP-1 can be applied to OXM (261, 262). One example, (D-Ser2)Oxm[mPEG-PAL] (Table 4), employed substitution of the naturally occurring L-Ser2 with the enantiomer D-Ser2 to promote DPP-4 resistance, while further utilising C-16 palmitic acid conjugation via a mini-PEG linker at the C-terminus to reduce renal clearance and improve circulating half-life (247). The resulting peptide was fully resistant to DPP-4, whilst clearly retaining bioactivity: increasing cAMP in both GLP-1R and GCGR transfected cell lines, as well as enhancing insulin release from clonal pancreatic beta-cells (247). Additionally, daily administration of (D-Ser2)Oxm[mPEG-PAL] to ob/ob mice decreased food intake and body weight, whilst increasing plasma and pancreatic insulin and improving glucose tolerance (247). Several biomarkers of obesity were also improved, including increased adiponectin with reductions in both visfatin and triglyceride concentrations (247). The OXM analogue also exerted beneficial effects on blood glucose control in STZ-diabetic mice, including elevations in total islet and beta-cell areas associated with an increase in the number of smaller-sized islets and enhanced islet proliferation (264). A follow-up study with (D-Ser2)Oxm[mPEG-PAL] in transgenic mice with fluorescently tagged alpha cells also demonstrated highly favourable effects on islet cell transdifferentiation (265). Interestingly, another study employed dogfish and ratfish oxyntomodulin peptides (Table 4), which despite numerous sequence variations from human OXM, remained effective at mammalian GCGR and GLP-1R (248). This suggests a possible early advantage of such dual receptor actions in evolutionary terms.

The therapeutic applicability of enzymatically stable OXM analogues is clear and a number of analogues are in various stages of development for potential use in T2DM therapy (Table 4). However, it has been demonstrated that a balance in GCGR/GLP-1R agonism must be reached when designing OXM analogues, with a number of examples demonstrated to induce hyperphagia (266). OXM analogues with Glu3 substitution favour GLP-1R activation and do not exhibit an orexigenic effect (266), hence, it is assumed that such an effect must be mediated via GCGR agonism (266, 267). However, with the development of OX-SR, a sustained-release oxyntomodulin analogue which employs 5 central, depot-forming, amino acid substitutions between residues 16-27 of the human peptide (exact sequence not disclosed by authors), an OXM analogue capable of bringing about GCGR-mediated increases in energy expenditure was developed, and despite having an orexigenic effect actually elicited 2% weight loss following 3 days administration in rats (249). In this respect, while OX-SR was proven to agonise both receptors in vitro, the analogue showed greater affinity for GCGR than GLP-1R (249). More prolonged studies, including those in models of diabetes are required to investigate the long-term consequences of such prolonged exposure to GCGR and GLP-1R activation by OX-SR, but the peptide does represent a potential once-weekly OXM formulation (249). Excitingly, regulatory approval of the first OXM analogue may be on the horizon, with the long acting, fatty-acid derivatised analogue LY3305677 (sometimes termed IBI362) currently in separate phase II clinical trials investigating management of T2DM and obesity (250, 251).



Glicentin and Glicentin-Related Pancreatic Peptide

Glicentin is a product of PC1/3 proglucagon processing, while GRPP glicentin-related pancreatic peptide (GRPP) is a product of PC2 processing in the pancreas [(22, 25); Figure 1]. Radioimmunoassay of gut extracts revealed substances with glucagon-like immunoreactivity that cross-reacted with antibodies directed towards the N-terminus of glucagon (268), with further investigation identifying two related proteins, one appearing to be a fragment of the other. Firstly, the 69 residue, N-terminal proglucagon fragment glicentin (243), which contained the entire glucagon sequence attached to an N-terminal portion later identified as GRPP (269, 270). The smaller fragment was essentially glucagon attached to a C-terminal octapeptide called intervening peptide-1 (IP-1) (271), later this C-terminally extended glucagon was denominated as oxyntomodulin.

We now know glicentin is released post-prandially from L-cells of the distal ileum and colon, particularly in response to glucose, lipids and amino acids, especially arginine, entering the duodenum [(272–274); Figure 2]. The hormone elicits a number of physiological effects such as a paracrine role in promoting intestinal growth and regulating motility (275), as well as playing a role in glucose homeostasis through augmenting insulin secretion and inhibiting glucagon secretion (276). However, no glicentin receptor has yet been identified, but the hormone has been shown to agonise and elicit cAMP production following binding to glucagon, GLP-1 and GLP-2 receptors [(277, 278); Figure 2]. Additionally, earlier work with glicentin suggested that its actions were largely dependent upon the degradation of the hormone into smaller molecular fragments (279), possibly including carboxylase-mediated generation of glucagon (Figure 2). This may, in part, explain why there has been relatively little research exploring development of glicentin-based therapeutics. Furthermore, it is likely that a lack of commercialised detection methods for glicentin have hindered its overall investigation and therapeutic application (280). However, with increasing availability and affordability of capable assays and given the increasing interest in peptide therapeutics, we may see renewed interest in this PGDP (281). Moreover, it has recently been put forward that post-surgery rises in glicentin, along with OXM, are the best predictors of decreased in intake of energy-dense foods and weight loss following RYGB, more so than even GLP-1 (282). Whether this translates to functional involvement remains unclear, and instead it is postulated that increased glicentin levels are a useful indicator of improved overall L-cell function (282).

As discussed above, GRPP is one of the products of PC2 processing of proglucagon in pancreatic alpha-cells (25, 26). A 30 residue, N-terminal fragment of proglucagon (Figure 1), GRPP was discovered after glicentin using glicentin-specific antibodies in pancreatic extracts (269). Structural elucidation highlighted that the peptide was identical to the N-terminus of gut-derived glicentin, hence the name glicentin-related pancreatic peptide (269). Despite its discovery almost four decades ago, research on this PGDP is sparse, but earlier experiments in dogs suggest the peptide may influence glucose homeostasis through increasing plasma insulin and decreasing plasma glucagon (283). A more recent study utilised isolated-perfused pancreas and liver from rats to pursue a detailed investigation of the physiology of this peptide (284). In contradiction of initial findings, this study demonstrated that while glucose output from the liver remained unaffected, GRPP brought about potent inhibition of glucose‐stimulated insulin secretion in perfused pancreas, with cAMP assay indicating that these actions were not mediated through either GLP-1R or GCGR, meaning an unidentified receptor may be at play (284). Given the lack of physiological data surrounding GRPP, it is unsurprising that no therapeutic exploration has been made on this PGDP.




Multiagonists

Unimolecular multiagonists represent an exciting future in the therapeutic application of PGDPs, with increasingly complex and experimental molecules being developed. As briefly mentioned above, RYGB surgery induces rapid remission of T2DM in 70-80% patients (285). Importantly, secretion and action of a number of gut hormones, including the PGDPs GLP-1, GLP-2, OXM and glicentin, together with PYY, GIP, cholecystokinin (CCK), neurotensin (NT) and secretin, are positively modulated in concert following RYGB (286). These are thought to be major determinants in the improvements of appetite, body weight, glucose tolerance and insulin sensitivity demonstrated post-surgery (286). Thus, given high costs, limited availability and potential risks associated with surgical procedures, there is a current focus on designing multiagonist molecules with the ability to emulate the post-surgical, hormonal mechanisms of RYGB, which have the potential to be more widely available to patients than surgery. Additionally, they have the potential to evoke an array of positive actions within various organs (Figure 3), and such molecules could surpass advantages observed with individual peptides.

Earlier research employing combinations of single gut hormones or analogues provided a sound basis for the application of multi-agonism in T2DM (287). Indeed, with the combination of liraglutide plus an acylated GIP analogue (288), synergy was demonstrated leading to improved glucose-lowering and insulinotropic actions in obese-diabetic mice compared to either of the individual incretin analogues alone. Furthermore, recent combination studies have further strengthened the idea that combined exogenous peptide administration can effectively emulate the benefits of RYGB. As such, infusion of a multi-peptide preparation of GLP-1, OXM and PYY (3–31, 35–39) termed “GOP”, can replicate the postprandial levels of these hormones observed after RYGB, and can safely bring about 32% reduction in food intake in a standardised meal test (289). Moreover, continuous GOP infusion, delivered by pump over a 4-week period in obese patients with prediabetes or diabetes, resulted in improvements in glucose tolerance which surpassed those of RYGB (290).

To date, a number of unimolecular double- and triple-agonists have been developed with several being actively pursued for clinical application (Table 5). The majority of these typically employing a GLP-1R agonist component combined with another gut hormone, often an incretin or other PGDP.


Table 5 | Multiagonists based on proglucagon-derived peptides in development.




Dual Agonism With GLP-1 and Glucagon

As previously discussed, the notion of GCGR agonism in pursuit of a therapeutic for T2DM, or its related conditions, seems counterintuitive. However, given the surprising beneficial effects of OXM agonists in T2DM, the benefits of targeting these two receptors in tandem was clearly demonstrated (Figure 3). Additionally, the structural similarity between the two PGDPs was clearly demonstrated (Table 4). As such, this combination pioneered unimolecular PGDP-based research, with the cholesterol-conjugated OXM analogue DualAG and the glucagon, GLP-1 chimeric peptide “Aib2 C24 chimera 2 lactam 40K” both showing preclinical promise in murine, DIO models of obesity-diabetes [(252, 311); Table 4].

While a number of GLP-1/glucagon based peptides have been generated (Table 5), many have witnessed therapeutic pursuit abandoned. Currently, a molecule of particular promise is cotadutide (formerly MEDI0382). Cotadutide is a linear, chimeric peptide employing important residues from both glucagon and GLP-1 into its sequence (Table 5), with a palmitoyl FA attachment on Lys10 to prolong circulating half-life (253). The peptide is reported to be a balanced dual-agonist for GLP-1 and GCGR, which brought about significant weight loss through improved glycaemia in DIO mice and non-human primates, being more effective than liraglutide alone (253). The concept of balance in respect to such molecules is crucial, as it is important to maximise weight loss whilst minimising the potential to cause hyperglycaemia, with as little as 10% relative GLP-1 sequence contribution minimising hyperglycaemia whilst retaining weight loss (312). The effects on glycaemia were supported by acute administration studies in humans, however a slower dose titration was deemed necessary to avoid adverse effects on gastric emptying (291).

When assessed in phase II trials in T2DM patients, slower titration of cotadutide was employed to reflect such findings (313). This study revealed that daily administration in patients with controlled T2DM improved overall glycaemic control, as measured by HbA1c, which was associated with sustained weight loss following 41 days daily administration (313). Subsequently, it was revealed that these positive effects on glycaemia were likely the result of improved gastric emptying and postprandial insulin response (292). Additionally, patients presented with significant improvements in liver fat, with levels falling by 39% (313), which was notable given an equivalent fall in levels with liraglutide takes around 6 months (314). These findings on liver fat have seen a refocus of research toward application in non-alcoholic fatty liver disease (NAFLD) and steatohepatitis (NASH) (293), both common consequences of uncontrolled T2DM (315). The study revealed that cotadutide’s actions on the liver to reduce lipid content, drive glycogen flux and improve mitochondrial turnover and function are directly mediated through modulation of hepatic GCGRs, while metabolic improvements mediated via agonism of extrahepatic GLP-1Rs further enhanced improvement (293). A similar story is unfolding for the GLP-1/GCGR agonist efinopegdutide (formerly HM12525A), a longer acting agonist which employs modified exendin-4 conjugated to human IgG, facilitating once-weekly administration ( (294); Table 5). The peptide appealed as a treatment for T2DM due to promising preclinical results which demonstrated lipolytic and insulinotropic effects in diabetic mice (316). However, potent lowering effects on cholesterol and liver fat have seen this analogue also repurposed as a potential NAFLD/NASH medication (295).



Dual Agonism With GLP-1 and GIP

With synergy demonstrated by administration of liraglutide plus an acylated, enzyme resistant GIP analogue (288), the value of developing molecules targeting these two incretin receptors was evident. As such, a number of unimolecular GLP-1/GIP agonists have been developed and are at various stages of clinical testing (Table 5).

One particular success story involves a molecule termed tirzepatide (formerly LY3298176) (296). The peptide is a linear, 39 aa peptide containing two unnatural residues and a C20 diacid fatty acid attached via a linker to Lys20 (Table 5), all of which contribute to a circulating half-life of ~5 days, which permits once weekly dosing (296). Tirzepatide may be considered a GIP-based analogue, sharing greater sequence homology with GIP than GLP-1 (particularly at the N-terminus) (Table 5), with GLP-1R agonism induced via aa substitution (296, 317). The peptide was shown to effectively lower blood glucose via insulinotropic actions at both receptors in preclinical studies in mice, while phase I trials revealed effective weight loss in T2DM patients and good tolerability (296). Interestingly, in vitro mechanistic studies suggest the peptide is biased towards the GIPR, activating with equipotency to native GIP whilst having 5-fold weaker affinity than native GLP-1 at GLP-1R, with a preference to initiate cAMP mobilisation to enhance insulin secretion (317), which may be of particular benefit in obesity-diabetes. These results were supported in phase II trials in T2DM patients with HbA1c reductions of 2%, highly impressive body weight reductions of 5-10% (max 11.3 kg) and significant reductions in waist-circumference demonstrated following 12 weeks treatment (297). Moreover, comparison to the established GLP-1R mimetic, dulaglutide, proved tirzepatide to elicit more significant reductions in body weight (-4.52 kg/6.4% compared to -1.3 kg/1.8% for dulaglutide after 4 weeks), with the authors concluding inclusion of GIPR agonism builds upon sole GLP-1R activation to enhance weight loss via modulating appetite and gastric emptying, with the antiemetic effect of GIPR also improving tolerability (296). It is likely further mechanistic investigation will be pursued to fully elucidate the biological processes at play, especially as no single effect could be entirely attributed to GIPR/GLP-1R agonism (318). Thus, while important synergy is likely to be occurring, confirmation is required.

Tirzepatide has now progressed to phase III clinical trials in T2DM, and we await data from these studies with great anticipation. In similar fashion to the GLP-1/glucagon analogues discussed, tirzepatide has also found application in the treatment of NASH, with a follow-on study in T2DM patients revealing that several biomarkers of liver inflammation were reduced in patients receiving higher doses of the analogue (319). Indeed, a number of other analogues such as NN9389 (GIP and semaglutide combination), CT-868 and TAK-094 are all currently in phase I clinical trials as potential T2DM treatments (298), but any detailed literature on these analogues remains elusive at the time of writing.



Dual Agonism With GLP-1 and OtherGut Peptides

A literature search for dual agonists also reveals some slightly left-field combinations with GLP-1, although importantly these involve other gut hormones shown to be upregulated by bariatric surgery (286). The combinations explored so far in preclinical studies all have the potential to elicit a range of additional effects on various systems in the body (Figure 3). For example, a long-acting GLP-1/CCK hybrid peptide has been developed which employs the key regions of (pGlu-Gln)-CCK-8, a stabilised form of CCK (320), and exendin-4 attached to one another via a linker molecule (Table 5). Through simultaneous activation of both GLP-1 and CCK-2 receptors, this co-agonist outperformed exendin-4 in terms of satiety and body weight reductions in obese-diabetic mice (299). A similar molecule, essentially reversing the configuration of GLP-1 and CCK components [(300); Table 5], also highlights the potential of dual receptor activation in this regard, outperforming (pGlu-Gln)-CCK-8 in terms of body weight reduction following 10 weeks treatment in DIO mice (300).

A GLP-1/secretin chimeric peptide, based on the sequence of secretin with GLP-1R activity induced via substitution of important GLP-1 residues (Table 5), has been developed. This peptide decreased food intake and body weight more effectively than liraglutide alone (301). Moreover, this analogue improved short-term glycaemic control (39% fall in fasting blood glucose), HbA1c (-1.6%) and promoted a 78% rise in beta cell mass following twice daily s.c. administration over an 8 week period in diabetic, db/db mice (301).

Another successful, but seemingly counterintuitive pairing is the combination of GLP-1 and PYY. PYY is insulinostatic but holds therapeutic potential due to induction of beta cell rest, promotion of beta-cell mass, satiety and weight loss (321). Moreover, a synergistic effect between PYY and GLP-1 has been established (322), supporting their incorporation in a co-agonist. One such peptide, termed EP45, has been developed as a chimeric peptide employing PYY (25–36) incorporated with exendin-4(1–33); Table 5). Indeed, the peptide was demonstrated to effectively activate both GLP-1R and NPY2R in transfected cell lines (302), but in vivo application is yet to be published.

Finally, an enzyme resistant GLP-1/xenin dual-agonist, Exendin-4/xenin-8-Gln (303), has been developed with xenin, which is a regulatory peptide co-secreted postprandially with GIP from intestinal K-cells [(323); Table 5]. Xenin is known to potentiate the actions of GIP (324), and in addition to positive glycaemic outcomes, through reduced appetite and augmented insulin secretion, the peptide also restored GIP sensitivity (303) that is dampened in obesity (325). Consistent with these actions, Exendin-4/xenin-8-Gln induced substantial benefits in DIO diabetic mice (303).



Conjugation of GLP-1 and Nuclear Hormones

Beyond the incorporation of GLP-1 with other gut hormones, there is also growing interest concerning the conjugation of GLP-1 with nuclear hormones like oestrogen, thyroid hormone (T3) and dexamethasone (326). In particular, the conjugation of GLP-1-estrogen allows selective targeting of oestrogen receptors (ER) in GLP-1R expressing cells. This reduces obesity and improves dyslipidaemia and hyperglycaemia more so than sole activation of either GLP-1R or ER (327). In relation to the metabolic effects of these conjugates, preclinical studies in rodents have demonstrated that these conjugates act on reward centres within the supramammillary nucleus to induce an anorectic effect (328), which positively influences glycaemia. Moreover, such conjugates were demonstrated to improve beta-cell function and survival (329), which in a study employing a combination of GLP-1-estrogen and insulin in a DIO model of diabetes, allowed for a 60% reduction in the insulin dose compared to a control group of animals receiving insulin monotherapy (330). While conjugation to GLP-1 proves an effective method to prevent the oncogenic and gynaecological actions of oestrogen (331), distinct differences in the hormonal aetiologies of obesity in males and females have demonstrated that administration of such agents in different sexes of mice elicit subtle differences in obesity-related inflammation pathways (332, 333). Thus, the impact of gender in relation to the applicability of these agents needs to be further explored.



Triple Agonism With GLP-1

Given the successful development of GLP-1/GIP and GLP-1/glucagon dual-agonists (293, 296), the next obvious step was to develop triple-agonists based on these three gut hormones [(318); Table 5]. One such molecule, termed YAG-glucagon (Table 5), is an analogue based on human glucagon with a number of amino acid substitutions to impart GIPR and GLP-1R agonism (304). The DPP-4 resistant analogue was demonstrated to be an effective tri-agonist in vitro, while twice-daily administration in DIO mice manifested in improved blood glucose, circulating insulin and enhanced insulin sensitivity (304). While this molecule has not surpassed preclinical stage, a couple of examples appear to be progressing well at present. LY3437943, a reported tri-agonist is currently undergoing phase I trials in management of obesity-diabetes (307). More data is available for HM15211, a tri-agonist employing a GLP-1/GIP/glucagon peptide (sequence not available) attached to a human aglycosylate Fc fragment which prolongs half-life to permit once weekly administration [(334); Table 5]. HM15211was more effective than daily administration of liraglutide in increasing energy expenditure, with improvements in weight loss and hepatic inflammation markers in rodent models (334), and is currently recruiting for phase II trials as a treatment for NASH (308).

Similar to single GLP-1 agonists, a tri-agonist termed TA is also finding application with regards to neuroprotection [(309); Table 5]. This hybridised GLP-1/GIP/glucagon activator was initially developed for management of obesity-diabetes and showed promising preclinical results in rodent models of diabetes-obesity (310). However, the more recent repurposing of this molecule towards management of AD is particularly exciting, with daily administration of the analogue in a murine model of AD over a 2 month period reversing memory deficit, reducing pro-mitochondrial apoptosis markers and upregulating growth factors involved in synaptic function (309). The preclinical study has not been followed-up to date, but represents a potentially fruitful new avenue for the application of PGDP-based multiagonists.

Interestingly, the aforementioned GLP-1/xenin combination has been exploited further with the development of the triple-agonist exendin‐4/gastrin/xenin‐8‐Gln (335), a direct descendent of the previously discussed dual-agonist (303). This incorporates the hexapeptide gastrin into its sequence (Table 5), evoking the ability to agonise GLP-1R, CCK2R and NTSR1 in tandem (335). Preclinical studies with this peptide were promising, eliciting improved glycaemic control when administered twice daily in DIO diabetic mice over 21 days, through elevation in circulating insulin levels, improved insulin and GIP sensitivity, with encouraging reductions in fat mass, triglycerides and cholesterol levels (335). Moreover, this analogue has been further modified via the covalent attachment of a hexadecanoyl fatty acid to improve circulating half-life and duration of effect (Table 5), with twice daily administration in obese-diabetic ob/ob mice recapitulating the metabolic benefits attained with the non-acylated form (305).




