
Frontiers in Endocrinology

OPEN ACCESS

EDITED BY

Quan Zhang,
University of Oxford, United Kingdom

REVIEWED BY

Beatriz Merino,
University of Valladolid, Spain
Elina Akalestou,
Imperial College London,
United Kingdom

*CORRESPONDENCE

Marlena M. Holter
mmh277@cornell.edu

SPECIALTY SECTION

This article was submitted to
Diabetes: Molecular Mechanisms,
a section of the journal
Frontiers in Endocrinology

RECEIVED 03 May 2022
ACCEPTED 28 June 2022

PUBLISHED 26 July 2022

CITATION

Holter MM, Saikia M and
Cummings BP (2022) Alpha-cell
paracrine signaling in the regulation of
beta-cell insulin secretion.
Front. Endocrinol. 13:934775.
doi: 10.3389/fendo.2022.934775

COPYRIGHT

© 2022 Holter, Saikia and Cummings.
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.

TYPE Review
PUBLISHED 26 July 2022

DOI 10.3389/fendo.2022.934775
Alpha-cell paracrine signaling
in the regulation of beta-cell
insulin secretion

Marlena M. Holter1*, Mridusmita Saikia1,2

and Bethany P. Cummings3

1Department of Biomedical Sciences, College of Veterinary Medicine, Cornell University,
Ithaca, NY, United States, 2Nancy E. and Peter C. Meinig School of Biomedical Engineering, Cornell
University, Ithaca, NY, United States, 3School of Medicine, Department of Surgery, Center for
Alimentary and Metabolic Sciences, University of California, Davis, Sacramento, CA, United States
As an incretin hormone, glucagon-like peptide 1 (GLP-1) lowers blood glucose

levels by enhancing glucose-stimulated insulin secretion from pancreatic beta-

cells. Therapies targeting the GLP-1 receptor (GLP-1R) use the classical incretin

model as a physiological framework in which GLP-1 secreted from

enteroendocrine L-cells acts on the beta-cell GLP-1R. However, this model

has come into question, as evidence demonstrating local, intra-islet GLP-1

production has advanced the competing hypothesis that the incretin activity of

GLP-1 may reflect paracrine signaling of GLP-1 from alpha-cells on GLP-1Rs on

beta-cells. Additionally, recent studies suggest that alpha-cell-derived

glucagon can serve as an additional, albeit less potent, ligand for the beta-

cell GLP-1R, thereby expanding the role of alpha-cells beyond that of a

counterregulatory cell type. Efforts to understand the role of the alpha-cell in

the regulation of islet function have revealed both transcriptional and

functional heterogeneity within the alpha-cell population. Further analysis of

this heterogeneity suggests that functionally distinct alpha-cell subpopulations

display alterations in islet hormone profile. Thus, the role of the alpha-cell in

glucose homeostasis has evolved in recent years, such that alpha-cell to beta-

cell communication now presents a critical axis regulating the functional

capacity of beta-cells. Herein, we describe and integrate recent advances in

our understanding of the impact of alpha-cell paracrine signaling on insulin

secretory dynamics and how this intra-islet crosstalk more broadly contributes

to whole-body glucose regulation in health and under metabolic stress.

Moreover, we explore how these conceptual changes in our understanding

of intra-islet GLP-1 biology may impact our understanding of the mechanisms

of incretin-based therapeutics.
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Introduction

Pancreatic islet alpha- and beta-cells are traditionally

considered to function in opposition to one another, in that

alpha-cell-derived glucagon increases hepatic glucose

production and beta-cell-derived insulin lowers blood glucose.

Failure of precise interplay of alpha- and beta-cell function is

central to the pathogenesis of type 1 (T1DM) and type 2

(T2DM) diabetes mellitus. While we typically think of diabetes

pathogenesis as mainly being due to a deficiency in beta-cell

insulin production, overproduction of glucagon is a significant

contributor to diabetes pathogenesis (1–3). The increased

appreciation for the role of alpha-cells in the pathogenesis of

diabetes has led to more comprehensive investigation of the

paracrine signaling networks required for normal islet function.