Other Possible Glucagon Therapeutics

The recognised role of hyperglucagonaemia in the pathophysiology of diabetes, and the effectiveness of concomitant activation of GCGR, alongside GLP-1R by oxyntomodulin, raises an apparently conflicting question: can glucagon antagonists or glucagon agonists be utilised as a diabetes or obesity therapy? A similar question exists for therapeutic GIP analogues (306). In fact, both aspects are being explored although neither is, as yet, fully understood, or nearing final stages of development.


Glucagon Antagonists

The therapeutic potential for glucagon suppression is clear, especially given that a synthetic analogue of the glucagon suppressing hormone amylin, termed “Pramlinitide”, is currently prescribed in the USA as an adjunct to insulin therapy (336). However, pramlintide is not a specific inhibitor of glucagon secretion, as it also is well known to slow the rate of gastric emptying and induce satiety. Thus, direct glucagon receptor antagonism may represent a more specific alternative in this regard. While it is true that many small-molecule glucagon antagonists exist (337–339), these have been discounted due to undesirable pharmacokinetic properties which led to rapid renal clearance and diminished effects (337, 340). Moreover, off-target safety concerns were present, including activation of peroxisome proliferator-activated receptor-delta (PPAR-δ) (337), a transcription factor which plays roles in inflammation and certain cancers (341). That said, a few small molecules such as Eli Lilly and Co’s GRA LY2409021 have made it as far as phase II trials (342). These demonstrated promising reductions in HbA1c but were ultimately let down by undesirable side-effect profiles, often eliciting potentially dangerous elevations in liver enzymes (343). Hence, a view was taken that development of glucagon peptide-based antagonists could herald better tolerated compounds with improved pharmacokinetic and safety profiles.

Logical design of such compounds took the sequence of native glucagon (Table 6), modifying the structure, paying particular attention to previously identified important residues for GCGR agonism, namely N-terminal His1, Gly4 and Asp9 residues (349–353), whilst also ensuring that they are resistant to the actions of DPP-4 [(349); Figure 2]. Two such analogues termed desHis1Pro4Glu9(Lys12PAL)-glucagon and desHis1Pro4Glu9(Lys30PAL)-glucagon [(346); Table 6], employed simple amino acid substitutions at residues 4 and 9, while His1 was deleted to produce compounds with the potential to effectively block the receptor and palmitic acid (PAL) was attached via linker molecules to substituted Lys residues at differing positions (346), a means of prolonging circulating half-life (351). Indeed, both molecules, as well as their non-acylated counterparts, were shown to be resistant to DPP-4 (346, 353). The compounds possessed strong antagonist properties, dose-dependently reducing glucagon-mediated cAMP production and insulin secretion together with counteracting glucagon-mediated hyperglycaemia in vivo (346).


Table 6 | Glucagon antagonist peptides for T2DM.



Further related analogue development resulted in synthesis and characterisation of desHis1Glu9(Lys30PAL)-glucagon and desHis1Glu9-glucagon-[mPEG] [(299, 354); Table 6]. These peptides were resistant to DPP-4 degradation (344, 348, 355) and lacked adverse metabolic or islet morphological effects when administered twice daily to lean mice (347). Preclinical testing of desHis1Glu9-glucagon and desHis1Glu9(Lys30PAL)-glucagon in HFF obese mice reversed obesity-driven hyperinsulinaemia and insulin resistance together with improvements in lipid profile, glucose tolerance and increased pancreatic insulin stores (345).

These studies are typical of others that have led to development of peptidergic glucagon receptor antagonists for T2DM, in particular the first reported antagonistic, glucagon analogue [l-N alphatrinitrophenylhistidine, 12-homoarginine]-glucagon, which elicited decreases in circulating glucose of up to 65% with continuous infusion in anaesthetised rats (356). However, despite this preclinical promise peptide-based agents were largely abandoned at this point possibly due to short half-life in pursuit of small-molecule antagonists (357).

To date, no glucagon antagonist has reached regulatory approval, with previous safety concerns raised over hypoglycaemia (358), unfavourable alterations in serum lipid levels and liver enzymes (359, 360), as well as the potential for malignant hyperplasia of alpha-cells (361). Intriguingly, a similar tale is true for GLP-1R agonists, with a number of small molecule examples dotted through the literature (362), however none have managed to recapitulate the success of peptidergic agents. Preclinical data with peptide-based antagonists indicate more favourable side-effect profiles than small-molecules (345, 347). Thus, while work continues on small-molecule antagonists, such as RVT-1502, which has recently progressed through phase II trials, demonstrating reductions in HbA1c of up to 1% over 12 weeks treatment, concerns over liver function still remain, and the compound has not ascended to phase III trials (363). Such concerns may lead to an upsurge in interest for peptide-based glucagon antagonists.



Glucagon Agonists

Given the use of glucagon to rescue severe insulin-induced hypoglycaemia T1DM (53) and its ascribed role in the hyperglycaemia of diabetes (35, 51), the concept of using glucagon agonists therapeutically initially seems illogical. However, the surprising effectiveness of dual or triple agonism indicates that weight loss and increased energy expenditure associated with GCGR agonism can be exploited when the hyperglycaemic actions of the hormone are counteracted by the incretins GLP-1 and/or GIP (357, 364).

Several approaches have been explored to generate such, potentially useful, enzyme-resistant GCGR agonists including (D-Ser2)glucagon, where a D-amino acid substitution has been employed to impart DPP-4 resistance more effectively than N-acetyl-glucagon [(365); Table 7]. Insulin-releasing activity was maintained, but when further modified to generate (D-Ser2)glucagon-exe, an analogue with the nine C-terminal amino acid residues of exendin(1–39) (Table 7), clear antidiabetic benefits were induced (365). Importantly, inclusion of the C-terminal nonapeptide from exendin(1–39) in this molecule imparts the ability to agonise GLP-1R as well as GCGR, as demonstrated by reduced effectiveness in GLP-1R KO mice (365). Thus, twice daily administration of (D-Ser2)glucagon-exe in HFF mice improved glucose tolerance, insulin sensitivity and islet morphology, while improvements in energy expenditure, O2 consumption and physical activity together with reduced food-intake led to decreased body weight and influenced glycaemic improvement (365).


Table 7 | Glucagon and related peptide analogues at preclinical stage for T2DM.



A number of naturally occurring, piscine-derived, glucagon peptides such as dogfish glucagon (and its analogues) and paddlefish glucagon have also been shown to possess potent antidiabetic/anti-obesity potential in cellular and animal models of diabetes [(248, 366, 367); Table 7]. Furthermore, studies using GLP1-R KO mice and cell lines indicated that benefits on glucose tolerance, beta-cell function, insulin sensitivity and circulating triglycerides were mediated via dual GCGR and GLP-1R agonism (248, 366). Thus, in relation to management of T2DM, inclusion of GCGR agonist in multiagonist molecules appears to be where the future novelty lies for such agents.




Concluding Remarks

The application of proglucagon-derived peptides (PGDPs) in the management of conditions such as T2DM represents the pinnacle of a remarkable story in peptide discovery and rational drug design. It was shear perseverance which led to the elucidation of proglucagon almost six decades after that of glucagon (9, 11–16). Rapid discoveries followed of GLP-1 and GLP-2 (15, 16), both of which have been successfully exploited by peptide chemistry approaches to generate fully approved medications. While innovation has witnessed the production of increasingly long-acting agents, multi-action unimolecular agonists and novel delivery methods (67, 68, 70, 73–75, 195–197), there is still a growing need for ever more effective agents to counter obesity, diabetes and a host of other degenerative diseases. Better understanding of the physiology of PGDPs and their various roles in the likes of cognition, bone turnover, cardiovascular function, fertility and liver function (157, 174, 185, 334, 368, 369), may herald important future uses for proglucagon-derived therapeutics.
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Obesity and Type 2 diabetes represent global health challenges, and there is an unmet need for long-lasting and effective pharmacotherapies. Although long-acting glucagon-like peptide-1 (GLP-1) analogues are now in routine use for diabetes and are now being utilised for obesity per se, the need for ever better treatments has driven the development of co-agonists, with the theoretical advantages of improved efficacy by targeting multiple pathways and reduced adverse effects. In this review, we highlight the past and present progress in our understanding and development of treatments based on GLP-1/glucagon co-agonism. We also reflect on the divergent effects of varying the GLP-1:glucagon activity and ratio in the context of pre-clinical and human clinical trial findings. In particular, the multiple metabolic actions of glucagon highlight the importance of understanding the contributions of individual hormone action to inform the safe, effective and tailored use of GLP-1/glucagon co-agonists to target weight loss and metabolic disease in the future.
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Introduction – Glucagon as an Anti-Obesity Agent

Obesity is a leading cause of global morbidity and death. It is a driver of multiple co-morbidities such as type 2 diabetes (T2D), non-alcoholic fatty liver disease (NAFLD), hypertension, hypercholesterolaemia, cardiovascular disease and cancer (1). In 2016, 1.9 billion adults were classified as overweight and 650 million as obese according to the World Health Organisation in 2016. The current COVID-19 pandemic has also highlighted the strong link between obesity and poorer outcomes (2, 3). There is a growing health and socioeconomic burden of obesity, with an increasing demand for effective anti-obesity drugs ideally comparable to bariatric surgery, the current gold-standard for obesity treatment which offers highly effective, long-lasting and life-extending results (4). The gut hormone glucagon-like peptide-1 (GLP-1) and its analogues, which have been in clinical use for diabetes for over a decade, have useful appetite-suppressive effects and are now licensed for obesity. Despite the undeniable success of the GLP-1 analogues, there remains a ‘gap’ between the efficacy of GLP-1 analogues and that of bariatric surgery. To plug this gap, researchers have pursued the ‘co-agonist’ strategy by combining GLP-1 with related hormones from the proglucagon family and related peptides, including GIP and glucagon itself (5). By combining hormones in this way, the dose of individual hormones can be reduced, widening the therapeutic window and avoiding toxicity. In this mini-review, we highlight past and present progress in the translational research of GLP-1 and glucagon co-agonism. We also highlight the importance of striking a balance between GLP-1 and glucagon agonism, to allow for maximal drug efficacy whilst minimising potential risks.



Oxyntomodulin, a Natural GLP-1 and Glucagon Co-Agonist

The journey to discovery of the glucagon family of peptides and an endogenous GLP-1/glucagon co-agonist, oxyntomodulin (OXM) is an example of a concerted effort from many dedicated research groups. A pivotal point early on in this research was the use of the known peptide sequence of glucagon to facilitate the discovery of other ‘glucagon-like peptides’ in the gastrointestinal tract with the help of the radioimmunoassay method (6, 7). The search for ‘glucagon-like reactivity (GLI)’ in the gut revealed a partial peptide sequence for a peptide named ‘Glicentin’, later to be fully characterised as a 69-amino acid peptide containing a 30-amino acid ‘Glicentin-related pancreatic polypeptide’ (GRPP), the full sequence of glucagon, and an 8-amino acid c-terminal extension (8–10). The 8-amino acid extended glucagon fragment, ‘Glucagon-37’ was isolated from porcine jejuno-ileum, characterised and shown to be the bioactive ‘enteroglucagon’ due to its ability to bind to and stimulate glucagon receptors in liver membrane extracts (11–13). Due to the potent effect on oxyntic cell signalling, bioactive enteroglucagon/Glucagon-37 was named oxyntomodulin (14). As the primary structure of glicentin was discovered, evidence also emerged for post-translational processing of proglucagon to form glucagon and glicentin related pancreatic peptide, secreted ‘synchronously’ from the pancreatic alpha cell (10). Beyond the protein-based methodologies used to characterise glicentin, GRPP and oxyntomodulin, the increased capability to sequence genes at the time led to the first sequence of mammalian preproglucagon (15). This revealed two further glucagon-like polypeptides, now known as GLP-1 and GLP-2, and confirmed earlier reports suggesting that the MW of proglucagon is much larger than that of glicentin alone (16). The post-translational processing of pro-glucagon is now known to be differentially regulated in pancreas and gut (17, 18). Alternative processing of proglucagon leads to the formation of glucagon, GRPP and major pro-glucagon fragment (MPGF) in the pancreas, whereas in the gut and brain glicentin, GRPP, oxyntomodulin, GLP-1 and GLP-2 are formed (Figure 1). The endogenous gut hormone oxyntomodulin is therefore formed through specific splicing of the proglucagon gene and includes the full sequence of glucagon along with the 8-amino acid sequence named IP-1. This process occurs in the intestinal L cells of the gastrointestinal tract leading to the co-secretion of GLP-1 and oxyntomodulin in response to nutrient sensing (19, 20).




Figure 1 | Tissue-specific processing of proglucagon. Proteolytic cleavage is tissue specific and regulated by prohormone convertases (PC) 1 and 2. In the pancreas, PC2 results in the formation of glucagon, glicentin-related pancreatic peptide (GRPP) and the inactive fusion protein major proglucagon fragment (MPGF). In the gut and brain, PC1/3 results in the formation of glicentin, GLP-1 and GLP-2. Glicentin is further processed to form GRPP and oxyntomodulin (OXM). Numerical annotations represent amino acid positions within the 160 amino acid proglucagon peptide.



Whilst much attention was focused on GLP-1 in the 1980s and 90s, following the discovery of its incretin effect in humans (21), little was known about the physiological role of oxyntomodulin in humans at the time (21, 22). Infusion studies in humans demonstrated a potent effect of high levels of OXM infusion on gastric emptying (23). Furthermore, changes in OXM were observed following intestinal bypass surgery suggesting anatomical changes influenced intestinal secretion of the peptide (24, 25). In the early 2000s, its potential role in weight loss was investigated following research showing that GLP-1 and glucagon inhibit food intake when administered intracerebroventricularly (ICV) in rodents (26, 27). ICV injection of OXM led to a significant food intake reduction up to 4 hours after injection, comparable to GLP-1 infusion (28). This effect was inhibited by the GLP-1 antagonist exendin (9–39), suggesting that OXM may act through the GLP-1 receptor (GLP-1R) to regulate food intake. Daily ICV injections of OXM over 7 days led to food intake reduction and increased weight loss compared with saline treated controls (29). Importantly, OXM-treated rats had increased weight loss compared to pair-fed controls and this was associated with a 0.5°C increase in core body temperature during the seven-day treatment period, suggesting for the first time an energy expenditure effect of OXM that is independent of its anorectic effects. Peripherally administered OXM led to a dose-dependent food intake reduction and increased weight loss in rats, and these animals lost significantly more body weight and white adipose tissue than pair-fed controls. ICV injection of exendin-9-39 attenuated the anorectic effect of peripheral OXM, further suggesting that OXM-mediated anorexia is produced through a central GLP-1R-dependent mechanism (30).

Concurrent to the pre-clinical studies, the first human study of oxyntomodulin was carried out in a small double-blind placebo-controlled crossover study (31). Thirteen healthy participants were given intravenous infusions of OXM at a dose of 3 pmol/kg/min for 90 minutes, with matched controls being given saline. During this infusion period, the ad-libitum food intake was significantly reduced in participants receiving OXM compared to saline control and a cumulative caloric intake reduction was observed up to 12 hours later. Later, a 28-day randomized controlled trial examined the effect of prolonged OXM injections on body weight loss and energy intake. Healthy overweight volunteers were randomised to receive pre-prandial subcutaneous injections with either saline or 400 nmol OXM three times daily, coincident with meals, for 4 weeks. OXM-treated subjects were found to have decreased energy intake on Days 2 (660 vs 508 kJ) and 29 (711 vs 428 kJ). At the end of the 28-day period, study subjects experienced significant weight loss (2.3 kg vs 0.5 kg) compared to saline treated controls in addition to concurrent changes in leptin and adiponectin suggesting reduction in adiposity (32).



Oxyntomodulin Activates Both GLP-1 and Glucagon Receptors Controlling Energy Balance and Glycaemia

Given OXM contains the entire glucagon sequence, it is no surprise that this peptide activates the glucagon receptor (13, 33). However, the potent effect on reducing weight gain in pre-clinical studies led to research efforts to determine the CNS binding site of OXM. OXM was shown to increase cAMP production in Baby Hamster Kidney (BHK) cells transfected with rodent GLP-1R and GCGR, suggesting meaningful signalling through both receptors but was less potent than Exendin-4 at the GLP-1R (34). The anorectic effects of centrally administered OXM were also abolished in Glp-1r-/- knock-out mice and not in Gcgr-/- mice, suggesting that the anorectic effects of OXM are mediated through GLP-1R. Consistent with these findings, previous in vitro studies showed that OXM is a full agonist at the GCGR and GLP-1R but is 3-fold less potent at the GCGR than native glucagon and 100-fold less potent at the GLP-1R than native GLP-1, in terms of activating cAMP accumulation (13).

Despite convincing data suggesting the central role of GLP-1R signalling in the food intake reduction effects of OXM, there were still some unexplained effects of the gut hormone including increased energy expenditure, suggesting a GLP-1R independent mechanism of action (35). The stimulatory effect of glucagon on thermogenesis in brown adipose tissue in vitro in addition to enhanced metabolic rate in humans had been previously shown (36, 37). Kosinski and colleagues constructed a variant of OXM, OXMQ3E, that was unable to activate the GCGR by changing the third amino acid residue from neutral glutamine to acidic glutamate (38). OXMQ3E produced less weight loss compared with OXM in diet-induced obese (DIO) mice despite similar food intake reduction. GCGR antagonism also reduced the weight loss effect of OXM, suggesting a role for GCGR mediated energy expenditure (38). Moreover, the OXMQ3E peptide was unable to produce any weight loss in Glp1r-/- mice, suggesting that both GLP-1R and GCGR are required for weight loss to occur. Importantly, OXM treatment led to several beneficial metabolic effects not seen in OXMQ3E treated mice including a decrease in plasma triglycerides and plasma cholesterol in addition to an increase in adiponectin. More recently, metabolic cage studies have confirmed that the increased oxygen consumption and energy expenditure effect of OXM is mediated through glucagon receptor signalling (29, 39, 40).

To characterise the effects of OXM on glucose metabolism, Du and colleagues performed hyperglycaemic clamp studies in mice treated with OXM and OXMQ3E (41). Both OXM and OXMQ3E improved glucose tolerance when given to DIO mice. The authors found the glucose infusion rate (GIR) during the clamp study decreased with OXM compared with OXMQ3E in wild-type mice, likely due to increased hepatic glucose output from GCGR agonism with OXM. Therefore, concurrent agonism at the GLP-1R and GCGR is important for the glucose-lowering effect of OXM: GLP-1R activation offsets the hyperglycaemia associated with GCGR activation. As we will discuss later, this further justified the development of synthetic GLP-1/glucagon co-agonists as promising weight loss therapeutics, particularly in the context of avoiding unwanted hyperglycaemia in obesity-associated type 2 diabetes.



Rationale for GLP-1/Glucagon Combination Therapy for Weight Loss

Although significant progress was made in understanding the potential use of the endogenous GLP-1/glucagon co-agonist OXM as a weight loss therapeutic in the early 2000s, evidence from various pre-clinical and human studies prior to this demonstrated the distinct mechanisms of weight loss afforded by these hormones. GLP-1, secreted from the intestinal L cells postprandially, acts both centrally and peripherally to exert its anorectic and metabolic effects. ICV GLP-1 reduces food intake in rodents, and this effect is blocked with Exendin (9–39). It is now known that GLP-1 receptors are widely expressed in the hypothalamus, hindbrain and amygdala with a neuronal link between the periphery and CNS to regulate GLP-1 action (42). In addition to the effect on food intake reduction and glucose-stimulated insulin secretion, GLP-1 also acts to delay gastric emptying therefore aiding satiety and glycaemic control (42). Given at higher doses than in diabetes treatment, GLP-1 analogues are now routinely licensed for the treatment of obesity, for example high-dose Liraglutide 3 mg daily (43) and Semaglutide 2.4 mg weekly (44). However, despite the progress in the development of GLP-1 analogues, the overall efficacy of GLP-1 analogues for weight loss is still limited by gastrointestinal side effects, in particular nausea at higher doses (45).

Glucagon is typically stimulated by the fall in insulin during fasting in concert with low glucose levels, and responds to hypoglycaemia by mobilising hepatic glucose through the stimulation of glycogenolysis and gluconeogenesis (46). In T2D, loss of the suppressive effects of glucagon and insulin is associated with hyperglucagonaemia and this is thought to contribute to hyperglycaemia (47–50). Based on evidence for the contribution of hyperglucagonemia to hyperglycaemia in T2D, research demonstrated the use of glucagon antagonism to improve glycaemic control. In their seminal study, Peterson and Sullivan utilised a novel non-peptide glucagon receptor antagonist (Bay 27-9955) in healthy, lean males to investigate effects on glycaemia (51). Following oral administration of Bay 27-9955 at two doses, a significant blunting of acute hyperglycaemia was observed following a glucagon infusion, in the absence of clinical side effects. Following the promising results of Bay 27-9955, several glucagon receptor antagonists have been developed however when administered over a longer period, have been met with several adverse effects including increased plasma alanine aminotransferase (ALT), LDL-cholesterol in addition to increased blood pressure and body weight (52). Furthermore, treatment with the glucagon antagonist, LY2409021 over 6 months led to a significant increase in both ALT and hepatic fat fraction (HFF) compared to sitagliptin and placebo groups (53). The development of hepatic steatosis is likely due to blockade of glucagon’s lipolytic properties in the liver, therefore making GCGR antagonism an untenable strategy. Despite its glucose mobilising effect, the broad catabolic and thermogenic nature of glucagon receptor agonism adds to its attractive portfolio as a weight loss therapeutic. The enhanced metabolic rate observed with glucagon administration was shown early on in rodents and humans (36, 40). Glucagon-induced brown adipose tissue (BAT) thermogenesis has been demonstrated in rodents (37, 54). However this seems to be species specific: BAT activation is not observed in humans with a glucagon infusion (55). Futile cycling of glucose has also been suggested to confer glucagon’s energy expenditure effects, whereby glucagon stimulates opposing pathways of hepatic glucose production and consumption (56). Circulating FGF-21 has also been implicated in energy expenditure effects with chronic glucagon agonism, as Fgf21-/- knock-out mice are protected from these effects (57). Despite several postulated theories of glucagon induced energy expenditure, the mechanism is likely multi-faceted and the precise contribution to these facets remains uncertain (58). Glucagon is also known to act peripherally to enhance lipolysis in white adipose tissue and improve whole body lipid metabolism (59, 60). In particular, glucagon has firmly been demonstrated to enhance hepatic lipid metabolism, Hepatic GCGR agonism leads to upregulation of lipid catabolism pathways in the hepatocyte where a number of key regulatory transporters and enzymes facilitate beta oxidation of fatty acids (61). Furthermore, exogenous administration of glucagon was shown early on to inhibit food intake in humans and rodents (62, 63). Interestingly, this effect seems to be mediated through hepatic glucagon signalling, as infusion into the portal vein induced a satiating response whereas infusion into the inferior vena cava did not (64). The combination of GLP-1 and glucagon administration in rodents has been shown to increase c-Fos expression in appetite regulating centres and polypharmacy with these hormones leads to a synergistic effect on food intake reduction over single hormone administration (65).

Given the pre-existing data on GLP-1 and glucagon, we designed a double-blinded randomised cross-over study, in which we gave volunteers who were overweight short-term intravenous infusions of glucagon (50 ng/kg/min or 14 pmol/kg/min), GLP-1 (0.8 pmol/kg/min), combination of glucagon + GLP-1 at the same doses, or placebo over 45 minutes, and demonstrated that there was a significant increase in resting energy expenditure with glucagon alone which was preserved with the combination of glucagon + GLP-1, whereas GLP-1 did not affect energy expenditure (66). As expected, glucagon infusion caused an increase in glucose which was largely neutralised by co-infusion with GLP-1. In a follow up study with lower, sub-anorectic doses of GLP-1 (0.4 pmol/kg/min), glucagon (2.8 pmol/kg/min), GLP-1 + glucagon combination at the same doses, or placebo for 120 minutes we showed that there was a 13% decrease in food intake after the combination, with the individual infusions having no significant effect (67), further supporting the concept of co-agonism with these hormones. Another study did not show any differences with the hormone combination on glucose and food intake reduction or enhanced energy expenditure but used far lower doses of GLP-1 (1 pmol/kg/min) and glucagon (0.86 pmol/kg/min) (68). Overall, these physiological studies support the notion that GLP-1 and glucagon possess dose-dependent synergism, leading to enhanced suppression of food intake, plus increased resting energy expenditure.



Pre-Clinical Studies of Synthetic GLP-1/Glucagon Co-Agonists

Concurrent to research investigating combination treatments with individual GLP-1 and glucagon infusions, efforts were also focused on optimising the peptide chemistry of native oxyntomodulin, glucagon or GLP-1 in view of designing receptor potent and long-acting synthetic GLP-1/GCG co-agonists. While the results from studies using native OXM in rodents and humans were promising, the short half-life in vivo and the large amount of peptide required to produce an effect made it a poor choice as a treatment in humans. As such, synthetic GLP-1/GCG co-agonists resistant to dipeptidyl peptidase-4 (DPP-4) proteolysis became an attractive target for anti-obesity treatments. Due to the uncertainty regarding the optimum balance of GLP-1R and GCGR agonism in a unimolecular co-agonist, development of novel peptides varied from sequence modification and enhancing stability of native OXM, sequence modification of the glucagon peptide to confer increased GLP-1R potency or modification of GLP-1 peptide to confer increased GCGR potency; the natural advantage of this concept was due to the sequence similarity across the glucagon family of peptides.

By modifying the OXM peptide sequence with an amino acid-peptide substitution at position 2 to prevent DPP-4 action, in addition to a cholesterol-peptide conjugate, Pocai and colleagues were the first group to show that synthetic dual-agonists were an effective treatment strategy in an animal model. They showed that administration of their modified long-acting OXM peptide led to a decrease in food intake and increased weight loss in addition to improved metabolic profile, superior to GLP-1 alone over 14 days in diet-induced obese (DIO) mice (69). Further studies by a variety of groups demonstrated structural modifications of OXM to enhance the longevity of the native peptide through modification with polyethylene glycol (PEGylation), fatty acid conjugation and amino acid substitutions (70–73). By modifying the primary sequence of OXM and linking to the constant region of human IgG4, Jung and colleagues demonstrated their peptide HM12525A had a potent and balanced activity at both GLP-1 and glucagon receptors in vitro and led to body weight loss of 30% in DIO mice over 14 days compared to liraglutide treated mice (74). Enhanced energy expenditure was also observed with HM12525A in addition to reduced adiposity and improved liver function in a NASH model in db/db mice. HM12525A has been variously re-designated as JNJ-64565111 and now efinopegdutide, and this drug has been taken forward into Phase 2 trials (see below).

Day and colleagues were the first group to use a series of modifications to the C-terminal portion of the glucagon sequence to increase GLP-1R potency, combined with PEGylation to generate two PEGylated peptides with adequate co-agonist properties, one unbalanced towards GLP-1R, and the other a ‘near-balanced’ agonist at both GLP-1R and GCGR. The near-balanced peptide was shown to be ~2-fold less potent at GLP-1R and ~10 fold less potent at GCGR than native ligands in cAMP synthesis (75). When given to DIO mice, both peptides led to significant weight reduction, improved glucose tolerance, increased energy expenditure, and reductions in plasma cholesterol and liver steatosis. These effects were more dramatic with the balanced agonist and interestingly the beneficial metabolic effects occurred with no change in oral nutrient intake in peptide vs control groups. This study demonstrated the importance of combined GLP-1R and GCGR signalling, as administration of the balanced co-agonist to Glp1r-/- mice led to hyperglycaemia, further demonstrating the necessity of GLP-1R and GCGR co-agonism to minimise this predicted side-effect. The same group further assessed various ratios of GCGR to GLP-1R potency of their peptides, on the extent of weight loss while minimising hyperglycaemia (76). Importantly, the authors demonstrated that the peptides which were most able to produce weight loss without hyperglycaemia demonstrated balanced potency at the GLP-1 and glucagon receptors.

Other groups have also modified the primary sequence of glucagon to confer increased GLP-1R potency. MEDI0832 (now known as cotadutide) is a balanced co-agonist based on the peptide sequence of glucagon, modified at specific amino acid positions in addition to a palmitic fatty acid side chain to prolong activity. The novel peptide is biased towards GLP-1R agonism versus GCGR with a 3-4 fold reduced potency at the GLP-1R compared to native GLP-1 and around an 8-fold reduced potency at the GCGR compared to native glucagon. Chronic daily administration of cotadutide over 27 days in obese mice was associated with food intake reduction, decreased adiposity, improved fasting glucose, and increased energy expenditure. Consistent with previous studies, cotadutide outperformed GLP-1 alone (40 nmol/kg/day liraglutide) in achieving maximal weight loss in obese mice, and this was attributed to the increased energy expenditure (77). Cotadutide has been taken forward in clinical trial development (see below).

An alternative approach in the design of effective synthetic co-agonists has been to modify GLP-1 analogues to confer increased GCG activity. By engineering the C-terminal portion of Exendin-4 to include amino acid sequences from glucagon in addition to a fatty acid side chain, Evers and colleagues developed a potent balanced co-agonist ‘peptide 14’. This was shown to be around 10 times less potent at the human GLP-1R and approximately equivalent potency at GCGR in comparison to the native peptides at eliciting cAMP response in vitro. Daily administration of peptide 14 in DIO mice over 32 days led to a 30% body weight loss above that seen for liraglutide alone at 15% body weight loss. In db/db mice, peptide 14 prevented a 1.5% increase in HbA1C over 32 days seen in the vehicle control treated group (78). Based on these pre-clinical findings, a lead candidate, SAR425899 with similar receptor potencies was taken forward in Phase 1 and Phase 2 trials (see below).

Novel strategies have also been employed to enhance the pharmacokinetic profile of GLP-1/glucagon analogues in view of prolongation of drug effect. Recently, a surfactant conjugated co-agonist peptide ‘17’ was shown to have a half-life of 52 hours in vivo and at a higher dose led to 40% body weight loss in obese rats over 27 days (79). This has subsequently been taken forward into Phase 1 clinical trials as ALT-801 (Table 1).


Table 1 | Current glucagon containing anti-obesity drugs in development.





Lessons From GLP-1/Glucagon Co-Agonists in Clinical Development

The first GLP-1/glucagon co-agonist to advance to human clinical trials was cotadutide (MEDI0832). In a randomised, placebo-controlled double blinded phase 1 study of ascending single doses in healthy overweight humans, cotadutide was shown to be safe and, in common with the GLP-1 analogues, to be associated with dose-dependent gastrointestinal adverse events especially nausea and vomiting. As an exploratory outcome, single doses of cotadutide led to dose-dependent improvement in glucose excursions post meals within 24 hours and food intake reduction from a single dose of 100 μg. Doses as low as 10 μg had a beneficial effect on post meal glucose excursions and there was no evidence of glucagon-induced hyperglycaemia (82). In a combined multiple ascending dose (MAD) and Phase 2a study in people with type 2 diabetes over 41 days, the safety of cotadutide was confirmed (83). Over 41 days, daily doses of cotadutide of up to 200 μg led to improved glucose AUC0-4h after a mixed meal in comparison to placebo as well as fasting and post prandial glucose levels. Cotadutide also led to 2.1 kg body weight loss relative to placebo. In a separate follow up Phase 2a study over 49 days, the mechanism of improved glycaemia was shown to be a combination of enhanced insulin secretion and delayed gastric emptying (84).

An important exploratory outcome measured in the initial 41-day Phase 2a study was the effect of cotadutide treatment on liver fat reduction as measured by MRI, with a 39.12% reduction was observed in the treatment group compared to 19.51% in placebo group (83). This significant reduction in liver fat content with cotadutide is likely to be due to hepatic glucagon signalling and subsequent upregulation of fatty acid oxidation. In a Phase 2b study in people with type 2 diabetes and obesity over 54 weeks, treatment with cotadutide at doses of 100-300 μg daily improved some non-invasive markers of NAFLD such as transaminase levels, the FIB-4 index, fatty liver disease fibrosis score (NFS) and fatty liver index (FLI) but fatty liver disease was not assessed directly with liver biopsy. This study also included an open-label comparator arm where participants took liraglutide 1.8 mg. Improvements in HbA1c were shown to be similar with reductions of 1.03-1.19% with cotadutide vs 1.17% with liraglutide. With respect to body weight, cotadutide at 200 μg led to weight loss of 3.22 kg on average versus 3.33 kg with liraglutide, but the 300 μg dose led to weight loss of 5.02 kg albeit with far higher gastrointestinal adverse event rates than liraglutide (85).

Although cotadutide has progressed well through clinical trials, other GLP-1/glucagon co-agonists have shown mixed results. A recent Phase 2 randomised placebo-controlled trial tested efinopegdutide in people with obesity over a 26-week period, where participants were randomly assigned weekly treatment with either placebo, 5 mg, 7.4 mg, 10 mg efinopegdutide, or 3 mg liraglutide daily. Participants given efinopegdutide showed a dose-dependent increase in body weight loss of 6.7 to 10.0% (placebo subtracted). Participants taking liraglutide achieved a placebo subtracted weight loss of 5.8% in line with clinical experience. Although there was no significant improvement in glycaemia with efinopegdutide, this was explicable given that the participants had normal glycaemia at baseline. However, up to 89% of participants taking efinopegdutide experienced gastrointestinal adverse events (mostly nausea, vomiting and diarrhoea) relative to 28% taking placebo and 60% taking liraglutide (86). This may be because the efinopegdutide arms did not have a dose titration phase unlike the liraglutide arm (86). The original development partner, Janssen Pharmaceuticals, has handed back the license for efinopegdutide to the original developer, Hanmi Pharmaceutical, but the license has been taken up by Merck to be developed as a once weekly treatment for NAFLD.

SAR425899 (Sanofi) is another example of a GLP-1/glucagon co-agonist which has been tested in Phase 1 trials. When tested as a once-daily injection in single and multiple doses varying up to 0.18 mg in healthy normal to overweight volunteers, gastrointestinal adverse events (nausea, diarrhoea, constipation, vomiting) were encountered, but the drug was described as well tolerated. The multiple-dose regimen, given for up to 4 weeks, led to a dose-dependent weight loss between 2.87 and 5.46 kg, compared to 2.37 kg for placebo. In a small group with T2D, SAR425899 improved fasting glucose and glucose tolerance after a mixed meal (80). Results from Phase 2 trials were subsequently halted due to excessive rates of gastrointestinal adverse events leading to participant withdrawals. It is unlikely therefore this drug will proceed further in development.

Several other multi-agonists capable of co-agonism of the GLP-1 and glucagon receptors are currently in development including BI 456906 (Boehringer Ingelheim), LY3305677 (Lilly) LY4347943 (Lilly), JNJ-54729518 (J&J), HM15211 (Hanmi), NNC9204-1706 (Novo), Alt-801 (Altimmune) and G3215 (Imperial College/Zihipp Ltd.) – see Table 1. Led by the results of cotadutide, GLP-1/glucagon co-agonists have been shown to have promising weight loss and glycaemic effects in these early phase clinical results however data from later phase clinical trials are expected later this year/early next year. Data from longer-term treatment will therefore be eagerly awaited to determine the extent of body weight loss and metabolic outcomes and whether this is comparable to the latest GLP-1 mono-agonist therapies.



Striking the Balance of GLP-1 and Glucagon Agonism to Minimise Potential Risks

Based on outcomes from safety and pharmacokinetic studies with GLP-1 analogues, the most common side effect observed with GLP-1 agonism is dose-dependent nausea and vomiting (45). A theoretical advantage of a co-agonist approach is the ability to reduce the dose of GLP-1 whilst also enhancing glucagon’s weight loss effects. As the current development leader, cotadutide has still not been able to escape the spectre of dose-dependent gastrointestinal adverse events (82). Fortunately, a tolerated treatment dose window of 150 μg daily or less of cotadutide was associated with fewer adverse effects and this facilitated its progress to Phase 2 where its marked beneficial metabolic effects were observed.

Even with careful engineering of receptor balance, potency and pharmacokinetics, problems may still crop up, as illustrated by SAR425899’s unexpected development failure due to excessive gastrointestinal adverse events during its Phase 2 trials. A follow up study using radio-ligand PET technology to measure receptor occupancy demonstrated a high degree of GLP-1R occupancy but no detectable GCGR occupancy suggesting that in vivo SAR425899 may be acting in effect as a GLP-1 analogue and not a co-agonist (87). The higher frequency of gastrointestinal side effects also observed with efinopegutide in Phase 2 trials may also be explained by a relatively high receptor potency of at GCGR and GLP-1R, within 3-fold of the native ligands (81). Further data from other drug candidates (Table 1) in early phase trials is awaited to determine any divergent effects on gastrointestinal side effects.

A key initial concern of using glucagon within a co-agonist was unwanted hyperglycaemia. So far, the co-agonist drugs which have reached phase 2 trials have demonstrated an improved glycaemic profile with chronic administration. There is recent evidence that hepatic glucagon receptor stimulation may improve insulin stimulated glucose disposal. In a series of acute studies using euglycemic clamps, Kim and colleagues demonstrated that a glucagon agonist IUB288 leads to improved glucose tolerance by augmenting insulin action with evidence of increased hepatic AKT phosphorylation (88). Low dose glucagon agonism may therefore enhance insulin sensitivity which is in keeping with pre-prandial physiology in the fasted setting where the body is prepared to metabolise essential nutrients.

With chronic administration of glucagon-containing co-agonists, the catabolism of lean mass (i.e. protein and amino acids) becomes an important consideration. Direct evidence for the effect of glucagon on lean mass is seen from clinical situations of glucagon excess, in the glucagonoma syndrome (89). Despite the demonstrable importance of surveillance of lean mass during testing of obesity drug candidates, it is common for only fat mass loss or total body weight loss to be measured or presented in pre-clinical and early clinical trials. Furthermore, plasma amino acid levels are not routinely measured or reported. Exceptionally, in a Phase 2a study of cotadutide, individual plasma amino acid profiles were reported; after 49 days of treatment a significant reduction in plasma alanine was observed (84). However, with stronger glucagon receptor stimulation, it would be important for further pre-clinical studies to characterise the effects of lead drug candidates, on plasma amino acids and lean mass. Furthermore, with the increasing prominence of sarcopenic obesity, preserving lean mass in any weight loss strategy is important and this will be an area of increasing clinical and research interest.



Future Perspectives/Conclusions

In the search for an anti-obesity pharmacotherapeutic which can rival the weight loss effects of bariatric surgery, research and development of gut hormone co-agonists is gaining momentum. GLP-1/glucagon co-agonists such as cotadutide and efinopegdutide offer the promise of increased efficacy whilst minimising side effects. Furthermore, with enhanced glucagon action the GLP-1/glucagon co-agonist has the advantage of being tailored to treat NAFLD directly.

However, the field is not staying still, and recently published data from the high-dose semaglutide STEP Phase 3 trials (44) and the SURPASS Phase 3 trials of the GLP-1/glucose-dependent insulinotropic peptide (GIP) co-agonist tirzepatide (90) have set the efficacy bar high in terms of weight loss and glycaemic improvement. We therefore conclude that before the place of GLP-1/glucagon co-agonists within the therapeutic armamentarium can be defined, future research efforts need to address the following outstanding questions:

	What is the optimal balance and receptor potency of GLP-1 and glucagon in a long-acting co-agonist, to minimise adverse effects and to optimise efficacy (Figure 2)?

	Does GLP-1/glucagon co-agonism offer long-lasting and enhanced efficacy for lowering blood glucose over that of GLP-1 analogues alone?

	What are the optimal drug characteristics of a GLP-1/glucagon co-agonist for the treatment of NAFLD via hepatic GCGR agonism?

	Are there long-term effects on lean mass with the co-agonists, and if so, can this be prevented?

	Will the co-agonists inherit the favourable effects of GLP-1 analogues on prevention of cardiovascular events and progression of kidney disease?