In doing so, recent studies have demonstrated that alpha-cell-

derived proglucagon peptides contribute to beta-cell glucose-

stimulated insulin secretion (GSIS) (4–9), suggesting that alpha-

cell regulation of glucose homeostasis and beta-function is more

complex than previously appreciated.

Proglucagon is the precursor to glucagon and glucagon-like

peptide-1 (GLP-1). Proglucagon is found in alpha-cells,

enteroendocrine L cells in the gut, and in certain neuronal

populations. Proglucagon is differentially processed depending

on the prohormone convertase (PC) profile of a cell. PC2 (gene:

Pcsk2) cleaves proglucagon to glucagon, and PC1/3 (gene: Pcsk1)

cleaves proglucagon to GLP-1 (10, 11). Alpha-cells mostly

express PC2; however, an increasing body of literature

demonstrates that under certain circumstances, alpha-cells can

produce GLP-1 (7, 12–19). GLP-1 is an incretin hormone,

meaning that it potentiates beta-cell insulin secretion in a

glucose-dependent manner. The canonical model by which

GLP-1 has been described to induce its incretin effect is that

ingestion of a meal stimulates the release of GLP-1 from gut L

cells; this GLP-1 then travels through the blood to the beta-cell

GLP-1 receptor (GLP-1R), where it signals to enhance GSIS. In

recent years, the field has become increasingly skeptical of this

model of GLP-1 incretin function, as circulating levels of active

GLP-1 are low, in large part, due to the rapid degradation of

active GLP-1 by dipeptidyl-peptidase-IV (DPP-IV) (20, 21).

Thus, it is difficult to rationalize how a hormone that

contributes to such an important physiological effect is able to

do so at such low circulating concentrations. Accordingly,

evidence demonstrating the existence of islet GLP-1

production has fostered the alternative hypothesis that the

incretin activity of GLP-1 may represent, at least in part, local

alpha-cell-derived GLP-1 functioning in a paracrine manner at

the beta-cell GLP-1R.

The ability of alpha-cells to switch to GLP-1 as their main

endocrine output represents an enormous therapeutic

opportunity to manage diabetes. To capitalize on this

opportunity, we need to understand the mechanisms that
Frontiers in Endocrinology 02
determine alpha-cell GLP-1 production and the physiology of

GLP-1 expressing alpha-cells. To this end, our group has found

that enhanced beta-cell GLP-1R signaling activates alpha-cell

GLP-1 production (13, 16), pointing to an important bi-

directional alpha- to beta-cell crosstalk system. This review

will explore these and other recent advances in our

understanding of alpha- and beta-cell paracrine interactions

that dictate islet function and insulin secretion. Additionally,

we will investigate how failure of the interplay between alpha-

and beta-cell function contributes to the pathophysiology of

diabetes, and furthermore, we will highlight how intra-islet

paracrine signaling contributes to the effects of pharmaceutical

targeting of the GLP-1R.
Role of the alpha-cell in GSIS

Proglucagon-derived products signal
through the beta-cell GLP-1 receptor
and glucagon receptor to
potentiate GSIS

Evaluation of the mechanisms by which beta-cell GLP-1R

activation potentiates insulin secretion offers insight into the

propensity for alpha-cell-derived proglucagon products to

modulate beta-cell function. The triggering pathway for beta-

cell GSIS is driven by an increase in ATP and an influx of Ca2+.

ATP generation following the influx of glucose into the beta-cell

induces closure of ATP-dependent K+ (KATP) channels,

resulting in membrane depolarization and the subsequent

opening of the voltage-gated Ca2+ channels. This influx of

Ca2+ then triggers exocytosis of insulin-containing granules.

GLP-1 binds to the GLP-1R, which then results in interaction

with the Gs subunit and activation of adenylyl cyclase.

Subsequent increases in intracellular cAMP levels activates

PKA and EPAC (22–24), which augment intracellular Ca2+

concentrations, allowing for the potentiation of glucose-

stimulated insulin granule exocytosis (22, 25). Thus, at the cell

signaling level, beta-cell insulin secretion is mediated by glucose

metabolism in combination with intra-cellular cAMP levels,

which can be potentiated by GLP-1 (Figure 1).

Beta-cells also express the glucagon receptor (GCGR), which

has significant structural homology and functional overlap with

the GLP-1R (26). Several groups have demonstrated that the

downstream signaling events of beta-cell glucagon signaling

closely align with known signaling cascades of beta-cell GLP-1

signaling (27) (Figure 1). For instance, Moens et al.

demonstrated the effect of glucagon to stimulate beta-cell

cAMP production specifically through the GCGR (28). In

addition, Dalle et al. reported that treatment of MIN-6 beta-

cells with glucagon resulted in PKA activation and an increase in

intra-cellular Ca2+ levels, and ERK1/2 activation (29), and
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furthermore, Jiang et al. reported that the stable expression of the

GCGR in human embryonic kidney 293 cells led to similar

increases in cAMP and intracellular Ca2+ levels in response to

glucagon treatment, and dose-dependent activation of ERK1/2

(30), highlighting the GCGR-dependent nature of the effect.

These findings indicate that in addition to mediating an increase

in cAMP levels, beta-cell glucagon signaling also regulates the

phosphorylation of cAMP-response element binding protein

(CREB) (29), suggesting that glucagon can directly regulate

beta-cell function and survival. Certainly, evidence that

glucagon functions as an insulinotropic factor dates back to

1964 when Samols and colleagues performed a glucagon

intravenous infusion test and demonstrated that glucagon

promotes insulin secretion independent of its effect on blood

glucose (31). Ample evidence has since established that the role

of glucagon in metabolic regulation extends beyond that of a

counterregulatory hormone to include characterization as an

insulin secretagogue (6, 8, 28, 32).

Considering the functional and structural similarities

between the GCGR and GLP-1R, it was predicted that

glucagon mediated these insulinotropic effects through

signaling at the beta-cell GCGR. Indeed, Huypens et al.

demonstrated that pharmacological inhibition of GCGR
Frontiers in Endocrinology 03
activity in dispersed human islets reduced glucagon-induced

insulin release (4). However, several studies have since

demonstrated that the paracrine regulation of beta-cell

function by glucagon can be mediated by the beta-cell GLP-

1R, as well (5, 6, 28, 32), in which glucagon can serve as an

additional, albeit less potent, ligand for the beta-cell GLP-1R.

Moreover, although both GLP-1 and glucagon can bind the

GLP-1R, only glucagon can bind the GCGR. However, signaling

through both the GLP-1R and the GCGR have been shown to

enhance GSIS. Given the overlapping abilities of GLP-1 and

glucagon to bind the GLP-1R, the relative contributions of

alpha-cell glucagon and GLP-1 to GSIS remain debated.
Alpha-cell-derived proglucagon
products are necessary for normal
insulin secretory dynamics

The increasing recognition of discrepancies in the canonical

model describing the incretin function of GLP-1, along with the

identification of islet GLP-1 production, has led the field to study

the role of alpha-cell-derived proglucagon peptides in the

regulation of beta-cell function. Indeed, early studies by
FIGURE 1

Proglucagon-derived products signal through the beta-cell glucagon-like peptide 1 (GLP-1) receptor and glucagon receptor to potentiate
glucose-stimulated insulin secretion (GSIS). The triggering pathway for beta-cell insulin secretion is activated by ATP generation following the
influx of glucose. The increase in intracellular ATP induces closure of ATP-dependent K+ (KATP) channels, resulting in membrane depolarization
and the subsequent opening of the voltage-gated Ca2+ channels. The rise in intracellular Ca2+ concentrations triggers exocytosis of insulin-
containing granules. Stimulation of the beta-cell GLP-1 receptor (GLP-1R) and glucagon receptor (GCGR) results in activation of adenylyl
cyclase, leading to increase cAMP production, and the activation of EPAC and protein kinase A (PKA). EPAC and PKA further increase intracellular
Ca2+ concentrations, allowing for the potentiation of GSIS.
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Pipeleers et al. (33) and Holz et al. (34), and more recent studies