Figure 2 | Balance of GLP-1R and GCGR potency within a co-agonist and predicted clinical effects. Glucagon receptor potent co-agonists predicted to result in enhanced weight loss due to increased energy expenditure however possible loss of lean mass and increased hepatic glucose production. GLP-1R potent co-agonists predicted to confer enhanced weight loss and glycaemic control with risk of gastrointestinal side effects. A balanced GLP-1R/GCGR co-agonist with respect to in vitro cAMP stimulation predicted to enhance glycaemic control and healthy fat mass loss.
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Combined activation of GLP-1 and CCK1 receptors has potential to synergistically augment the appetite-suppressive and glucose homeostatic actions of the individual parent peptides. In the current study, pancreatic beta-cell benefits of combined GLP-1 and CCK1 receptor upregulation were established, before characterising bioactivity and antidiabetic efficacy of an acylated dual-acting GLP-1/CCK hybrid peptide, namely [Lys12Pal]Ex-4/CCK. Both exendin-4 and CCK exhibited (p<0.001) proliferative and anti-apoptotic effects in BRIN BD11 beta-cells. Proliferative benefits were significantly (p<0.01) augmented by combined peptide treatment when compared to either parent peptide alone. These effects were linked to increases (p<0.001) in GLUT2 and glucokinase beta-cell gene expression, with decreased (p<0.05-p<0.001) expression of NFκB and BAX. [Lys12Pal]Ex-4/CCK exhibited prominent insulinotropic actions in vitro, coupled with beneficial (p<0.001) satiety and glucose homeostatic effects in the mice, with bioactivity evident 24 h after administration. Following twice daily injection of [Lys12Pal]Ex-4/CCK for 28 days in diabetic high fat fed (HFF) mice with streptozotocin (STZ)-induced compromised beta-cells, there were clear reductions (p<0.05-p<0.001) in energy intake and body weight. Circulating glucose was returned to lean control concentrations, with associated increases (p<0.001) in plasma and pancreatic insulin levels. Glucose tolerance and insulin secretory responsiveness were significantly (p<0.05-p<0.001) improved by hybrid peptide therapy. In keeping with this, evaluation of pancreatic histology revealed restoration of normal islet alpha- to beta-cell ratios and reduction (p<0.01) in centralised islet glucagon staining. Improvements in pancreatic islet morphology were associated with increased (p<0.05) proliferation and reduced (p<0.001) apoptosis of beta-cells. Together, these data highlight the effectiveness of sustained dual GLP-1 and CCK1 receptor activation by [Lys12Pal]Ex-4/CCK for the treatment of obesity-related diabetes.
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Introduction

The increasing use of GLP-1 mimetics to treat diabetes and obesity highlights the therapeutic importance of this class of drugs (1). Indeed, weight loss recently reported using the GLP-1 mimetic semaglutide in humans with obesity is highly impressive (2). Nevertheless, the pronounced metabolic benefits of bariatric surgery, often resulting in remission of diabetes, unquestionably exceed positive effects of GLP-1 mimetics, highlighting the important interplay between gut-derived hormones to induce distinct and sustained benefits in obesity-diabetes (3). In full agreement, administration of GLP-1 mimetics in combination with related gut-derived hormones imparts metabolic advantages beyond that seen with GLP-1 alone (4, 5). Recent advances in peptide drug design have also witnessed generation of several unimolecular dual- or triple-acting hybrid peptides, that contain a GLP-1 backbone structure (6). For example, Tirzepatide, a synthetic dual-acting GIP and GLP-1 receptor agonist, demonstrates remarkable antidiabetic effectiveness in phase II clinical trials (7). With such successes in mind, a strong rational exists for generating unimolecular agents that mimic meal-induced gut hormone release by co-activating receptors for GLP-1 plus other hormones involved in conveying the metabolic and satiety signals initiated by feeding.

Cholecystokinin (CCK) is a hormone primarily secreted from gastrointestinal I-cells as well as neurons of the enteric and central nervous systems (8). The peptide circulates in various molecular forms, with the octapeptide CCK-8 being the smallest form to exhibit full biological activity (9). To impart its physiological actions, CCK binds and activates specific receptors, namely CCK1 and CCK2, that modulate various physiological processes including satiety, pancreatic endocrine, and exocrine function as well as gastric acid and bile secretion (8). In particular, CCK-based regulation of energy intake and pancreatic endocrine islet function make the hormone a potentially attractive therapeutic agent for obesity and diabetes (9). As such, CCK dose-dependently inhibits food intake consistently across species, from rodents (10) to non-human primates (11) and humans (12) mediated via CCK1 receptors (13). CCK also stimulates insulin secretion in rodents and humans (14, 15), with sustained administration of a long-acting CCK1 selective receptor agonist exerting notable metabolic benefits in rodent models of type 2 diabetes (16, 17). In agreement, transgenic mice with genetically-induced CCK ablation (18) or overexpression (19) exhibit impaired or improved beta-cell function, respectively. Moreover, CCK has recently been shown to exert important beta-cell proliferative and anti-apoptotic effects (20), which might counter beta-cell loss in diabetes.

When taken together, the biological action profile of CCK has strong parallels with those of GLP-1 (9). Both hormones initiate separate, but complementary, cell signalling pathways via phospholipase C or adenylate cyclase, respectively (21). At the level of the pancreatic beta-cell an important GLP-1/CCK intra-islet loop has also been described that helps protect against beta-cell apoptosis, with obvious benefits for diabetes (21). Thus, it is unsurprising that combined activation of CCK1 and GLP-1 receptors has been noted to induce numerous benefits on body weight reduction and blood glucose control (22–24). Preliminary studies also provide proof-of-principle evidence for this therapeutic approach, both in terms of combined administration of individual long-acting GLP-1 and CCK1 agonists (5, 25), as well as dual-acting hybrid peptides (26, 27). This is highly relevant for clinical translation since methods to augment the antidiabetic effectiveness of approved GLP-1 therapeutics are much sought after (28).

Two separate dual-acting GLP-1/CCK fusion peptides have been described to date, with both exerting remarkable benefits on body weight reduction and pancreatic islet morphology, resulting in improved metabolic control in obese high fat fed mice (26, 27). Although uncharacterised in terms of in vivo islet effects, the fusion peptide described by Hornigold and colleagues (27) appeared to have the most attractive biological action profile, with confirmed balance between GLP-1 and CCK1 receptor activation. Based on this knowledge, and to progress attractiveness of the GLP-1/CCK hybrid peptide approach, we employed acylation of this molecule to create a compound capable of sustained, simultaneous activation of GLP-1 and CCK1 receptors, namely [Lys12Pal]Ex-4/CCK, with a pharmacodynamic profile more suitable for clinical development. Thus, a C-16 fatty acid was conjugated to the free amino group of Lys12 in the GLP-1/CCK hybrid peptide via a glutamyl linker (Table 1).


Table 1 | Amino acid sequence of [Lys12Pal]Ex-4/CCK.



Our primary objective was to examine the therapeutic efficacy and islet cell morphology after 28 days twice daily treatment with [Lys12Pal]Ex-4/CCK in high fat fed (HFF) mice with limited beta-cell compensation induced by low-dose STZ administration. Prior to this, bioactivity of [Lys12Pal]Ex-4/CCK was established in BRIN BD11 beta-cells, alongside assessment of acute and more prolonged in vivo effects on satiety and glucose homeostasis in mice. In addition, the positive interplay between GLP-1 and CCK receptor signalling on beta-cell growth and survival, with related impact on gene expression, was also studied. Ultimately, our data confirm that the profound beneficial pharmacological effects of combined activation GLP-1 and CCK receptor pathways in obesity-diabetes can be effectively harnessed within an appropriately designed single long-acting hybrid peptide.



Methods


Peptides

[Lys12Pal]Ex-4/CCK (Table 1) and related peptides were synthesised by Synpeptide (Shanghai, China) at 95% purity and confirmed in-house by high-performance liquid chromatography (HPLC) and MALDI-TOF, as previously conducted (4).



In Vitro Effects of GLP-1 and CCK1 Receptor Activation on Beta-Cell Gene Expression, Proliferation, and Apoptosis

Initial studies examined the impact of upregulated GLP-1 and CCK1 receptor signalling on the expression of key genes involved in insulin secretion and cell survival in BRIN BD11 beta-cells (29). Messenger RNA (mRNA) was isolated from cells (150,000 cells) following 18 h incubation with exendin-4, CCK-8, or a combination of both peptides (all at 10-6 M) using the RNeasy mini kit (Qiagen, UK) following manufacturer’s protocols. Utilising SuperScript™ II Reverse Transcriptase (Invitrogen Life Technologies, Carlsbad, CA, USA), mRNA was converted to cDNA as described previously. Expression of genes associated with apoptosis (BAX and NFκB) and insulin secretion (Glut2 and Glucokinase) were determined by quantitative real-time PCR, normalised to internal house-keeping control GAPDH (30). Primer sequences for genes studied were as previously described from our laboratory (31). To assess beta-cell proliferative effects, BRIN-BD11 cells (150,000 cells per chamber slide) were incubated for 18 h with test peptides (10-6 M) before fixation in paraformaldehyde and staining for Ki-67 (Ab15580, AbCam). Likewise, to assess effects on protection against apoptosis, cells were cultured in cytokine mix (IL-1β 100U/ml, IFN-γ 20 U/ml, TNF-α 200 U/ml) alone or with test peptides for 18 h, prior to fixation and staining for TUNEL using an in-situ death detection kit (in situ cell death kit, Fluorescein; Roche Diagnostics). Both Ki-67 and TUNEL stained cells were imaged using a fluorescence microscope (Olympus system microscope, model BX51) fitted with DAPI (350 nm), FITC (488 nm) and TRITC (594 nm) filters and an Olympus XM10 camera system.



In Vitro Effects of [Lys12Pal]Ex-4/CCK on Insulin Secretion

To examine effects of [Lys12Pal]Ex-4/CCK on insulin secretion, BRIN-BD11 cells were seeded at a density of 150,000 cells per well into 24-well plates and allowed to attach overnight. Following a 40-minute preincubation (1.1 mM glucose KRB buffer), cells were incubated with KRB buffer (16.7 mM glucose) with [Lys12Pal]Ex-4/CCK or exendin-4 (10-6 M). In a second experiment cells were incubated with classical modulators of insulin secretion in combination with [Lys12Pal]Ex-4/CCK or exendin-4 (each at 10-6 M). For all experiments, BRIN-BD11 cells were incubated under test conditions for a 20-minute period at 37°C, with the resulting supernatant collected and insulin content assessed by radioimmunoassay (32).



Acute In Vivo Experiments

Acute in vivo studies were carried out using 10-week-old adult male C57BL/6 mice (Envigo Ltd, UK). Mice were single-housed and kept in a temperature-controlled environment (22 ± 2°C) under a 12-hour light/dark cycle, with ad libitum access to drinking water and maintenance diet (10% fat, 30% protein and 60% carbohydrate, percent of total energy 12.99 kJ/g; Trouw Nutrition, UK). All experiments were approved by Ulster University Animal Ethics Review Committee and conducted in accordance with the UK Animals (Scientific Procedures) Act 1986. To assess effects of [Lys12Pal]Ex-4/CCK on food intake in overnight (18 hour) fasted mice, mice (n=8) were administered with an intraperitoneal (i.p.) injection of saline vehicle (0.9% [w/v] NaCl) or [Lys12Pal]Ex-4/CCK (25 nmol/kg bw) and cumulative food consumption recorded at regular intervals over a 180 min observation period. Acute effects of [Lys12Pal]Ex-4/CCK on glucose homeostasis were also assessed in overnight fasted mice, following an i.p. injection of glucose alone (18 mmol/kg bw) or in combination with [Lys12Pal]Ex-4/CCK (25 nmol/kg bw). More persistent effects on feeding and glucose tolerance were examined as above, but with peptide injected 4, 8, 12 or 24 h prior to feeding or administration of glucose, as appropriate. In a separate series of experiments, the impact of established GLP-1 and CCK1 receptor antagonists (both at 25 nmol/kg bw), namely exendin(9-39) and SR27897 (Tocris Bioscience, Bristol, UK) respectively, on [Lys12Pal]Ex-4/CCK induced (25 nmol/kg bw) satiety was examined.



Chronic In Vivo Experiments

Adult male NIH Swiss mice (12-week-old), were maintained for 3 weeks on high fat diet (45% fat, 20% protein, 35% carbohydrate; percent of total energy 26.15 kJ/g; Dietex International Ltd., Witham, UK). After this period, they were administered three once weekly i.p. injections of streptozotocin (4-hour fast, 50 mg/kg bw, dissolved in sodium citrate buffer, pH 4.5) on weeks 3, 4 and 5. Starting on week 6, diabetic mice (non-fasting glycaemia >11.1 mmol/l) were grouped (n=8) and received twice-daily intraperitoneal injections (08:00 and 20:00) of saline vehicle (0.9% [w/v] NaCl) or [Lys12Pal]Ex-4/CCK (25 nmol/kg bw) for 28 days. Mice were continued on high fat diet throughout the experiment. At regular intervals, cumulative energy intake and body weight were assessed, with circulating glucose, insulin and glucagon measured on day 28. At the end of the treatment period, glucose tolerance (18 mmol/kg bw; i.p.; 18-h fasted) and insulin sensitivity (25 U/kg bovine insulin; i.p.; non-fasted) tests were conducted. Terminal analyses involved dissection of pancreatic tissue, which was processed for quantification of hormone content or pancreatic islet morphology, following acid ethanol protein extraction or fixation in 4% PFA, respectively (33).



Biochemical Analyses

Blood samples were obtained from conscious mice via the cut tip on the tail vein and blood glucose immediately measured using an Ascencia Contour blood glucose meter (Bayer Healthcare Newbury, UK). Blood was collected in chilled heparin/fluoride coated micro-centrifuge tubes (Sarstedt, Numbrecht, Germany) and centrifuged for 15 minutes at 12,000 rpm using a Beckman microcentrifuge (Beckman Instruments, Galway, Ireland) to separate plasma. Insulin and glucagon were then measured by radioimmunoassay (32) or commercially available ELISA (EZGLU-30K, Merck Millipore, Burlington, Massachusetts), respectively.



Immunohistochemistry

Immunohistochemistry was used to examine islet morphology by staining for insulin (1:400; ab6995, AbCam) or glucagon (1:1000; ab92517, AbCam). Image analysis was carried out using CellF image analysis software (Olympus Soft Imaging Solutions, GmbH, Münster, Germany). To assess islet morphology, areas of insulin and glucagon positive staining were quantified using a “closed polygon” and expressed as islet/beta-/alpha- cell areas in µm2, as described previously (34). To assess beta-cell proliferation and apoptosis, co-staining of insulin with Ki-67 (1:400; ab15580, AbCam) or TUNEL (In situ cell death kit, Fluorescein; Roche Diagnostics) was conducted. For quantification, the number of insulin-positive cells co-expressing Ki-67 or TUNEL respectively were counted using ImageJ software, with >80 islets analysed per treatment group. In all cases, following incubation with primary antibodies, the following secondary antibodies Alexa Fluor594 goat anti-mouse IgG and Alexa Fluor488 goat anti-rabbit, were used as appropriate (1:400; ThermoFisher Scientific). Slides underwent a final incubation with DAPI before being mounted for imaging using a fluorescence microscope (Olympus system microscope, model BX51) fitted with DAPI (350 nm), FITC (488 nm) and TRITC (594 nm) filters and an Olympus XM10 camera system.



Statistical Analyses

Statistical tests were conducted using GraphPad PRISM software (Version 5.0). Values are expressed as mean ± SEM. Comparative analyses between groups were performed using a one-way ANOVA with Bonferroni’s post hoc test, a two-way ANOVA with Bonferroni’s post hoc test or Student’s unpaired t-test, as appropriate. Differences were deemed significant if p<0.05.




Results


Effects of Individual and Combined Upregulation of GLP-1 and CCK1 Receptors on Beta-Cell Proliferation and Apoptosis, as well as Related Gene Expression

Exendin-4 and CCK-8 increased (p<0.001) BRIN-BD11 beta-cell proliferation (Figure 1A). More interestingly, co-incubation of exendin-4 with CCK-8 induced greater beta-cell proliferative effects when compared to exendin-4 (p<0.01) or CCK-8 (p<0.001) alone (Figure 1A). Likewise, both peptides reduced (p<0.001) cytokine-induced BRIN-BD11 cell apoptosis, with combined exendin-4 and CCK-8 treatment evoking comparable benefits to the parent peptides alone (Figure 1B). Representative images of BRIN-BD11 cells stained for Ki-67 or TUNEL under each incubation condition are presented in Figures 1C, D, respectively. Exendin-4 and CCK-8 had no significant effect of Glut2 expression following an 18 h incubation in BRIN BD11 beta-cells, but combined peptide treatment significantly increased Glut2 mRNA levels when compared to exendin-4 (p<0.001) or CCK-8 (p<0.05) alone (Figure 1E). Whilst CCK-8 decreased (p<0.05) glucokinase expression, combined treatment with exendin-4 increased glucokinase gene expression compared to exendin-4 (p<0.05) or CCK-8 (p<0.001) alone (Figure 1F). Both CCK-8 alone, and in combination with exendin-4, decreased (p<0.01) NFκB expression (Figure 1G). Neither exendin-4 nor CCK-8 alone significantly affected Bax expression in BRIN BD11 cells, but combined peptide treatment resulted in a significant (p<0.05) decrease in Bax mRNA levels (Figure 1H).




Figure 1 | Effects of exendin-4, CCK-8, and a combination of both peptides on BRIN-BD11 proliferation, apoptosis, and expression of key genes. (A, B) To assess effects on BRIN BD11 beta-cell proliferation and apoptosis, cells were incubated with test peptides (10-6 M) alone, or together with cytokine mix (CM; IL-1β 100U/ml, IFN-γ 20 U/ml, TNF-α 200 U/ml) where specified, for 18 h prior to staining for (A) Ki-67 or (B) TUNEL. Representative images show cells stained for (C) Ki-67 (red) and (D) TUNEL (green) with DAPI (blue), with arrows indicating positively stained cells. (E–H) qPCR analysis of Glut2, glucokinase, NFκB and Bax mRNA expression following 18 h incubation with test peptides (10-6 M) in BRIN BD11 beta-cells. All gene expression data was normalised to GAPDH housekeeping control. Values are mean ± SEM (n=4). λλλp < 0.001 compared to untreated controls. ΦΦΦp < 0.001 compared to cytokine mix. *p < 0.05, **p < 0.01, ***p < 0.001 compared to exendin-4 alone. Δp < 0.05 and ΔΔΔp < 0.001 compared to CCK-8 alone.





In Vitro Insulinotropic Actions of [Lys12Pal]Ex-4/CCK

Similar to exendin-4, and to a lesser extent CCK-8, [Lys12Pal]Ex-4/CCK augmented (p<0.05 – p<0.01) 16.7 mM glucose-induced insulin release from BRIN-BD11 cells at a concentration of 10-6 M (Figure 2A). [Lys12Pal]Ex-4/CCK and exendin-4 also exerted relatively similar insulin secretory potentiating actions (p<0.001) on the stimulatory effects of key modulators of insulin release, namely 16.7 mM glucose, 10 mM alanine, 7.68 mM Ca2+ and 10 nM PMA (Figure 2B).




Figure 2 | Effects of exendin-4, CCK-8 or [Lys12Pal]Ex-4/CCK on insulin release from rodent BRIN-BD11 cells. (A) Cells were incubated (20 min) with 16.7 mM glucose alone and with exendin-4, CCK-8 or [Lys12Pal]Ex-4/CCK (10-6 M) and insulin secretion assessed by RIA. (B) Effects of exendin-4 or [Lys12Pal]Ex-4/CCK (10-6 M) on the secretory action of established modulators of insulin secretion in BRIN BD11 cells. Values are mean ± SEM (n=8). *p < 0.05, **p < 0.01 and ***p < 0.001 compared with (A) 16.7 mM glucose alone or (B) insulinotropic agent with peptide.





Acute Effects of [Lys12Pal]Ex-4/CCK on Food Intake and Glucose Tolerance

When injected i.p. in overnight fasted mice, [Lys12Pal]Ex-4/CCK reduced (p<0.05) food intake at all observation points from 90 min onwards (Figure 3A). Moreover, [Lys12Pal]Ex-4/CCK displayed persistent satiety effects in mice when administered 4 (p<0.001) or (p<0.05) 8 h prior to feeding (Figures 3B, C). When [Lys12Pal]Ex-4/CCK was delivered 12 h prior to feeding, the ability to inhibit food intake were no longer apparent (Figure 3D). Studies with GLP-1 and CCK1 receptor antagonists suggested that the satiating actions of [Lys12Pal]Ex-4/CCK were dependent on both GLP-1 and CCK1 receptor signalling, with perhaps marginally more reliance on GLP-1 receptor signalling in this regard (Figure 3E). When injected co-jointly with glucose [Lys12Pal]Ex-4/CCK reduced (p<0.05) individual and AUC glucose values, but this was not associated with demonstrably increased plasma insulin concentrations (Figures 4A, B). However, administration of [Lys12Pal]Ex-4/CCK either 4, 8 or 12 h prior to the glucose challenge resulted in robust (p<0.01–p<0.001) glucose-lowering and insulin secretory actions (Figures 4C–H). Interestingly, [Lys12Pal]Ex-4/CCK still possessed significant (p<0.001) glucose homeostatic effects when administered 24 h prior to glucose (Figure 4I), although no demonstrable change of glucose-induced insulin release was observed at this time (Figures 4I–J). This contrasts with the comparatively transient effects of native exendin-4 and CCK-8 as reported previously (16, 35).




Figure 3 | Effects of [Lys12Pal]Ex-4/CCK on food intake in mice. [Lys12Pal]Ex-4/CCK (25 nmol/kg bw, i.p.) was administered (A) 0, (B) 4, (C) 8 or (D) 12 h prior to assessment of food intake in overnight (16 h) fasted C57BL/6 mice. (E) [Lys12Pal]Ex-4/CCK (25 nmol/kg bw, i.p.) was administered alone or together with either exendin(9-39) or SR27897 (both at 25 nmol/kg bw) as well as in combination with both exendin(9-39) and SR SR27897. Food intake was recorded at regular intervals over a 3-hour observation period. Values are mean ± SEM for 8 mice. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with saline-treated control. Δp < 0.05 and ΔΔp < 0.01 compared with [Lys12PAL]Ex-4/CCK.






Figure 4 | Effects of [Lys12Pal]Ex-4/CCK on glucose tolerance and insulin secretion in C57BL/6 mice. Blood glucose and plasma insulin concentrations were assessed following administration of [Lys12Pal]Ex-4/CCK (25 nmol/kg bw, i.p.) in combination (A, B) with glucose (18 mmol/kg bw, i.p.) or (C, D) 4 h, (E, F) 8 h, (G, H) 12 h or (I, J) 24 h prior to glucose administration. 0-60 min glucose AUC values are also shown. Values are mean ± SEM for 8 mice. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with glucose alone control.





Effects of [Lys12Pal]Ex-4/CCK on Body Weight, Food Intake as well as Circulating Glucose, Insulin, and Glucagon

Twice daily treatment with [Lys12Pal]Ex-4/CCK in HFF mice with STZ-induced compromised beta-cells, namely HFF-STZ mice, resulted in significant (p<0.05) weight loss on day 7, that persisted until the end of the study (Figure 5A). Interestingly, there was a small decline of body weight in all mice on day 3, likely as a result of treatment regimen acclimatisation, with body weights of saline treated mice then stabilising compared with a continued gradual reduction of weight in mice receiving [Lys12Pal]Ex-4/CCK (Figure 5A). Indeed, when body weight change over the 28 days was analysed, only [Lys12Pal]Ex-4/CCK treated HFF-STZ mice presented with a reduction (p<0.05) in body weight gain (Figure 5B). [Lys12Pal]Ex-4/CCK induced body weight reductions were associated with consistent decreases (p<0.05-p<0.001) in energy intake (Figure 5C). On day 28, circulating glucose in [Lys12Pal]Ex-4/CCK HFF-STZ mice was similar to lean controls, and significantly (p<0.001) reduced when compared to HFF-STZ control mice (Figure 5D). Corresponding plasma insulin levels were decreased in HFF-STZ control mice, and elevated (p<0.01) to levels above lean controls by [Lys12Pal]Ex-4/CCK intervention (Figure 5E). Interestingly, plasma glucagon was not different between lean and diabetic control mice on day 28, but [Lys12Pal]Ex-4/CCK decreased (p<0.05) circulating glucagon when compared to HFF-STZ control mice (Figure 5F).




Figure 5 | Effects of [Lys12Pal]Ex-4/CCK on (A) body weight, (B) body weight change, (C) calorie consumption, (D) terminal non-fasting blood glucose as well as terminal non-fasting plasma (E) insulin and (F) glucagon in HFF-STZ mice. (A–C) Parameters were measured at regular intervals over 28 days treatment with twice-daily [Lys12Pal]Ex-4/CCK (25 nmol/kg bw, i.p) in HFF-STZ mice. (D–F) Parameters were measure on day 28, with plasma insulin and glucagon were measured by RIA or ELISA, respectively. Values are mean ± SEM for 8 mice. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with HFF-STZ diabetic control.





Effects of [Lys12Pal]Ex-4/CCK on Glucose Tolerance, Insulin Sensitivity, and Pancreatic Insulin and Glucagon Content

Following a glucose challenge on day 28, [Lys12Pal]Ex-4/CCK mice presented with substantially (p<0.001) improved glucose homeostasis (Figures 6A, B), that was associated with a significant (p<0.05) augmentation of glucose-induced insulin release (Figures 6C, D), when compared to HFF control mice with STZ-induced compromised beta-cells. However, glucose tolerance and insulin secretion were still impaired (p<0.001) in [Lys12Pal]Ex-4/CCK HFF-STZ mice when compared to lean controls (Figures 6A, D). On first inspection, peripheral insulin sensitivity appeared to be largely unaffected by [Lys12Pal]Ex-4/CCK treatment, but when considered as glycaemic response with AAC analysis, a clear improvement (p<0.01) was evident (Figures 6E, F). This improvement appeared to be partly driven by clear reductions of non-fasting glucose levels evoked by 28 days treatment with [Lys12Pal]Ex-4/CCK in HFF/STZ mice. Pancreatic insulin content was elevated (p<0.01), and glucagon content decreased (p<0.001), in [Lys12Pal]Ex-4/CCK treated mice when compared to HFF-STZ controls, with values not significantly different from lean control mice (Figures 6G, H).




Figure 6 | Effects of [Lys12Pal]Ex-4/CCK on (A, B) glucose tolerance, (C, D) insulin secretion, (E, F) as well as pancreatic (G) insulin and (H) glucagon content in HFF-STZ mice. Parameters were measured following 28 days twice-daily treatment with [Lys12Pal]Ex-4/CCK (25 nmol/kg bw, i.p). (A, B) Blood glucose and (C, D) plasma insulin was measured prior to and after administration of glucose alone (18 mmol/kg, i.p) at t = 0 min. (E, F) Blood glucose was measured after administration of insulin (25 U/kg bw, i.p) at t = 0 min. (G, H) Pancreatic insulin and glucagon content were measured by RIA or ELISA, respectively, following pancreatic protein extraction. Values are mean ± SEM for 8 mice. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with HFF-STZ diabetic control.





Effects of [Lys12Pal]Ex-4/CCK on Pancreatic Islet Morphology as well as Beta-Cell Proliferation and Apoptosis

HFF-STZ mice had reduced (p<0.001) islet and beta-cell areas, that were not significantly affected by [Lys12Pal]Ex-4/CCK treatment (Figures 7A, B). However, elevations (p<0.001) of alpha-cell area in HFF-STZ mice were fully reversed by [Lys12Pal]Ex-4/CCK treatment (Figure 7C), which was associated with a trend towards normalisation of alpha:beta ratio in these mice (Figure 7D). Moreover, the characteristic appearance of increased glucagon staining within the centre of islets in HFF-STZ mice was reversed by [Lys12Pal]Ex-4/CCK treatment (Figure 7E). In addition, beta-cell proliferation was increased (p<0.05) and beta-cell apoptosis decreased (p<0.001), respectively, by [Lys12Pal]Ex-4/CCK treatment compared to HFF/STZ mice (Figures 7F, G), with beta-cell proliferation also increased (p<0.001) when compared to lean control mice (Figure 7F). Representative images of islets stained for insulin and glucagon as well as insulin and Ki-67 or insulin and TUNEL are presented in Figures 7H–J.




Figure 7 | Effects of [Lys12Pal]Ex-4/CCK on pancreatic islet morphology as well as beta-cell proliferation and apoptosis in HFF-STZ diabetic mice. (A) Islet-, (B) beta- and (C) alpha-cell areas, (D) alpha:beta ratio, (E) percentage of glucagon positive centrally stained cells as well as beta-cell (F) proliferation and (G) apoptosis were measured following 28 days twice-daily treatment with [Lys12Pal]Ex-4/CCK (25 nmol/kg bw, i.p). Islet morphology was assessed using CellF image analysis software, with beta-cell proliferation and apoptosis measured Ki-67 or TUNEL staining, respectively. (H-J) Representative islet images (x40 magnification) show (H) insulin (red) and glucagon (green), (I) insulin (red) and Ki-67 (green) or (J) insulin (red) and TUNEL (green) from each treatment group. Values are mean ± SEM for 8 mice. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with HFF-STZ diabetic control. ΔΔp < 0.01 and ΔΔΔp < 0.001 compared with lean control.






Discussion

Additive, and frequently synergistic, benefits on satiety and pancreatic endocrine function by combined GLP-1 and CCK1 receptor activation have been documented previously (23, 36). In the current study, we have exploited this in terms of realising a new avenue for the treatment of T2DM. First, we examined the potential benefits of upregulated GLP-1 and CCK1 receptor activation on pancreatic beta-cells, given the recent observations that CCK may be less influential in terms of augmenting GLP-1 induced beta-cell insulin secretion (37). This is an important aspect to understand because GLP-1 and CCK are not only synthesised in the intestine but also released locally by islet cells to exert autocrine or paracrine actions (19, 20).

Independent benefits on beta-cell growth and survival following upregulation of GLP-1 and CCK receptor activation were verified (18, 34). Although additive effects were not apparent in terms of protection against apoptosis, there were clear benefits of combined receptor upregulation on beta-cell proliferation. Interestingly, interactions between islet-derived GLP-1 and CCK have been suggested to be important for beta-cell survival, rather than growth (21). Our contrasting observations may be linked to the experimental system employed, as well as differences in duration and extent of receptor activation. However, proliferative benefits of GLP-1 and CCK in the current setting are fully supported by changes in gene expression. As such, beta-cell regeneration is believed to be controlled by glucose metabolism and metabolic demand (38), with combination GLP-1 and CCK-8 treatment resulting in distinct increases of glucose sensor glucokinase gene expression (39). Combined treatment also resulted in a reduction in pro-apoptotic NFκB and BAX gene expression in line with known downstream actions of CCK (40). When viewed in conjunction with previous observations (5, 25), these data provide a compelling case to further explore the therapeutic potential of GLP-1/CCK dual-acting hybrid peptides (26, 27).

To this end, [Lys12Pal]Ex-4/CCK was engineered as a long-acting GLP-1 and CCK1 receptor agonist (Table 1), based on earlier positive observations of pronounced bioactivity of a GLP-1/CCK-8 fusion peptide and the pharmacodynamic benefits of peptide acylation (27, 41). As such, [Lys12Pal]Ex-4/CCK combines the key complementary glucose-lowering and satiety actions of exendin-4 and CCK-8, possessing an exendin-4 like N-terminus fused to a C-terminal CCK1 receptor agonist through use of a polyether linking compound (Table 1). Consistent with previous studies, activation of GLP-1 and CCK1 receptors by [Lys12Pal]Ex-4/CCK stimulated insulin secretion from BRIN BD11 cells (5, 26). Given that [Lys12Pal]Ex-4/CCK is acylated at Lys12 to promote albumin binding and prolong half-life, an intervention which often perturbs bioactivity (41), equipotency with exendin-4 is encouraging. To further probe insulinotropic effects, [Lys12Pal]Ex-4/CCK was co-incubated with known modulators of beta-cell function and shown to potentiate the insulin releasing actions of glucose, alanine, elevated Ca2+ or the phorbol ester PMA. Further to these in vitro effects, acute administration of [Lys12Pal]Ex-4/CCK to mice inhibited feeding activity, improved glucose tolerance, and potentiated the plasma insulin response to glucose. Such actions were protracted, with some effects even persisting when the peptide was administered up to 24 hours previously, contrasting with actions of native exendin-4 and CCK-8 which are relatively short-lived under similar experimental conditions (16, 35). Experiments employing pharmacological GLP-1 and CCK1 receptor antagonists perhaps suggested a very slight bias towards GLP-1 receptor signalling in mediating the biological actions of [Lys12Pal]Ex-4/CCK, in agreement with previous reports (27), but genuine prudence is required in terms of this data interpretation. Thus, the recognised synergism between GLP-1 and CCK receptor pathways (21–23) is not quantifiable when employing knockout of individual receptor pathways. Although informative, these antagonist studies are unable to provide a complete picture of the undoubted importance of synergy between GLP-1 and CCK1 receptor pathways for [Lys12Pal]Ex-4/CCK mediated benefits (26, 27).

Encouraged by these observations, we embarked on a longer-term in vivo study in mice that were administered low dose injections of STZ daily over 14 days to compromise beta-cell function in association with ad libitum access to high fat diet to induce insulin resistance and beta-cell stress (33). The resulting phenotype was characterised by failure of classical islet hypertrophy and beta-cell compensation in HFF-STZ mice, culminating in severe hyperglycaemia with blood glucose >12 mmol/l. Twice daily injection of these mice with [Lys12Pal]Ex-4/CCK for 28 days led to significant reductions in energy intake, body weight and blood glucose levels, in keeping with upregulated GLP-1 and CCK1 receptor activity (9). Importantly, these beneficial effects were apparent early in the treatment regimen and persisted throughout, with no indication of desensitisation (42). This highlights the long-acting nature and efficacy of [Lys12Pal]Ex-4/CCK. Development of a specific assay to measure [Lys12Pal]Ex-4/CCK in plasma, as well as tissue distribution, would be useful to provide more precise details of in vivo bioavailability.

Improvements in glucose tolerance in HFF mice with STZ-induced compromised beta-cells, although likely to be partially dependent on weight loss (43), were associated with significantly increased glucose-induced insulin concentrations. Indeed, circulating and pancreatic insulin were substantially increased in [Lys12Pal]Ex-4/CCK mice at the end of the 28-day study. It would also have been useful to examine metabolic effects following an oral nutrient challenge, but unfortunately that was not possible in the current study. Interestingly, the characteristic insulin resistance evoked by sustained high fat feeding (44) did not appear to be appreciably improved by [Lys12Pal]Ex-4/CCK intervention. Evidence for a small but significant enhancement of AAC glucose was noted, but this modest effect could be related to the fact that blood glucose levels in [Lys12Pal]Ex-4/CCK treated mice were well below 5 mmol/l during the experiment. This presumably resulted in activation of adaptive responses to counter the hypoglycaemia induced by bolus injection of exogenous insulin. In contrast to the small magnitude of this effect, [Lys12Pal]Ex-4/CCK evoked particularly prominent improvements in islet architecture in the HFF-STZ mice (19). Such morphological benefits which were closely linked to elevations in beta-cell proliferation (20, 34), in direct agreement with our in vitro observations. We also observed reductions in beta-cell apoptosis with sustained [Lys12Pal]Ex-4/CCK therapy that would also contribute to improved islet architecture (21). Furthermore, observed reductions in alpha-cell area and overall alpha:beta cell ratios were paralleled by decreases in pancreatic and plasma glucagon in the peptide treated mice. This observation fits well with reported glucagonostatic effects of GLP-1 receptor activation (45). However, it does contrast somewhat with the reported direct glucagonotropic actions of CCK (8), and detailed study of the overall impact of activation of GLP-1 and CCK1 receptors by [Lys12Pal]Ex-4/CCK in this regard is required.

Despite the obvious therapeutic attractiveness of [Lys12Pal]Ex-4/CCK, there are a number of significant matters that need to be considered with regards possible translation towards clinical development. Although initial fears of increased pancreatitis risk with GLP-1 mimetic therapy in humans has now been fully allayed (46), extremely high doses of CCK are employed to create experimental rodent models of pancreatic inflammation (47). However, it should be noted that the CCK1 receptor is expressed at much higher levels in pancreatic acinar cells of rodents than humans (48). Moreover, 28 days treatment with [Lys12Pal]Ex-4/CCK did not lead to any obvious detrimental pancreatic histopathological findings in our study. As noted above, alterations in endocrine islet morphology induced by [Lys12Pal]Ex-4/CCK were consistently linked to correction of the diabetes phenotype. In addition, previous studies employing sustained co-activation of GLP-1 and CCK1 receptors in rodent models reported no effect, or even reductions, in amylase and lipase secretion (25, 26). The possible impact of combined GLP-1 and CCK1 receptor activation on gastric emptying would also need to be considered (49, 50). However, we observed no obvious behavioural changes in [Lys12Pal]Ex-4/CCK treated mice. Finally, there is a suggestion that GLP-1 mimetics suppress CCK secretion in humans, leading to adverse gallbladder events (51). Thus, dual activation of both receptor pathways by [Lys12Pal]Ex-4/CCK could help to alleviate this potential problem.

In conclusion, the present study has reaffirmed clear benefits of combined GLP-1 and CCK1 receptor signalling. [Lys12Pal]Ex-4/CCK, created as a long-acting, dual GLP-1 and CCK1 receptor activating hybrid peptide, displayed prominent antidiabetic actions in HFF-STZ mice that were directly linked to improved islet morphology and beta-cell function. Such benefits were also coupled to induction of satiety and sustained reductions in body weight. These exciting preclinical observations necessitate the further consideration of combined GLP-1 and CCK1 receptor activation as a potential treatment option for the increasing numbers of people living with obesity and related diabetes.
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Optimization of peptides for therapeutic purposes often includes chemical conjugation or modification with substituents that serve to broaden pharmacology or improve pharmacokinetics. We report a convenient and rapid procedure for one-pot, site-specific conjugation of two cysteine-containing peptides that utilizes a bivalent linker comprising maleimide and iodoacetyl functional groups. Following maleimide-mediated peptide conjugation the linker was converted from an unstable thiosuccinimide to a stable thioether bond suitable for biological study by mild aqueous hydrolysis. The procedure is exemplified by peptide-peptide, peptide-small molecule, and peptide-fatty acid conjugations. The method provides a facile approach to search for enhanced biological outcomes through additive and sustained peptide pharmacology unencumbered by the prospect of chemical rearrangement in the course of biological study.
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Introduction

Peptide therapeutics constitute an important drug class for the treatment of multiple disease states, including cancer and diabetes (1). Chemical modifications are commonly employed to enhance the biophysical, pharmacokinetic and pharmacological properties of native peptides for optimal therapeutic performance. Prominent examples include the once-weekly GLP-1 receptor agonist semaglutide (2), the basal insulin degludec (3), and the recently approved Lutetium-DOTATATE (4). Peptide conjugation can generate single molecules capable of simultaneously targeting multiple targets to provide superior pharmacology, or an improved therapeutic index (5). The integration of two hormonal activity to single peptides is a proven concept to enhance pharmacology in metabolic diseases with several co-agonists having advanced in clinical study (6–8). A linker which joins the two molecules is an essential requirement in this type of structural optimization. Biomolecular conjugations are commonly facilitated through site specific reactions at the N-terminus or side chains, such as a lysine amine or cysteine thiol (9–11). Although many homo-bifunctional and hetero-bifunctional linkers such as DBDBP, LC-SPDP, DSS, SIAB and MBS have been reported (12), their application often requires orthogonal protection involving intermediate synthetic steps and purification. We sought a more straightforward method to achieve peptide chemical modification and heterodimerization.

We envisioned this possible through a single-pot procedure in which cysteine alone could be employed. Cysteine is an attractive candidate given its relatively low abundance in native proteins and its versatility in chemo-selective reactions, including alkylation, Michael addition, and disulfide bond formation (11). Maleimides are well-recognized to rapidly react with sulfhydryl groups under multiple reaction conditions, while a haloacetyl reacts readily with thiols under mildly alkaline conditions. Consequently, a chemical linker composed of maleimide and iodoacetyl groups might lend itself to bi-functional cysteine conjugation in a one-pot approach in similar fashion to the linker reported for protein assembly on a DNA template (13). A potential liability of the maleimido strategy is the tendency of the resultant thiosuccinimide to undergo retro-Michael β-elimination or reaction with plasma-derived thiols, most notably glutathione (14, 15). Suitable stability can be achieved through hydrolysis-based ring opening of the imide to a stable thioether bond (14, 15).