by Wojtusciszy et al. (35), reported that insulin secretion from

isolated beta-cells was blunted as compared to insulin secretion

from paired alpha- and beta-cells, providing the initial rationale

for alpha-cell contributions to insulin secretion. Several groups

have since evaluated insulin secretion from mouse models

devoid of all alpha-cell-derived proglucagon peptides

(Figure 2). For example, Capozzi et al. found that islets from

Gcg−/− mice exhibit impaired GSIS, which could be rescued by

exogenous stimulation with glucagon and/or GLP-1 (6).

Similarly, Zhu et al. (36), using a DREADD mouse model, and

Traub et al. (19), using a mouse model with inducible alpha-cell

ablation, both reported that acute loss of alpha-cell secretory

products results in impaired insulin secretion. The combined

observations from these various mouse models reveal an

important role for the alpha-cell in the support of healthy

beta-cell function.

In further characterizing this paracrine effect, the field has

employed several different models of selective inhibition of

proglucagon expression to more directly investigate the

relative contributions of gut- versus islet-derived proglucagon

products to glucose homeostasis (Figure 2). For example,

Chambers et al. reported that Gcg−/− mice with selective re-

expression of intestinal proglucagon did not exhibit glucose

intolerance in response to treatment with the GLP-1R
Frontiers in Endocrinology 04
antagonist, Exendin 9-39, whereas mice with selective re-

expression of pancreatic proglucagon did exhibit glucose

intolerance in response to Exendin 9-39 (37). Using a similar

approach, Hutch et al. demonstrated that pancreatic, but not

intestinal, proglucagon-derived peptides are necessary for the

glucoregulatory improvements of DPP-IV inhibitors (15),

thereby providing further support for the concept that islet-

derived GLP-1 contributes to glucose regulation. Furthermore,

in Gcg−/− mice with selective re-expression of Gcg in the

pancreas or the gut revealed a role for pancreatic, but not

intestinal, proglucagon products, in the metabolic benefits of

vertical sleeve gastrectomy (VSG) (38). These findings are

consistent with our work in which beta-cell GLP-1R signaling

was found to contribute to improved islet function after VSG

(39), which was associated with a VSG-induced beta-cell GLP-

1R-dependent increase in islet GLP-1 production in mice (16).

In comparison, Song et al. utilized mouse models with selective

elimination of proglucagon expression in the distal gut versus

the entire gut and found that gut-derived GLP-1 is the

predominant source of increased circulating GLP-1 following

nutrient ingestion, slows gut motility, and contributes to

maintenance of oral glucose tolerance, but does not contribute

to insulin secretion (40). Overall, while these independent

studies suggest that gut-derived GLP-1 minimally contributes

to beta-cell GLP-1R stimulation, a fundamental limitation to
FIGURE 2

Evidence characterizing the role of the alpha-cell in normal insulin secretory dynamics. Researchers have evaluated insulin secretion from
mouse models devoid of all alpha-cell-derived proglucagon peptides (6, 19, 36) and have found that in the absence of paracrine signaling from
alpha-cells, beta-cell insulin secretion is impaired. Similarly, several studies have employed mouse models with selective reactivation of Gcg
expression in the gut or pancreatic islet in order to assess the relative contribution of the gut vs. the islet to whole-body glucose tolerance.
These studies reveal that islet-derived proglucagon products are the predominant ligand for beta-cell glucagon-like peptide 1 receptor (GLP-1R)
activation and are necessary for the glucoregulatory improvements of DPP-IV inhibitors (DPP-IVi) and vertical sleeve gastrectomy (VSG) (15, 37,
38). Furthermore, recent evidence demonstrates that glucagon-induced insulin secretion is primarily mediated by signaling at the GLP-1R.
Several independent groups have demonstrated that inhibition of beta-cell GLP-1R signaling, by either Exendin 9-39 (Ex9) or through genetic
knockout, impairs glucagon-induced insulin secretion, whereas pharmacological or genetic inhibition of glucagon receptor (GCGR) signaling
fails to abolish this effect (5, 6, 8, 28, 36).
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these interpretations is that these studies do not specifically

manipulate alpha-cell GLP-1, as these models are deficient in all

proglucagon-derived peptides.

Indeed, this limitation is increasingly relevant in light of

evidence that the insulinotropic effects of glucagon are

predominantly mediated by the GLP-1R (Figure 2). In an early

study, Moens et al. reported that glucagon-induced insulin

secretion was inhibited by Exendin 9-39 in purified rat beta-

cells (28). Similarly, treatment of perfused mouse islets with

Exendin 9-39 decreased GSIS, but Ado, a selective glucagon

receptor antagonist, had no effect on GSIS (36), demonstrating

that the effect of alpha-cell-derived proglucagon products to

increase insulin secretion does not necessitate signaling through

the GCGR. Consistent with this observation, Capozzi et al.

reported that neither the selective deletion of beta-cell GCGR

signaling nor incubation with a glucagon receptor antagonist,

abolished glucagon-induced insulin secretion from isolated

mouse islets (6). In contrast, this same group found that

selective deletion of the beta-cell GLP-1R and treatment with

Exendin 9-39 reduced glucagon-stimulated insulin secretion (6).

Similarly, Svendsen et al. found that the combination of GCGR

knockout and Exendin 9-39 in perfused mouse pancreata

completely abolished glucagon-induced insulin release,

whereas the independent genetic ablation of GCGR or GLP-1R

had no effect (5). More recently, Zhang et al. reported that under

basal glucose conditions, GSIS signals through both the GLP-1R

and the GCGR; however, under high glucose conditions,

glucagon primarily signals through the GLP-1R (8), suggesting

that the paracrine actions of glucagon signaling are influenced by

metabolic state. Together, these results demonstrate that while

the insulinotropic effects of glucagon are primarily mediated by

signaling through the GLP-1R, beta-cell GCGR signaling

contributes, at least in part, to the effect.

Nevertheless, the propensity for glucagon to augment insulin

secretion through the beta-cell GLP-1R adds another layer of

complexity to characterizing the physiological importance of

alpha-cell-derived GLP-1 to the incretin effect. While GLP-1 is

300-fold more potent at stimulating beta-cell GLP-1R-induced

GSIS than glucagon (6), glucagon is produced at much higher

levels in healthy islets (41, 42). Further work is needed to identify

the primary ligand for the beta-cell GLP-1R in health and

disease. Nevertheless, the present studies establish that intra-

islet ligands for the beta-cell GLP-1R are key contributors to

normal insulin secretion, supporting the hypothesis that alpha-

cell proglucagon-derived products contribute to GSIS.
Alpha-cell GLP-1 production

Evidence of intra-islet GLP-1 production

In recent years, data from multiple groups have documented

the existence of islet GLP-1 production. The potential for islet
Frontiers in Endocrinology 05
GLP-1 production stems from the processing of its precursor

molecule, proglucagon. GLP-1 is encoded by preproglucagon

(gene name, Gcg) and is expressed in neurons in the nucleus

tractus solitarus, enteroendocrine L cells, and pancreatic alpha-

cells (43–45). Enzymatic post-translational processing of

proglucagon renders various peptide hormones depending on

the relative expression of prohormone convertase enzymes, PC1/

3 and PC2. Classically, in enteroendocrine L cells, proglucagon is

cleaved by PC1/3 to produce GLP-1, whereas in the alpha-cell,

proglucagon is processed by PC2 to yield glucagon (10, 11). It

was previously thought that the tissue-specific processing of

proglucagon was due to differential expression of PC1/3 and

PC2; however, ample evidence from the field has now

demonstrated that alpha-cells can express PC1/3 and produce

GLP-1 under certain circumstances (7, 12–16).

Indeed, several early studies using GLP-1 immunoreactivity

(46, 47) and HPLC (41, 42, 48) of pancreatic and intestinal tissue

sections detected GLP-1 in the pancreatic tissue, albeit at a

considerably lower concentration than that of glucagon.