Methods


Peptide Synthesis

All reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA), Fisher Scientific (Waltham, MA, USA) or VWR (Radnor, PA, USA) and were used without further purification. Protected amino acids and H-Rink amide ChemMatrix resin were obtained from Gyros Protein Technologies (Tucson, AZ, USA), Midwest Biotech (Fishers, IN, USA), or Chem-Impex International (Wood Dale, IL, USA). Peptide synthesis was performed either on Symphony Peptide Synthesizer or on Applied Biosystems 433A Peptide Synthesizer using preprogrammed solid-phase Fmoc protocol designed for 0.1mmol syntheses. For Applied Biosystems 433A Peptide Synthesizer, DIC/HOBt-Cl in NMP were used for coupling and 20% piperidine in NMP for deprotection. For Symphony Peptide Synthesizer, DIC/OxymaPure in DMF were used for coupling and 20% piperidine in NMP for deprotection. After assembly of the peptide sequence, the peptide bound resin was treated with cleavage cocktail (10 mL, 90% TFA, 2.5% TIS, 2.5% H2O, 2.5% 2-mercaptoethanol, 2.5% anisole) to cleave the peptide from the resin. The cleavage solution was treated with ether (30 mL) to precipitate the impure peptide, which was washed with ether another two times (30 mL each time). LC-MS analyses were performed on an Agilent 1260 Infinity/6120 Quadrupole instrument with Kinetex C8 2.6μ (75×4.6 mm, Phenomenex Inc., Torrance, CA, USA) column using a flow rate of 1 mL/min and a gradient of 20%–100% B over 10 min unless otherwise mentioned. Eluent A is water with 0.05% TFA and eluent B is 10% water, 90% MeCN, 0.05% TFA. MS collected in 200–2000 m/z range. Preparative HPLC purifications were performed on Waters instrument (Pump 2545, Detector 2489, Fraction Collector III) with Luna 10μ C8 (2) 100A AXIA (250×21.2 mm) or Kinetex 5μ C8 100A AXIA (250×21.2 mm) column at the flow rate of 12 mL/min, eluent A is 90% water, 10% MeCN, 0.1%TFA, eluent B is MeCN with 0.1% TFA. A gradient would run from 10% to 50% B in 60 minutes unless otherwise mentioned. Fractions were collected based on UV absorption at 220 nm. Cysteine-containing glucagon analog (peptide 2) and cysteine-containing GLP-1 analog were synthesized with corresponding amino acid residues in about 30% yield with >95% purity.



Synthesis of Linker 1

To N-(2-Aminoethyl)maleimide HCl (53 mg, 0.3 mmol, 1.0 eq.) in DMF (1 mL) was added iodoacetic anhydride (116.8 mg, 0.33 mmol, 1.1 eq.) and DIEA (104.5 uL, 0.6 mmol, 2.0 eq.), and the reaction mixture was stirred at rt for 30 min. The mixture was subjected to HPLC purification (gradient 0% B to 10% B in 60 minutes), and fraction were collected and lyophilized to afford oil like product 1 (N-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)-2-iodoacetamide, 14.8 mg, yield 16%). LC-MS (gradient 10% B to 80% B in 10 minutes) retention time 2.36 min, MS analyzed for C8H9IN2O3K+ 346.9, found 347.0.



Procedure for One-Pot Heterodimerization in Liquid Phase

Step 1: to glucagon analog 2 (5.5 mg, 1.26 umol, 1.0 eq.) in pH 6.0 50 mM phosphate buffer (1 mL) and MeCN (0.5 mL) was added linker 1 (37.8 uL, 0.05 M in MeCN, 1.5 eq.), the mixture was stirred at rt for 30 minutes, LC-MS analysis showed the completion of Michael addition between glucagon and linker to afford intermediate peptide 3.

Step 2: to the reaction mixture from step 1 was added GLP-1 C-terminal cysteine analog (10.4 mg, 2.52 umol, 2.0 eq.) and pH 10.0 100 mM sodium carbonate/bicarbonate buffer (0.67 mL), the mixture was stirred at rt for 30 minutes, LC-MS analysis showed the completion of alkylation between the C-terminal cysteine GLP-1 analog and linker to afford intermediate peptide 4.

Step 3: to the reaction mixture from step 2 was added pH 10.0 100 mM sodium carbonate/bicarbonate buffer (0.33 mL), the mixture was measured to be pH 9.6, and it was stirred at 37°C for 1 h, LC-MS analysis showed the completion of hydrolysis of thiosuccinimide to afford final peptide conjugation product 5 in 51% isolated yield after reversed phase HPLC purification.

The conversion of peptides 6 through 11 were by the same procedure, except that peptide 6 and 7 required 3h in step 3 for hydrolysis to be completed. Peptide 6 to 11 synthesis yields were calculated based on UV absorption at 280 nm using their respective molar extinction coefficient, which was calculated from the sum of the molar extinction coefficients of individual residues with Trp (5500), Tyr (1490), and Cys (125).



In Vitro Glucagon and GLP-1 Receptor Activation

Receptor activation data was collected utilizing stably transfected BHK cells over-expressing either the human GLP-1R or GcgR and firefly luciferase reporter gene linked to the cAMP response element. The cells were maintained in continuous culture in DMEM supplemented with 10% HI FBS, 300 ug/mL hygromycin, and 500 ug/mL G418 at 37°C with 5% CO2. Cells were plated in the supplemented DMEM at 5,000 cells per well in 96 well poly-D-Lysine coated Corning BioCoat plates and incubated overnight at 37°C with 5% CO2. After the overnight incubation, the media was removed from the cell plates, washed once with DPBS, and 50uL of the assay buffer (DMEM without phenol red, 10 mM Hepes, 1x Glutamax, 1% ovalbumin, and 0.1% Pluronic F-68) was added to the plate. In a separate 96 well plate, the test compounds were serially diluted by 3.5-fold across the row of the plate to create a 12-point dilution curve. Aliquots of the dilution curve were added to the cell plate in a volume of 50 uL to result in a final concentration range of the test compound from 1 × 10-14 to 1 × 10-7 M. The assay plates were incubated for 3 hours at 37°C and 5% CO2. After the incubation, the assay plates were washed once in DPBS. Following the wash, 100 uL of DPBS was added to each well of the plates followed by 100 uL of the steadylite plus reagent (PerkinElmer). The assay plates were covered to protect from light, incubated at room temperature with shaking at 250 rpm for 30 minutes and read using a microtiter plate reader. The data was plotted using GraphPad Prism 9.0.1 with the nonlinear regression log(agonist) vs. response analysis to obtain the EC50 for each compound. Additionally, GraphPad Prism was used to complete the statistical analysis of the EC50 values with n=6 was using the Student’s unpaired t-test analysis.




Results and Discussion

We employed cysteine containing glucagon and GLP-1 analogues as model peptides to test the feasibility of the envisioned one-pot conjugation using a bifunctional linker (1, Scheme 1). Cysteine was added to the C-termini of the respective peptides to facilitate tail-to-tail heterodimerization. The coupling reaction of glucagon analog bearing a C-terminal exendin-like tail (2, Scheme 1) and the linker (1, Scheme 1) was conducted in PBS buffer (pH 7.4). Analysis of the Michael addition product detected a minor side-reaction resulting from a competing alkylation. In contrast, when the reaction was conducted (in 50 mM phosphate buffer) at a slightly reduced pH of 6.0, the product was exclusively the glucagon analog-linker adduct 3 (Scheme 1). The linker-based iodoacetyl group proved stable under these slightly acidic reaction conditions for an extended duration. The alkylation of 3 with the C-terminally cysteine extended GLP-1 in step 2 was facilitated by increasing the pH to 8.3 (through a twofold addition of pH 10 carbonate buffer to the initial pH 6.0 maleimide reaction solution). Under these conditions the cysteine of the C-terminally extended GLP-1 analog was rapidly and fully consumed to yield the desired thiosuccinimide (4, Scheme 1). The third and final step constituted base-mediated hydrolysis and ring opening of the thiosuccinimide to provide a stable peptide heterodimer as a thioether (5, Scheme 1). We observed that prolonging alkylation time at pH 8.3 did not result in sufficient thiosuccinimide hydrolysis. Accordingly, dilution of the reaction with pH 10, carbonate buffer (equal amount relative to the initial volume of pH 6.0, phosphate buffer) was used to increase the pH to 9.6. At this pH value the hydrolysis was completed after approximately 12 hours at room temperature, or within 1 hour at 37°C without detectable degradation of the conjugate (5, Scheme 1). The final product 5 was isolated in 51% yield. LC-MS analysis of starting material (peptide 2), reaction mixtures of steps 1-3, and purified product 5 are shown in Figure 1.




Scheme 1 | Optimized reaction conditions for one-pot heterodimerization in three steps. In step 1, glucagon analog (peptide 2) was reacted with linker 1 in pH 6.0 phosphate buffer to yield a glucagon analog-linker adduct (peptide 3). In step 2, pH 10.0 carbonate buffer was added to raise the pH of the reaction mixture to 8.3, and C-terminal extended GLP-1 cysteine analog was added to react with peptide 3 to yield a glucagon-linker-GLP-1 analog conjugate (peptide 4). In step 3, additional pH 10.0 carbonate buffer was added to further raise the pH of the reaction mixture to 9.6 such that peptide 4 was hydrolyzed to provide a chemically stable glucagon-linker(hydrolyzed)-GLP-1 analog (peptide 5).






Figure 1 | LC-MS analysis of one-pot heterodimerization in three steps. From top to bottom, the first line shows the UV absorption trace of a purified cysteine containing glucagon analog (peptide 2); the second line is the UV absorption trace of a glucagon analog-linker adduct (peptide 3) in the reaction mixture following the first step reaction; the third line shows the UV absorption trace of glucagon-linker-GLP-1 analog adduct (peptide 4) in the reaction mixture after the second step reaction, along with a minor side-product 1 representing GLP-1-linker-GLP-1 analog; the fourth line shows the UV absorption trace of the glucagon-linker(hydrolyzed)-GLP-1 adduct analog (peptide 5) in the reaction mixture following the third reaction step, along with a minor side product 2 of GLP-1-linker(hydrolyzed)-GLP-1 analog; the fifth line shows the UV absorption trace of purified peptide 5 glucagon-linker(hydrolyzed)-GLP-1 analog adduct after HPLC purification.



The ability to hydrolyze the thiosuccinimide intermediate 1 to a stable thioether is greatly influenced by substituents linked to the maleimide group. The widely used maleimide-caproyl (mc) linker requires much harsher conditions for hydrolysis (45°C, pH 9.2, 48 hours) (14), which can complicate its application to macromolecules of marginal chemical stability. Alternatively, there are reports employing more labile linkers, including one that undergoes spontaneous hydrolysis at neutral pH (15). However, the more labile nature can present challenges during synthesis, where more stability may be required. In this regard, we observed that the enhanced stability of linker 1 in the pH range of 6.0-8.3 is more advantageous than that of the self-hydrolysable maleimido linker.

A separate consideration for one-pot conjugation pertains to chemical modification with molecules designed to extend duration of action, or in the attachment of non-peptide pharmacological agents such as nuclear hormones (16), cytotoxic drugs (17), and oligonucleotides (18). To model the conjugation of a conventional small molecule drug for purposes of tissue targeted delivery, or multimode pharmacology we conducted a reaction of the C-terminal -extended GLP-1 cysteine analog with benzoic acid or 2-naphthoic acid via bivalent linker 1. The reactions proceeded rapidly, and the corresponding products were recovered in respective yields of 69% and 58% (Figure 2, peptide 6 and 7). We anticipate that this and related linkers can be used to conjugate peptides and proteins with other various molecular entities, such as fluorophores for molecular imaging, antigens for antibody generation or recognition, and oligonucleotides for selective gene therapy.




Figure 2 | Representative examples and yields of stably conjugated peptide dimers and other chemical derivatives. Peptide 4 is the conjugate of glucagon and GLP-1 analogs before hydrolysis. Peptide 5 is the hydrolyzed product of glucagon and GLP-1 analog. Peptide 6 is the hydrolyzed product of a GLP-1 analog and benzoic acid. Peptide 7 is the hydrolyzed product of a GLP-1 analog and 2-naphthoic acid. Peptide 8 is the hydrolyzed product of a GLP-1 analog and fatty acid C16 conjugate. Peptide 9 is the hydrolyzed product of a GLP-1 analog and fatty acid C18 conjugate. Peptide 10 is the hydrolyzed product of a glucagon analog and fatty acid protracted GLP-1analog. Peptide 11 is the hydrolyzed product of a GLP-1 analog and a pentapeptide of glutamic acid.



Modification of peptides with long chain fatty acids has emerged as a well-validated strategy to enhance pharmacokinetic properties, minimize proteolysis, slow renal clearance, and alter biodistribution (19). Frequently, the fatty acids are introduced in the course of solid-phase peptide synthesis employing an orthogonal protection scheme. Site-specific conjugation in solution is more challenging given the presence of competing functionalities. Accordingly, we explored the use of the cysteine thiol group to site-specifically conjugate fatty acids such as C16, C18 diacid and simplify such peptide modification. The modified fatty acids were conjugated to GLP-1 related peptides bearing an exendin-like peptide extension with a single C-terminal cysteine in 44% to 51% respective yields using this simplified conjugation approach (Figure 2, peptide 8 and 9). In the case of the fatty acylated conjugates the hydrolysis in step 3 required a slightly longer reaction for completion (3 h at 37°C), likely the result of the increased hydrophobicity adjacent to the thiosuccinimide.

To examine the conjugation reaction efficiency in the presence of a fatty acid, we added a cysteine residue to the C-terminus of semaglutide. This GLP-1 agonist is a C18 diacid protracted GLP-1 analogue which allows once weekly dosing for the treatment of type 2 diabetes (2). The C18 diacid in semaglutide did not appear to noticeably impact conjugation efficiency as the conjugated and hydrolyzed product was recovered in 62% yield (Figure 2, peptide 10), under conditions identical to those used for the prior GLP-1 peptide analogs without side-chain fatty acylation. Aqueous solubility and stability are frequently encountered problems in the optimization of peptide therapeutic candidates. A popular approach to circumvent this challenge is to alter the isoelectric point of the peptide. One such example involves the addition of multiple glutamic acid residues to the side chain of a specific residue by stepwise synthesis (20). Linker 1 was used in a one pot fashion to conjugate multiple glutamic acids to an analogue of GLP-1 in respectable yield (Figure 2, peptide 11).

To validate the biological integrity of a conjugated product following hydrolysis at pH 9.6, we assessed in vitro bioactivity of the conjugated peptide 4 and the corresponding hydrolyzed analogue 5, at human GLP-1 and glucagon receptors (21). Peptides 4 and 5 demonstrated comparable potency to native GLP-1 in stimulating cAMP concentrations at GLP-1 receptors (Figure 3). Native human GLP-1 displayed an EC50 of 3.72 +/- 2.21 pM in human GLP-1 receptor, peptides 4 and 5 were measured to be of similarly high potency with respective EC50 values of 4.68 +/- 1.53 pM and 4.85 +/- 4.29 pM (no statistical significance between human GLP-1, peptide 4, and peptide 5, using the Student’s unpaired t-test analysis). Native human glucagon displayed an EC50 of 43.8 +/- 60.41pM at human GCG receptor, peptide 4 and 5 showed reduced but comparable potency with respective EC50 values of 607.1 +/- 428.3 pM and 323.0 +/- 186.6 pM from each other (P < 0.01 between hGCG and peptide 4, P < 0.01 between hGCG and peptide 5, no statistical significance between peptide 4 and peptide 5, using the Student’s unpaired t-test analysis). The reduced glucagon potency reflects the specific site selection. If a more balanced potency is the objective a positional scan with spacer optimization is a required next step, but in this specific co-agonist the glucagon activity is typically targeted for much less relative activity comparable to what is reported here to minimize the potential for hyperglycemia (8, 22).




Figure 3 | The in vitro bioactivity assessment of peptides 4 and 5. Assays were conducted with BHK cells that over-express either the human GLP-1 or glucagon receptors. Left panel, human GLP-1 receptor where native GLP-1 has a determined EC50 of 3.72 +/- 2.21 pM (n=6), and peptides 4 and 5 are 4.68 +/- 1.53 pM (n=6) and 4.85 +/- 4.29 pM (n=6), respectively (no statistical significance between human GLP-1, peptide 4, and peptide 5, using the Student’s unpaired t-test analysis). Right panel, human glucagon receptor where native glucagon has an EC50 of 43.8 +/- 60.41pM (n=6) and peptides 4 and 5 are 607.1 +/- 428.3 pM (n=6) and 323.0 +/- 186.6 pM (n=6), respectively (P < 0.01 between hGCG and peptide 4, P < 0.01 between hGCG and peptide 5, no statistical significance between peptide 4 and peptide 5, using the Student’s unpaired t-test analysis). **P < 0.01.





Conclusion

Use of a bifunctional linker described in this report offers a straightforward and rapid route to the synthesis of chemically modified peptides under aqueous conditions. This approach takes advantage of differential, pH dependent reactivity of maleimide and iodoacetyl functional groups. The maleimide reacted exclusively with cysteine at pH 6.0, while the iodoacetyl group reacted with the cysteine at pH 8.3. Importantly, the linker-derived thiosuccinimide underwent facile hydrolysis and ring opening to yield a stable thioether under mild aqueous conditions. The single-pot, three step procedure afforded conjugated products in moderate to good yields, and representative conjugates retained full receptor agonism in which the relative potency was a function of site selection in conjugation. We have chosen to employ peptide analogs of glucagon and GLP-1 as models where the C-terminus has been extended with an exendin-like peptide sequence including a single terminal cysteine. Such modification of glucagon has dramatically enhanced the aqueous solubility in physiological buffers and provides a molecular spacer for conjugation purposes (23). The impact of this C-terminal extension on GLP-1 physical properties was first observed by Eng and associates in exendin-based peptides (24), and further assessed later in GLP-1 antagonists (25). The magnitude of relative activity in each peptide component is something that will need to be explored and in certain instances optimized to varying degrees with each individual peptide. Peptides 4 and 5 are heterodimers of glucagon and GLP-1 analogs that demonstrate much enhanced GLP-1 receptor activity relative to glucagon, which has been a medicinal objective (8). Chemical modification with lipids and large molecule pegylation at residues 10 or 24 of glucagon has demonstrated retention of greater activity (21, 26).

The inherent virtue in this approach is the potential for rapid profiling of combinatorial mixtures to explore the prospect for complementary and synergistic activities that can sizably improve biological outcomes when two biological mechanisms are integrated as a single molecular entity. The combination of biological activity derived from individual receptors within the proglucagon family and related receptors has previously demonstrated significant increase in peptide potency and total efficacy (7, 21). Should such molecular pairs be identified there are a host of customary medicinal chemistry methods that can be assessed for further maturation aligned with drug development objectives. However, the number of potential pairings given the vast library of peptide candidates, some without apparent individual efficacy and others such as orphan ligands without any known biological function places a premium on a rapid method to screen a broad field. Therein resides the attraction of a facile method to rapidly detect the more promising pairs to which precise chemical optimization can be subsequently employed to prioritize those combinations that demonstrate transformative biological responses relative to pharmacology with individual peptides, or physical mixtures.
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Glucose dose Wildtype  GIP receptor KO GLP-1 receptor KO

(mg/mouse) mice mice mice
0 6 8 6
25 11 1 10
50 12 12 10
75 12 9 9
100 34 20 27

125 24 8 16
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Reference Experimental groups

GIP receptor KO studies

Miyawaki et al. (1) Male GIP receptor KO
Male wildtype

Pamir et al. (12) Male GIP receptor KO
Male wildtype

Preitner et al. (13) Female GIP receptor KO

Female widtype
Male GIP receptor KO
Male widtype

Hansotia et al. (14) Female GIP receptor KO
Female widtype
Male GIP receptor KO

Male wildtype
GLP-1 receptor KO studies
Scrocchi et al. (8) Female GLP-1 receptor KO

Female widtype
Male GLP-1 receptor KO

Male wildtype
Scrocchi et al. (9) Male GLP-1 receptor KO
Male wildtype
Pederson et al. (10) Female and male GLP-1R KO
Female and male wildtype
Preitner et al. (14) Female GLP-1receptor KO

Female widtype
Male GLP-1 receptor KO
Male widtype

Hansotia et al. (14) Female GLP-1 receptor KO
Female widtype
Male GLP-1 receptor KO
Male widtype

Number of animals

1
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Glucose dose
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Wildtype mice (n=99) GIP receptor KO mice (n=68) GLP-1 receptor KO mice (n=78)

Body weight () 21802 22102 20.5 + 0.2 (P<0.001)
Glucose (mmol/) 78041 7.8+0.1 9.5+ 0.1 (P<0.001)
Insulin (pmol/) 2319 284 + 13 (P=0.069) 226+ 13

Insulin sensitivity (HOMA-R) 11.6£0.5 14.3 + 0.7 (P=0.020) 14.0 + 0.8 (P=0.040)

Means + SEM are shown. P indicates probability level of random difference versus wildtype mice. n indicates number of animals.
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Kinases

GRK2
GRK1
GRK3*
GRK4*
GRK5
GRK6
GRK7
PKA
PKBo
PKCo
PKCB1
CaMKIIp
ROCK-1
Aurora-A
Rsk1

*Ki value

Compound A

19
>10000
6
>3000
>10000
>10000
>10000
4880
>10000
>10000
>10000
>10000
1271
137
3151

Compound B

10
>10000
3
>3000
4497
3270
9137
855
1449
>10000
9068
3846
246
1"
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Group CpdA DPP4i+Cpd CpdB DPP4i + Cpd