However, excitement about pancreatic GLP-1 production was

somewhat muted by early work in the perfused pancreas of

humans (49) and rats (50) that detected mainly the inactive form

of GLP-1 [GLP-1(1–37)] and, therefore, called into question the

physiological relevance of pancreatic GLP-1. However, using

improved detection methods, active GLP-1 has since been

identified in isolated human and rodent islet protein lysates

(13, 51–55) and in the conditioned media of immortalized

alpha-cells (51, 56) and intact primary rodent and human

islets (51, 57). Despite these advances, subsequent

characterization of the functionality of pancreatic GLP-1 has

been more challenging. Several groups have utilized GLP-1R

functional endpoints as an indirect indication of the bioactivity

of GLP-1 released from isolated islets. For example, Marchetti

et al. elegantly demonstrated that islets incubated in media

containing human islet supernatants exhibit increased insulin

secretion in a GLP-1R-dependent manner (58). Although

researchers initially concluded that the GLP-1R-dependent

nature of this effect confirmed the bioactivity of islet-derived

GLP-1 (58), recent evidence that glucagon can stimulate the

GLP-1R complicates this interpretation. Nevertheless, the results

of this seminal study confirmed the existence of a functional

intra-islet GLP-1R signaling axis in human islets. Consistent

with these findings, Hansen et al. reported on the effect of

conditioned media from Psammomys obesus islets to enhance

cAMP production to a similar degree as synthetic GLP-1 in a

GLP-1R-expressing cell line (59), thereby providing further

evidence that islets secrete functional GLP-1R ligands. In their

attempt to delineate the relative contribution of GLP-1 versus

glucagon to this effect, Hansen et al. reported that the ability of

islet conditioned media to increase cAMP levels was maintained

when a high-affinity glucagon antibody was added to the

conditioned media, implying that islet-derived GLP-1, rather

than glucagon, was the primary active ligand for the GLP-1R in
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this model. While the regulation of alpha-cell GLP-1 production

remains poorly understood, several studies have demonstrated

that experimentally induced islet stress (e.g., by a cytokine

cocktail (60), streptozotocin (STZ) (51), palmitate (61), or

chronic hyperglycemia (18, 59)) potently stimulates alpha-cell

GLP-1 production. Such findings suggest that alpha-cells may

activate GLP-1 production as a compensatory mechanism to

protect beta-cell mass and function. Overall, the combined

observations of these early studies, together with more recent

evidence, suggest that alpha-cells are capable of processing and

secreting active GLP-1.
Role of islet GLP-1 in
alpha-cell heterogeneity

Evidence that the alpha-cell proglucagon processing profile

is dependent on the differential expression of PC1/3 versus PC2

suggests that alpha-cell GLP-1 production may function as a

marker of alpha-cell heterogeneity. Moreover, given that GLP-1

is a more potent inducer of the beta-cell GLP-1R than glucagon,

alpha-cell transcriptional and functional heterogeneity, in terms

of GLP-1 production, may importantly affect intra-islet

paracrine interactions. To this effect, Zadeh et al. utilized flow

cytometry and a fluorescent zinc granule indicator to document

the existence of at least two subpopulations of alpha-cells within

non-diabetic human islets that differ with respect to their

glucagon granule abundances (62). These findings suggest that

previously documented alpha-cell heterogeneity within the
Frontiers in Endocrinology 06
exocytic capacity (63) and Ca2+ responses to glucose (64, 65)

may extend to proglucagon processing. In support of this

hypothesis, Campbell et al. found that non-diabetic human

islets consist of three distinct populations of alpha-cells that

differ based on proglucagon-derived peptides: one population

that produces GLP-1, one that produces glucagon, and one that

produces both GLP-1 and glucagon (12). Moreover, de Souza

et al. found that 50% of alpha-cells in healthy mouse islets

produce both GLP-1 and glucagon, as compared to 70% of

alpha-cells from human islets (7). These studies suggest that

differential proglucagon processing between alpha-cells imparts

enough dissimilarities between cells to characterize these cells as

distinct subpopulations of alpha-cells, and therefore, these

studies underscore the possibility that alterations in the

proportions of alpha-cell subpopulations that produce either

glucagon or GLP-1 or both hormones can have important effects

on islet function (Figure 3).

Similarly, researchers have proposed that the primary

products of alpha-cell proglucagon processing are reflective of

alpha-cell maturity state (Figure 3). Wilson et al. reported that

embryonic glucagon-expressing cells also expressed PC1/3 and

that the level of PC1/3 expression decreased with age (70),

suggesting that alpha-cell GLP-1 production may be indicative

of immature alpha-cells. Thus, considering evidence

documenting the existence of various GLP-1-producing

subpopulations of alpha-cells in the adult pancreas, these

results would indicate that a range of alpha-cell maturity exists

within the adult pancreas. Indeed, our single-cell RNA-seq

(scRNA-seq) study in human islets found that transcripts that
FIGURE 3

Alpha-cell glucagon-like peptide 1 (GLP-1) serves as a marker for alpha-cell heterogeneity. Several studies have identified distinct alpha-cell
subpopulations that differ based on proglucagon processing (7, 12, 62) and secretory phenotype (13, 66, 67), which suggests that these distinct
subpopulations can differentially regulate intra-islet paracrine signaling interactions. Similarly, recent evidence suggests that alpha-cell GLP-1
production may reflect an immature alpha-cell, as these cells have been shown to exhibit increased expression of PCSK1 (13), and increased
expression of progenitor markers, NEUROD1, FEV, and ISL1 (68, 69) and decreased expression of alpha-cell maturity markers, such as ARX and
DNMT1 (13, 70). Additionally, independent studies have identified a subpopulation of proliferating alpha-cells expressing TOP2A/TOP1A and
CENPF (71, 72), which may be associated with maturity state and GLP-1 production. Together, these studies suggest that the heterogeneous
proliferative state, maturity, and secretory phenotypes of alpha-cells prime various subpopulations for cell-type conversions. Several studies
have demonstrated that under certain conditions, such as high-fat-diet (HFD) feeding (73), GLP-1R agonist treatment (13), T1DM (67), and
decreased expression of alpha-cell maturity markers (67) of alpha-cells exhibit beta-cell-like characteristics.
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regulate alpha-cell maturity, such as ARX and DNMT1, are

differentially expressed across alpha-cell subpopulations, in

which pseudot ime analys is suggested that certa in

subpopulations are more mature than others (13). Moreover,

supporting the conclusions of Wilson et al. (70), we found that

the most immature subpopulation of alpha-cells also exhibited

the highest expression of PCSK1 (gene name for PC1/3) (13).

Additionally, we reported an increase in this immature-PCSK1-

expressing alpha-cell subpopulation in response to intra-islet

GLP-1R signaling (13), suggesting that maturity state and GLP-1

production may be related. Furthermore, increased islet GLP-1

production has been documented in mice with alpha-cell

hyperplasia. For example, genetic and pharmaceutical ablation

of GCGR signaling potently promotes alpha-cell hyperplasia,

which is associated with an increase in alpha-cell GLP-1

expression (5, 74–78). Recently, several single-cel l

transcriptomic data sets have identified subpopulations of

proliferating alpha-cells. In their study performed on both

non-diabetic and T2DM human islets, Segerstolpe et al.

observed two distinct populations of alpha-cells with similar

proglucagon expression but differential expression of

proliferation-associated genes (e.g., TOP2A, MKI67, CENPF,

BIRC5 , and CDK1 ) , sugges t ing that one of these

subpopulations, albeit the smaller subpopulation, of alpha-cells

may constitute proliferating alpha-cells (71). A subsequent

scRNA-seq study on human islets documented a similar

alpha-cell subpopulation consisting of a small number of

proliferating alpha-cells, expressing TOPA1, CENPF, and

AURKB (72). Although whether alpha-cell GLP-1 production

and maturity state directly relate to alpha-cell proliferative state

has yet to be established, these studies identify a range of alpha-

cell maturity and proliferative capacity within islets and allude to

the possibility that alpha-cell GLP-1 production may be

inherently involved in this heterogeneity.