A B
Plasma Concentration 4.25 + 5.79 + 0.64 4.82 + 5.00 + 0.080
(uM) 0.87 0.095

Data expressed as mean (6 mice) + S.D.
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Citation RNA sequencing Species Region Number of cells/samples
Glass et al. (19), Molecular Metabolism Single cell Mouse Duodenum 259
Roberts et al. (8), Diabetes Bulk Mouse Duodenum 2
lleum 3
Colon
Roberts et al. (8), Diabetes Bulk Human Jejunum 11
lleum 2
Billing et al. (20), Molecular Metabolism Single cell Mouse Large intestine (colon and rectum) 635
Goldspring et al. (21), Cell Reports Bulk Human lleum organoids 8
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Meal + CDCA Meal + CDCA Meal + COL Meal + COLx2 t-test Meal vs. ANOVA (Meal, p Meal p Meal vs.
meal + CDCA COL, COL x 2) vs. COL COL x 2
n=12 n=12 n=12 n=9
Basal GLP-1 (pmol/L) 14017 107 £15 130+ 15 18.4+2.4
Peak GLP-1 (pmol/L) 58.3 +6.1 65.3 +£9.3 57.3+46 52.4+50
PIAUC GLP-1 (pmol/L x min) 2867 + 286 4362 + 618 2703 + 330 3328 + 403
Basal Glucose (mmol/L) 53+0.1 54 +0.1 53+0.1 5301
Peak Glucose (mmol/L) 89+0.3 8.3+0.3 9.1+03 92+05
Nadir Glucose (mmol/L) 46+0.1 4.7 £01 46+01 4501
PIAUC Glucose (mmol/L x 154 £ 21 129 £15 163 + 14 181.2+24
min)
Basal C-peptide(pmol/L) 714 + 105 686.5 + 111 676 + 107 755 + 124
Peak C-peptide (pmol/L) 3,558 + 319 3,205 + 321 3,097 + 303 3,312 + 381
PIAUC C-peptide (nmol/L x 373 + 41 346 + 37 354 + 42 390 + 50
min)
Basal glucagon (pmol/L) 8815 100+ 15 90£17 10415
Peak glucagon (pmol/L) 164 +1.6 194 +1.4 141 +1.4 156+ 1.5
IAUC glucagon (pmol/L x min) 408 + 183 615 + 294 -69 + 233 120 + 221
Basal neurotensin (pmol/L) 19.6 + 4.0 20825 23.1+4.4 156+ 3.5
Peak neurotensin (pmol/L) 173 +28 174 + 21 133 + 16 142 + 18
PIAUC neurotensin (pmol/L x 17,280 + 2,242 16,069 + 2,116 14,3563 + 1,630 18,033 + 1829
min)
Basal insulin (pmol/L) 48.5 + 12 46.1 + 11 43.4 + 11 54.4 £ 16
HOMA-IR 1.7+05 1.6 +£0.4 1.5+04 1.9+0.6
Beta cell-index 288 + 25 266 + 25 27229 294 £ 20
IGlc-peptice 708 + 67 673 + 56 555 + 63 598 + 82
Basal CCK (pmol/L) 0.55+0.1 0.59 + 0.1 0.48 + 0.1 052+0.2
Peak CCK (pmol/L) 74:14 6.0+08 91£17 8217
PIAUC CCK (pmol/L x min) 405 + 80 405 + 64 567 + 100 427 £ 78
Basal TBA (umol/L) 39x1.1 43+09 42+1.0 26+07
Peak TBA (umol/L) 137 £3.0 7211 99+1.6 78+22
PIAUC TBA (umol/L x min) 1,040 + 204 3,642 + 54 324 + 85 329 + 100
Basal FGF-19 (pg/mi) 185 + 48 134 £ 27 236 + 98 69 + 14
Peak FGF-19 (pg/ml) 348 £ 70 632+ 72 257 + 81 136 + 41
pIAUC FGF-19 (pg/ml x min) 9,928 + 3,642 48,905 + 10,121 1,752 + 766 5,520 + 3,468 p<0.01
Time to peak, PCM (min) 16.3+1.8 26.7 +9.0 183+19 16.7 +29 p=03

CDA, Chenodeoxycholic acid; COL, colesevelam; COL x 2, colesevelam administered before and at the study day; GLP-1, glucagon-like peptide-1; CCK, cholecystokinin; NT, neurotensin;
TBA, total bile acids; FGF19, fibroblast growth factor 19; AUC, Area-under-the curve; piAUC, piAUC above basal values; iAUC, iAUC with baseline subtracted values; tAUCG peptAUCks., Beta

cell-index. Data are presented as mean + SEM.
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Age (years)

Time since RYGB (months)
Weight loss (kg)

Weight (kg)

Body mass index (kg/m
Fasting plasma glucose (mmol/L)
HbA1c (mmol/mol)

%)

49.0+26
60.1+5.8
227 +4.6
106 +9.9
361 2.1
53+02
38.8 +2.1





OPS/images/fendo.2021.681116/table2.jpg
Age (years)

Time since RYGB (months)
Weight loss (kg)

Weight (kg)

Body mass index (kg/m?)
Fasting plasma glucose (mmol/L)
HbA1c (mmol/mol)

43.1+26
51.6+54
338 +5.1
98.4 +6.8
31.56+19

53+0.1
36.5+1.3
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CDCA CDCA + COL CDCA vs. COL

Basal GLP-1 (pmol/L) 142+1.9 18.7 + 3.1 p=01
Peak GLP-1 (pmol/L) 34.8 £5.0 278+4.2 p=03
PIAUC GLP-1 (pmol/L x min) 1213 £ 218 394 + 209 p<0.01
Basal glucose (mmol/L) 54+0.2 53+0.2 p=07
Peak glucose (mmol/L) 55+0.1 54102 p=01
PIAUC glucose (mmol/L x min) 242 +6.4 429+ 11 p=02
Basal C-peptide (pmol/L) 732 + 141 794 £ 141 p=0.06
Peak C-peptide (pmol/L) 919 + 142 855 + 137 p=01
PIAUC C-peptide (pmol/L x min) 7667 + 1542 555 + 282 p<0.01
IGlc-peptice (PMOV/L/mmol/L) 582 + 437 —1458 + 1725 p=028
Basal insulin (pmol/L) 482+ 14 57116 p=0.07
Basal glucagon (pmol/L) 9.6+2.4 93127 p=0.86
Peak glucagon (pmol/L) 20.0+1.4 128+ 1.9 p<0.01
PIAUC glucagon (pmol/L x min) 734 + 265 253.4 + 154 p=0.17
HOMA-IR 1.7+05 20+0.6 p=0.07
Basal CCK (pmol/L) 0.3+007 0.3+0.1 p=09
Peak CCK (pmol/L) 25+06 16+03 p=0.09
PIAUC CCK (pmol/L x min) 525+ 19 232+39 p=014
Basal NT (pmol/L) 185+3.7 16.1+3.0 p=04
Peak NT (pmol/L) 833 + 11 32.0+23 p<0.01
PIAUC NT (pmol/L x min) 2,683 + 441 1,114 + 201 p<0.01
Basal TBA (umol/L) 46+13 53+1.6 p=05
Peak TBA (umol/L) 66.4 + 11 16.8 £3.5 p<0.01
PIAUC TBA (umol/L x min) 3916 + 873 380 + 86 p<0.01
Basal FGF-19 (pg/m) 88.0+ 18 147 £ 35 p=02
Peak FGF-19 (pg/ml) 480 + 109 198 + 56 p =001
PIAUC FGF-19 (pg/ml x min) 47,978 + 13,416 3,663 + 2,018 p=0.01

CDA, Chenodeoxycholic acid; COL, colesevelam; GLP-1, glucagon-like peptide-1; CCK, cholecystokininCCK, cholecystokinin; NT, neurotensin; TBA, total bile acids; FGF19, fibroblast
growth factor 19. AUC, Area-under-the curve; piAUC, AUC above basal values. Data are presented as mean + SEM.
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Gene

Forward primer Reverse primer Gene ID
B2m CTCGCTCGGTGACCC CGGGTGGAACTGTGTTACG NM_009735.3
Gegr CCCAGGTAATGGAC GT GTACTTGTCGAAGGTTCTGTTAC NM_008101.2
Glp1r CATTCTCTTTGCTATCGGCG GAGAGTCAGAGTGGACTTGG NM_021332.2
Glp2r GCAAAATCAACCCTGCTCC CGAGCTAATAAGAAGCGGC NM_175681.3
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Peptide Name

Native glucagon
desHis'GIu®-glucagon
desHis'Pro*Glu®(Lys 2PAL)-glucagon
desHis'Pro*Glu®(Lys®°PAL)-glucagon
desHis'Glu®-glucagon-[mPEG]

AA Sequence

HSQGTFTSDYSKYLDSRRAQDFVQWLMNT
SQGTFTSEYSKYLDSRRAQDFVQWLMNT
SQPTFTSEYSK(*PAL)YLDSRRAQDFVQWLMNT
SQPTFTSEYSKYLDSRRAQDFVQWLMNTK(*PAL)
SQGTFTSEYSKYLDSRRAQDFVQWLMNT-[mPEG]

Development Stage

N/A

Preclinical
Preclinical
Preclinical
Preclinical

Reference

(10)

(344, 345)
(346, 347)
(345, 346, 348)
(346)

Amino acid sequences are provided in their single-letter abbreviation format. Modifications from native sequences are highlighted by red lettering. Current development stages are
provided for each. “mPEG” indicates mini-polyethylene glycol addition. “PAL" indicates the addition of a palmitic fatty acid chain.
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Peptide Name AA Sequence Target Development Stage Reference

Receptors
Dual Agonists
Cotadutide HSQGTFTSDK-(Palmitoyl-E)SEYLDSERARDFVAWLEAGG GLP-1R/ Phase II-T2DM, NASH/ (291-292,
GCGR NAFLD (AstraZeneca) 293)
Efinopegdutide Structure N/A GLP-1R/ Phase II-NASH/NAFLD (294-295)
GCGR (Merck & Co)
Tirzepatide Y-Aib-EGTFTSDYSI-Aib-LDKIAQK*(C20 diacid y-E) GLP-1R/GIPR  Phase lll-T2DM, Phase II- (296-297)
AFVQWLIAGGPSSGAPPPS NASH (Eli Lilly)
NN9389 Structure N/A (GIP/Semaglutide Preparation) GLP-1R/GIPR  Phase I-T2DM (Novo Nordisk) (298)
CT-868 Structure N/A GLP-1R/GIPR  Phase |-T2DM (Carmot (298)
Therapeutics)
TAK-094 Structure N/A GLP-1R/GIPR  Phase |-T2DM (Takeda (298)
Pharmaceuticals)
(0Glu-GIn)-CCK-8/exendin-4  pEQDY-(SO5H)-MGWMDF-(AEEAC-AEEAG)- GLP-1R/ Preclinical (299)
HGEGTFTSDLSKQMEEEAVRLFIEWLKN CCK1R
C2816 HGEGTFTSDLSKQMEEEAVRLFIEWLKN-[PEG*]-Nle-GWK(Tac)D-NmeF ~ GLP-1R/ Preclinical (Medimmune/ (300)
CCK1R Astrazeneca)
GUB06-046 HXEGTFTSDLSRLLEGAALQRFIQWLY GLP-1R/SCTR  Preclinical (Gubra) (301)
EP45 HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSRHYLNLVTRQRY GLP-1R/ Preclinical (302)
NPY2R
Exendin-4/xenin-8-Gin HGEGTFTSDLSKQMEEEAVRLFIEWLKN-(AEEAC-AEEAC)-HPQQPWIL ~ GLP-1/NTSR1  Preclinical (303)
Triple Agonists
YAG-glucagon Y[DAJQGTFTSDYSIYLDSNVAQDFVQWLIGG GLP-1/GIPR/  Preclinical (304)
GCGR
Exendin-4/gastrin/xenin-8-Glin  HGEGTFTSDLSKQMEEEAVRLFIEWLKN-(AEEAG-AEEAC)-YGWLDF - GLP-1/ Preclinical (305)
(AEEAC-AEEAC)-HPQQPWIL CCK2R/
NTSR1
Exendin-4(Lys*"y-Glu-PALY/ HGEGTFTSDLSKQMEEEAVRLFIEWLK(y-E-PALN-(AEEAC-AEEAC)- GLP-1/ Preclinical (306)
gastrin/xenin-8-Gin YGWLDF -(AEEAc-AEEAC)-HPQQPWIL CCK2R/
NTSR1
LY3437943 Structure N/A GLP-1/GIPR/  Phase | (Eli Lilly) (269)
GCGR
HM15211 Structure N/A GLP-1/GIPR/  Phase Il (Hanmi (307-308)
GCGR Pharmaceuticals)
TA HXQGTFTSDK*(yE-C16)SKYLDERAAQDFVQWLLDGGPSSGAPPPS GLP-1/GIPR/  Preclinical (309, 310)
GCGR

Amino acid sequences are provided in their single-letter abbreviation format. The receptor targets for each molecule, as well as current stage of development and holding companies (in
brackets, where available) are provided for each. A “D” prefix before a residue indicates inclusion of the enantiomer for the naturally-occurring L form of the residue. “PAL” indicates the
addition of a palmitic fatty acid chain, “PEG" indicates a polyethylene glycol linker. “Aib”, “Nle” and “NmeF” indicate the addition of an unnatural 2-aminoisobutyric acid, norfeucine or N-
methyl phenylalanine residues. ‘pE” indicates pyroglutamine. “K(Tac)" indicates inclusion of a side-chain substituted (o-tolyamino)carbonyl lysine residue. “(AEEAc-AEEAC)” indicates a
commonly employed linker molecule between peptide regions. “y¥E-PAL” represents a fatty acid attachment.
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Peptide Name AA Sequence Development Stage Reference
Native OXM HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNKNNIA N/A (245)
(o-Ser®)Oxm[mPEG-PAL] H(pS)QGTFTSDYSKYLDSRRAQDFVQWLMNTKRNKNNIA-[MPEG-PAL] Preclinical (247)
Dogfish OXM HSEGTFTSDYSKYMDNRRAKDFVQWLMSTKRNG Preclinical (248)
Ratfish OXM HTDGIFSSDYSKYLDNRRTKDFVQWLLSTKRNGANT Preclinical (248)
[o-Ala?JGIP-Oxm YDAEGTFISDYSKYLDSRRAQDFVQWLMNTKRNRNNIA Preclinical (184)
OX-SR Structure N/A Preclinical (249)
LY3305677 Structure N/A Phase II-T2DM/Obesity (Eli Lilly) (250, 251)
DualAG HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNKNNIA-Chol Preclinical (252)
GLPAG HSEGTFTSDYSKYLDSRRAQDFVQWLMNTKRNKNNIA-Chol Preclinical (253)

Amino acid sequences are provided in their single-letter abbreviation format. Modifications from native sequences are highlighted by red lettering. Current development stages, associated
condition and holding companies (in brackets, where available) are provided for each. A “0” prefix before a residue indicates inclusion of the enantiomer for the naturally-occurring L form of
the residue. “mPEG" indicates mini-polyethylene glycol addition. “PAL" indiicates the addition of a palmitic fatty acid chain. “Chol” represents attachment of a human cholesterol fragment.

“Structure N/A" represents a molecule for which the amino acid sequence has not been disclosed by authors.
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Peptide Name AA Sequence Development Stage Reference

Native GLP-2(1-33) HADGSFSDEMNTILDNLAARDFINWLIQTKITD N/A (205)
[Gly}GLP-2 HGDGSFSDEMNTILDNLAARDFINWLIQTKITD Preclinical (209, 214)
Teduglutide HGDGSFSDEMNTILDNLAARDFINWLIQTKITD Approved 2012-SBS (Shire-NPS Pharmaceuticals) (222-223)
Apraglutide HGDGSFSDE-Nle-(oF) TILDLLAARDFINWLIQTKITD Phase llI-SBS (VectivBio) (224, 225)
Glepaglutide HGEGTFSSELATILDALAARDFIAWLIATKITDKKKKKK Phase lll-SBS (Zealand Pharma) (226)

Amino acid sequences are provided in their single-letter abbreviation format. Modifications from native sequences are highlighted by red lettering. Current development stages, and
associated condition, and holding companies (in brackets) are provided (where available) for each are provided for each. A “o” prefix before a residue indicates inclusion of the enantiomer
for the naturally-occurring L form of the residue. “Nle” indicates the addition of a norleucine residue.
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Peptide Name AA Sequence Development Stage Reference

GLP-1(1-37) HDEFERHAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG N/A (60)
GLP-1(1-36) HDEFERHAEGTFTSDVSSYLEGQAAKEFIAWLVKGR N/A (60)
GLP-1(7-36) HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR N/A (60)
N-acetyl GLP-1(7-36) Ac-HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR Preclinical (61)
Exendin-4 (Exenatide) HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS Daily - Approved 2005, Weekly- (62-63)
Approved 2014 (d/c 2021), Phase
II-AD/PD (AstraZeneca)
Lixisenatide HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPSKKKKKK Approved 2016-T2DM, Phase II- (64)
AD/PD (Sanofi)
Liraglutide HAEGTFTSDVSSYLEGQAAK*(Glu-hexadecanoyl-Glu-OH)EFIAWLVRGRG Approved 2010-T2DM, Approved (65, 66)
2019-Obesity, Phase II-AD/PD,
CVD (Novo Nordisk)
Albiglutide HGEGTFTSDVSSYLEGQAAKEFIAWLVKGR-{Human Albumin} Approved 2014 (d/c 2017)-T2DM, 67)
Phase II-CVD (GlaxoSmithKline)
Dulaglutide HGEGTFTSDVSSYLEEQAAKEFIAWLVKGGGGGGGSGGGGSGGGG{HUman IgG4-  Approved 2014-T2DM, Phase II- (68)
Fc} CVD, Phase II-AD/PD (Eli Lilly)
Semaglutide HXEGTFTSDVSSYLEGQAAK?(Glu-mPEG-17-carboxyheptadecanoyl-Glu-OH) Approved 2017- T2DM, Filed 69, 70)
EFIAWLVRGRG 2021-Obesity, Phase II-CVD (Novo
Nordisk)
Oral Semaglutide (Rybelsus) HXEGTFTSDVSSYLEGQAAK(Glu-mPEG-17-carboxyheptadecanoyl-Glu-OH) Approved 2020-T2DM (Novo (71-72)
EFIAWLVRGRG/SNAC Nordisk)
D-Ala®GLP-1(Lys%") - H(pA)EGTFTSDVSSYLEGQAAKEFIAWLVKGRK?*(Pentasaccharide) Preclinical (73, 74)
pentasaccharide
[GIn**lexenatide HGEGTFTSDLSKQMEEEAVRLFIEWLKQGGPSSGAPPPS Preclinical (75)
(Val’)GLP-1(GIuPAL) HVEGTFTSDVSSYLEGQAAKEFIAWLVK*(-Glu-PALJGR Preclinical (76)

Amino acid sequences are provided in their single-letter abbreviation format. Modifications from native sequences are highlighted by red lettering. Current development stages, associated
condition and holding companies (in brackets) are provided (where available) for each. FDA approval dates, and discontinuation date if applicable, are also provided where appropriate.
“SNAC" represents formulation with sodium N-[8-(2-hydroxybenzoyl) amino caprylate, an absorption aid. “Ac” represents an N-terminal acetylation, ‘hexadecanoyl-Glu" and
“carboxyheptadecanoyl-Glu” represent fatty acid attachments. ‘mPEG” indicates mini-polyethylene glycol addition. “PAL" indicates the addition of a palmitic acid chain. A “0” prefix
before a residue indicates inclusion of the enantiomer for the naturally-occurring L form of the residue.
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Peptide Name Primary Sequence Development Stage Reference
Native glucagon HSQGTFTSDYSKYLDSRRAQDFVQWLMNT s.c. & i.n. formulations approved (32-33)
NNC9204-0043 HSQGTFTSDYSKYLDSKKAQEFVQ2XOEG-gGIu-C'ediacid WLLNT Preclinical (Novo Nordisk) (33)
Dasiglucagon HSQGTFTSDYSKYLD-X-ARAEEFVKWLEST Approved 2021Phase lll (Zealand Pharma) (34)

Amino acid sequences are provided in their single-letter abbreviation format. Modifications from native sequences are highlighted by red lettering. Current development stages are
provided for each, as are holding companies (in brackets). “OEG-gGlu-C18 diacid” represents a fatty acid inclusion. “X” indicates an unnatural a-Aminoisobutyric acid residue.
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Lean (n = 12) Centrally Obese (n = 12) P-value
WP PLA WP PLA Treatment Condition Treatment*Condition
Glucose AUC (mmol/L/min~")
0-60 min 38+05 4707 46+04* 53+06" P <0.0001 P = 0.002 P =0.468
0-240 min 39+04 4004 4403 45+03" P =0.055 P <0.0001 P=0715
Insulin iAUC (pmol/L/min™")?
0-60 min 97.0+59.4 102.4 = 59.9 361.8 + 226.4* 311.1 +215.5% P = 0.440 P <0.0001 P =0.353
0-240 min 351 +20.0 30.81 + 18.1 139.5 + 90.2% 83.3 +54.6" P =0.047 P <0.0001 P=0379
GLP-1 iAUC (pmol/L/min~")
0-60 min 236+7.4 7.3+50 194+7.9 6.7 +4.0" P <0.0001 P=0217 P=0.181
0-240 min 15.0 + 4.3 4.7 £3.7 1.8 + 4.6" 5241 P = 0.001 P =0.040 P=0011
GLP-15cnive IAUC (pmol/L/min™")?
0-60 min 38+19 15+ 1.1 23+14 1106 P <0.0001 P=0.196 P=0217
0-240 min 2007 0.7 + 0.4* 1.4+07 0.8 +0.5" P <0.0001 P=0.426 P =0.043
GLP-1acriverrorar IAUC (pmol/L x min~")®
0-60 min 4726 25+ 1.7" 24+ 1.7* 19+1.4 P = 0.009 P=0.021 P =0.099
0-240 min 102 £6.4 52+36° 71+38 5447 P = 0.004 P =0.386 P=0.132
GIP iAUC (pmol/L/min”")?
0-60 min 50.5 + 19.0 51.8+16.2 57.9+23.0 539 +23.2 P = 0.650 P =0.549 P=0.383
0-240 min 36.5+14.8 312+137 433+ 149 33.8+13.7" P <0.0001 P =0.382 P =0.247
Acetaminophen AUC (mol/L/min™")?
0-60min 65.1+325 100.7 + 31.1* 58.1+19.7 90.0 +20.3 P <0.0001 P =0.307 P =0.787
0-240min 68.8 + 14.9 775175 60.3 + 13.1 67.2+11.4 P =0.029 P =0.067 P=0.793

Data presented as means + SD.

%Variables are presented as time-averaged during the early (0 -60 min) and total (0-240 min) postprandial period.

®The IAUC for GLP-1actverrora is presented as the as the sum of IAUC over time (i.e., 60 or 240 min) and is thus, not time-averaged.

All data were analysed by a two-way mixed ANOVA. Between and within group differences were analysed if there were any significant main or interaction effects reported from the ANOVA.

“Denotes a within-group treatment effect (WP vs PLA).
¥Denotes a between-group effect (lean vs centrally obese).

Bold values indicate statistical significance from the two-way mixed ANOVA.
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Age (years)

Stature (cm)

Body mass (kg)

Body mass index (kg/m?)
Waist circumference (cm)
Hip circumference (cm)
Waist-to-hip ratio

SBP (mmHg)

DBP (mmHg)

Fasting glucose (mmol/L)
Fasting insulin (pmol/L)
HOMA-IR

GLP-1 (pmol/L)
GLP-15cmve (Pmol/L)
GLP-1acnverroras (Pmol/L)
GIP (pmol/L)

TC (mmol/L)

HDL (mmol/L)

Tg (mmol/L)

DBP, diastolic blood pressure; GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide 1; HDL, high-density lipoprotein; HOMA-IR, homeostatic model
assessment—insulin resistance; SBP, systolic blood pressure; TC, total cholesterol; Tg, triglycerides.

Lean (n=12)

35.8 £ 10.6
177.4 £53
74T £7.2
23.7+18
80.4 + 6.4
95.4 + 4.6
0.84 + 0.04
118+9.3
70.7 £6.8

4.40 £ 0.26
51.58 + 17.14
1.68 + 0.56
17.29 + 4.63
0.79 + 0.40
0.05 +0.03
11.01 £ 5.60
4.22 +£0.85
121 +027
1.15+0.24

Centrally Obese (n = 12)

Characteristics

348+74
181.5+5.3
1111 £ 1214
33.7 £ 2.4
110.2 £ 10.1*
114.2 + 10.8*
0.97 £ 0.07*
134.4 + 8.6"
81.3+7.9"
Fasting Metabolic Variables
4.56 + 0.4
101.94 + 45.41*
3.40 + 1.40"
25.78 + 9.24*
0.78 + 0.53
0.03 + 0.02*
11.42 + 467
3.85 + 0.66
0.95 +0.10*
1.60 + 0.37*

Data presented are mean averages from duplicate measurements taken during both trials. Lipid markers were measured from each participant's first trial.

All data is presented as mean + SD.

*Denotes a statistical significance between groups as determined by an independent samples t test or a Mann-Whitney U Test (p <0.05).
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Class

Long acting GLP 1 Agonists.
(19,22,91-97)

Short acting GLP-1 Agonists.
(19,22,91, 92,94, 95)

GIP recoptor Agonists and
antagonists
(8, 99)

GIP/GLP-1 receptor Agonists
(2, 100-106)

DPP-4 inhibitors (19, 49, 0,
94,95, 104-106)

Amyin Agonist 19, 95, 107~
109)

Alpha-glucosidase inhiitors.
95, 110-114)

‘Agent Name

Agice
Ouagaide
Exenatido XR
Lragutde
‘Semaguide

Exenatido BID
Lidsonatido

Ac163794
PP

Trzepatide
(L¥s298176)

Aogotn
Linagiptin
‘Swagiotn

Vidagiptn
Praminide

Migito
Vogitoss

Duration Moo of
of action  adminitration
Hato  Suboutancous
fowdays  inecton Onco
i o0
wesk)
Hatdo  Suatancous
24108 inacton Ono
hous  or oo o)
Long  Suutancous
actiogs24. nocton
hour) (Onc sy
Long  Suutaneous
Actogls cton
Do) (Onos wesky)
g OalOnooor
acing oo ca)
patito3
0>22
ours)
Stot- Subctancous
aing  inecton (Moo
raltlo tmos da)
~agmny
ot Oal
acing  adminsaton
(atito (Moo times
204 day
hours)

Mechanism of action

Sows gastic empiying and
ncreaso satty.

Increases glcose-dependent
insuln secreton.

Reduces guoose dependent
gucagon secreton.

Dalays gastic emptyng and
increase satty. Increasos.
cose-dependent insin
secreton. Reduoo ghooso-
ependent gucagon secreton.
Enhances insuin secreton.

Gombined acion of both GLP-1
a0 G a5 abor.

Provont dogradation of GLP-1
and GIP invivo, prolonging s
acton.

Daiays gastic emptyng and
ncreases saty.
Raduoss gucagon secreton.

it maltase-glocoamyas
ittt

(a-gucosicase) and pancreatic
wamyaso which  tuens dolay
gasirc emptying. carbonycrate
absorption and prompt GLP-1

release,

Comments

Less inpact on gastic empiying compared 0
shor-acing GLP-1 Agonists.

More efeciive in controling fasing/preprendial
Pypergicaem.

More efective in sowing gastic empyng and
contoting postprandal hypergycaemia
ompared 10 ongactng GLP-1 Aganists.
Gastrointstina noleance 0. nausea,
vomiing, darthea, may it uss.
Experimonts porformad onl n mica modols
and show signcant reduction 1 ovecal
Pyperghcooma

Data evauatng postprandilresponse ot
avalabi.

Human tils aro awaltod.

Impressive dose-dependent educton
overal gycaema i type 2 dabetes

Data evaiatng postprandl responsa not
avalabl.

Has it o no efct on gastic omptyng and
satiey. Modest efec 10 feduce postprandal
Pyperghcooma

Modest efect 1o reduce postprandial
Iyperghcasmia. Gastrontestinalorance
.. nausea, voming, Roquied o adst
nsuin dose 10 avod hypogycomta.

Reduce posiprandal lucoss and HOAIC.
Gastrointestinal acverse efects common.
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A Nutrent Preload

B. Attering
Macronutrient
Composition

C. Attoring
Sequence of
Macronutriont
Consumption

Mechanism of action

Fat Preload Ofve ol (+1) Deiays gasticempiyng.

Protein Soy Proten (:2)
Whey Protein (12-45)

Acticial Sweetener
Suordos (6-49)

Protein (50-52)

Fat (s3-56)

Diotary fiber (57-5)

Protein followed by
Carbohydrates (+-69)

Protein and Fat
Tollowod by
Carbohyarates
(64.70)

Tiggers GLP-1 and GIP (-15 min
postntevention) screton.

sy gastic empiying
Trgoers GLP-1, 6P and insuin
sccroton.

o mpact on gast empiyng.

No impact on posirandal gycaamia,
G- or GP secreton.

sy gastic empiying

Trggers nsin secroton.

sy gastic npiyig.

ncreases s socreton and
possiy,

i sensiity

Doy gastic empiying

ncreases eady prase s
secrton.

sy st gooss absorpon.
sy gastic engiyig

ncreases roaso GLP-1, GP,
Crolcystkinn (CGK) and pepic
Y. Dolays caborychato abscrpion
sy gastic empiying o
Trggers GLP-1 socreton.

Comments.

‘Dsiayed postprandil glcose pesk i ypo 2 dabets.
s extra energy intake.

May cause gastointestnal intoeranco ke nausea and vomiing.
May be cuturaly unacceptable by indiuas,

Reduced post meal glycaemia by 40-50% i type 2 dabetes.
Less/No extra energy fake.

‘Stucses perfonmed in bty incivas.
Not tested i type 2 diabetes.

‘Reduoed postpranal gicaemic excursion by 38-40%.
Roduced HOATC by 0.8:22% i fype 2 dabetes

Detayed peak blood gcoss n heaty subjects.

~Reduced postprandal gucose SxrSon,

Highfa may ental exta snergy ntake.

May cause gastointestnal infokranco 6., Nausea and vomiing,
Reduced postprandal gycaoma by 35-43% i healy subjects
and type 2 dabetes.

Reduced HOATG lovel by ~0.5%.

‘Dtary or doos not invove ackitonal energy ntak.

"Reduced postprandal gcaema by 39-50% i healny subjects and
1ype 2 dabetes. Reduced postprandal nsuin excurson by 2% i
type 2 dabetes.

Do notinvolve adiona energy take,

Reduced postprandal gYcaomc excursions by 78% and 60% afe
unch and diener espectively n type 2 dabetes. Reduced HOAC by
0:3% in type 2 dabetes.
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Order® Gegr Glp1r Glp2r P°
Rodents (21)
0.0972 0.0504 0.0000°
0.0973 0.2463 0.0000°
0.0504 0.2463 0.0000°
Primates (21)
0.1623 0.0972 0.0014°
0.1621 0.2350 0.0036°
0.0971 0.2341 0.0000°
Carnivores (11)
0.1267 0.0743 0.0145°
0.1267 0.1705 0.1160
0.0743 0.1700 0.0001°
Cetaceans (8)
0.1509 0.1535 0.9831
0.1507 0.1630 0.1858
0.1534 0.1629 0.3604
Artiodactyls (7)
0.1248 0.0708 0.0241°
0.1235 0.2584 0.0001°
0.0701 0.2582 0.0000°
Chiroptera (3)
0.2261 0.0873 0.0013°
0.2220 0.2986 0.1012
0.0864 0.2983 0.0000°
Marsupials (3)
0.0885 0.2712 0.0001°
0.0885 0.3250 0.0002°
0.2722 0.3284 0.3937

“Mammalian order, with number of species used in each order in brackets.
bProbabilty that the dy/ds ratios are the same for the two tested coding sequences.

°Significantly different, P < 0.05.
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Gegr Glp1r Glp2r

Ligand interacting

Number of sites® 59 55 43
Variable sites” 28(7) 29 (10) 25(3)
Number of sites with “Deleterious” and “Affect function” substitutions® 2 3 1
Number of substitutions® 58 45 66
Number of “Deleterious” and Affect function” substitutions® 2 4 1
G protein interacting

Number of sites® 23 27 hirg
Variable sites® 8 (4) 10 (4) 4(0)
Number of sites with “Deleterious” and “Affect function” substitutions® 3 2 0
Number of substitutions® 15 12 5
Number of “Deleterious” and “Affect function” substitutions® 3 2 0

“Number of sites identified as interaction with ligand or G-protein.

bNumber of sites with one or more amino acid substitutions. Number in brackets is the number of sites that vary in only a single species.
°Number of sites with a substitution predicted by both SIFT (67) to “Affect function” and PROVEAN (68) to be “Deleterious”.

Total number of different types of amino acids substitutions.

®Number of substitutions predicted by both SIFT to “Affect function” and PROVEAN to be “Deleterious”.
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Gcg Gegr Glp1r Glp2r

Present® 168 160 168 166
Intact 162° 124 105 125
Incomplete 6 36 63 51
Missing 0 8 0 2

Total of complete and incomplete genes.
bIncludes 3 genes missing exon 6, which possess only 4 coding bases.





OPS/images/fendo.2021.700066/table2.jpg
Glucagon GLP-17.37 GLP-2 Glicentin OXM
All mammalian sequences
Peptide length 29 31 33 69 37
Number of species identical to the human sequence 124 151 13 5 60
Range of number of differences® 0-7 0-12 0-17 0-24 012
Average number of differences® 1.68 3.60 3.32 6.85 1.09
Average number of differences per residue® 0.013 0.007 0.008 0.099 0.029
Number of variable amino acid positions® 11 13 20 46 17
Excluding Ornithorhynchus anatinus
Range of number of differences® 0-5 0-6 0-7 0-22 0-3
Average number of differences® 1.53 2.67 3.23 6.74 1.02
Average number of differences per residue® 0.012 0.005 0.006 0.098 0.028
Number of variable amino acid positions® 10 10 17 44 15

“Compared to the human sequences. Total 161 non-human proglucagon sequences.
bAverage number of substitutions found in sequences that differ from the human sequence.

“Average number of substitutions divided by peptide length.

INumber of sites in the peptide sequence that have accepted an amino acid substitution in the 162 mammalian sequences.
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Peptide Structure

[Lys?Pal]  H-G-E-G-T-F-T-S-D-L-S-K(N-¢-(y-GLU(hexadecanoy))-Q-M-E-E-E-
Ex-4/CCK  AV-R-L-F-I-E-W-L-K-N-[PEG4]-Nle-G-W-K-D-NmeF

Sequence of [Lys"?PallEx-4/CCK using one letter amino acid notation. The C-16 fatty acid
residue in [Lys'PallEx-4/CCK is attached to Lys' using a gamma-glutamy! spacer.
Polyethylene glycol 4 (PEG4) is used as a linker. Nle, norleucine; NMeF, N-
methylphenylalanine.
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Year Author(s) Milestone Reference(s)
1907 Lane Distinguished alpha- and beta-islet cells (11)
1923 Colip Commented on initial hyperglycaemic effect of pancreatic extracts (12)
1923 Kimball/Murlin Discovered and named glucagon (13)
1948  Sutherland/de Duve Identified enteroglucagon (14)
1956  Bromer Structural elucidation of glucagon (15)
1959  Unger Glucagon radioimmunoassay (16)
1962  Hellman/Hellerstrom/Unger/ Islet alpha-cells recognised as site glucagon synthesis (17, 18)
Madison
1962 Marks/Samols Insulin-releasing action of glucagon (19, 20)
1964  Mcintyre/Holsworth/Turner Demonstrated enhanced insulin release with oral glucose - the incretin effect (1)
1965 Marks/Samols Feeding increases circulating GLI (22)
1967  Samols/Marks Circulating GLI persists in humans following pancreatectomy (23)
1970s Valverde/Holst/Buchanan/ Heterogeneity of gut GLI, measurement of circulating GL! (24-28)
Conlon
1970s Unger/Gerich Grodsky Elucidation of glucagon physiology (29, 30)
1972 Bloom Greater villus growth in enteroglucagonoma (presumably action of GLP-2) 31)
1973  Tager/Steiner Characterization of oxyntomodulin, namely proglucagon (33-69) (32
1976  Unger Importance of glucagon in diabetes (33)
1982  Lund/Habener/Bell Molecular biology elucidates proglucagon gene: glucagon, GLP-1, GLP-2, glicentin oxyntomodulin, GRRP (34-36)
1987  Holst/Mojsov/Weir Cleavage of GLP-1 (1-37) to GLP-1 (7-36) and demonstration of its potent insulin releasing activity (37, 38)
1987  Bloom Physiological insulinotropic action GLP-1 in man 39)
1993  Mentlein Degradation of glucagon family peptides, including GLP-1 (7-36) in vitro by DPP-4 (40)
1990s Holst/Nauck/ Drucker Elucidation of GLP-1 physiology (41-44)
1994  Steiner Role of PC2 in proglucagon processing to glucagon in islet alpha-cells (45)
1995  Deacon/Holst GLP-1 (9-36) - major metabolite in man, opening way for use of DPP-4 inhibitors and stable forms of GLP-1 (46)
for diabetes therapy

1996 Brubaker Role of PC1/3 in differential proglucagon processing gut 47)
1996  Drucker Trophic action of GLP-2 in gut — opening way for future therapeutic use of GLP-2 analogues in short bowel (48)

syndrome

We acknowledge that many investigators have contributed to advances in research on proglucagon-derived peptides and we apologise for any obvious omissions. Interested readers are
referred to several excellent reviews for detailed consideration of early work and the advances made after identification of the proglucagon gene: These include articles by Conlon, Holst,
Drucker, Muller, Marks and their co-authors: 1,2,3,4,5,11,12,13. DPP-4, dipeptidy! peptidase 4; GLI, glucagon-like immunoreactivity; GLP-1, glucagon-like peptide 1; GLP-2, glucagon-

like peptide 2; GRPP, glicentin-related pancreatic polypeptide; PC1/3, prohormone convertase 1/3; PC2, prohormone convertase 2.
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Peptide Name AA Sequence Target Receptor Reference

Native glucagon HSQGTFTSDYSKYLDSRRAQDFVQWLMNT CGCR (10)
N-Acetyl-glucagon Ac-HSQGTFTSDYSKYLDSRRAQDFVQWLMNT GCGR (365)
(0-Ser?)glucagon HoSQGTFTSDYSKYLDSRRAQDFVQWLMNT GCGR/GLP-1R (365)
(0-Ser?)glucagon-exe HoSQGTFTSDYSKYLDSRRAQDFVQWLMNTPSSGAPPPS GCGR/GLP-1R (365)
Dogfish Glucagon HSEGTFTSDYSKYMDNRRAKDFVQWLMSTKRNG GCGR/GLP-1R (366, 367)
(o-Ala?)dogfish glucagon HoAEGTFTSDYSKYMDNRRAKDFVQWLMSTKRNG GCGR/GLP-1R (366, 367)
(o-Ala?)dogfish glucagon-exendin-4(31-39) HoAEGTFTSDYSKYMDNRRAKDFVQWLMSTKRNGPSSGAPPPS GCGR/GLP-1R (366, 367)
(o-Ala?)dogfish glucagon-Lys®-y-glutamyl-PAL HOAEGTFTSDYSKYMDNRRAKDFVQWIMSTK(PALRNG: GCGR/GLP-1R (366, 367)
Paddlefish glucagon HSQGMFTNDYSKYLEEKRAKEFVEWLKNGKS GCGR/GLP-1R (248)

Amino acid sequences are provided in their single-letter abbreviation format. Modifications from native sequences are highlighted by red lettering. The receptor targets for each molecule
are provided. A ‘0" prefix before a residue indicates inclusion of the enantiomer for the naturally-occurring L form of the residue. "Ac” represents an N-terminal acetylation. “mPEG” indicates
mini-polyethylene glycol addition. “PAL” indicates the addition of a palmitic fatty acid chain.
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Ingredient Experiment 1 Experiment 2
AIN-93G Control Protein-free
g/kg of diet
Casein' 200 250 0
Cornstarch 397.486 350.486 600.486
Dextrinized cornstarch® 132 132 132
Sucrose 85 70 70
Soybean oil 70 70 70
Cellulose® 65 50 50
Mineral mixture* 95 35 35
Vitamin mixture® 10 10 10
L-Cystine 3 0 0
Choline bitartrate 25 25 25
tert-Butylhydroquinone 0.014 0.014 0.014
Energy density (kcal/g) 3.9 39 3.9

"Acid Casein (Fonterra, Ltd., Auckland, New Zealand).

2TK-16 (Matsutani Chemical Industry Co., Ltd., Hyogo, Japan).

SJustFiber (Morimura Bros., Inc. Tokyo, Japan).

*Mineral and vitamin mixtures were prepared according to the AIN-93G formulation.
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