Further technical advances have enabled researchers to

validate single-cell transcriptomes with direct functional

correlates in the same cell, resulting in more precise measures

of alpha-cell heterogeneity. For example, studies using whole-

cell patch clamp combined with scRNA-seq analysis indicate

functional and transcriptomic heterogeneity in non-diabetic (68)

and diabetic (73) human alpha-cells. Notably, a subset of alpha-

cells showed enrichment of alpha-cell maturity markers (LOXL4,

MAFB, and ARX), regulators of reduced ER stress (DDIT3,

XBP1, and PPP1R15A), transcription factors governing

endocrine fate (FEV and ISL1), receptors involved in glucose

homeostasis (FFAR1 and GPAR119), and secretory pathways

(SCG2) (68). Moreover, this transcriptional heterogeneity

correlated with electrophysiological and morphological

features, including Na+ currents and cell size (68). In

comparison, Dai et al. recently identified a subpopulation of

immature alpha-cells from T2DM human islets that exhibited

increased expression of progenitor markers, NEUROD1, FEV,

ISL1, and GATA6, in addition to ARX; however, this group
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reported that alpha-cells with this immature transcriptional

profile also exhibited an impaired electrophysiological

phenotype and dysregulated exocytosis (73). These findings

not only establish that the alpha-cell transcriptional

heterogeneity translates into subpopulations that are

functionally distinct but also suggest that specific alpha-cell

subpopulations may differentially respond to and contribute to

metabolic dysfunction.

In addition to these findings that specific alpha-cell subtypes

may contribute to disease progression, recent evidence has fostered

the similar hypothesis that the heterogenous proliferative state,

maturity, and secretory phenotypes of alpha-cells primes various

subpopulations for cell-type conversions (Figure 3). To this end,

high-fat-diet (HFD) feeding inmice has been shown to induce beta-

cell-like changes in the electrical profile of a subset of alpha-cells

(73). Moreover, we recently found that alpha-cell subpopulations

with decreased expression of alpha-cell maturity markers, ARX and

DNMT1, exhibit increased expression of markers of beta-cell fate,

such as MAFA, and furthermore, we find this effect in induced in

human islets in response to treatment with a GLP-1R agonist (13).

These data are consistent with previous works demonstrating that

increased GLP-1R signaling promotes alpha-cell transdifferentiation

in mice (79, 80). Moreover, our findings parallel that of the work of

Chakravarthy et al. in which reductions in DNMT1 and ARX

expression in alpha-cells from islets of T1DM donors were

associated with increased expression of beta-cell markers, PDX1

and NKX6.1 (67), and furthermore, this group found that the

selective loss of alpha-cell Arx and Dnmt1 expression led to an

increase in alpha-cell-derived bihormonal insulin+/glucagon+ cells

in mouse islets (67). Similarly, the findings of Collombat et al. (81)

and Thorel et al. (82) provide tangible evidence that alpha-cells can

be converted to functional beta-cells in response to beta-cell

dysfunction. Although the results of these studies may be

promising, future lineage tracing studies are warranted to

determine the cellular origins and phenotypes of GLP-1-

expressing islet cells. Overall, with several studies investigating

alpha-cell heterogeneity, it is tempting to speculate that certain

subpopulations of alpha-cells can be harnessed to develop treatment

strategies for diabetes.
Role of alpha-cell GLP-1 production
in metabolic dysfunction

Alpha-cell GLP-1 production as an
adaptive response to metabolic
dysfunction

Although the in vivo physiological function of intra-islet

GLP-1 has been questioned since levels of GLP-1 in the pancreas

of healthy mice are considerably low and sometimes undetected

(5, 83), metabolic stress has been reported to potently increase
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alpha-cell-derived GLP-1 and decrease L-cell-derived GLP-1 in

rodents and humans (18, 58, 84–90). Certainly, human patients

with T2DM display a blunted incretin effect of GLP-1, and

defects in meal-induced intestinal GLP-1 secretion (91),

suggesting that the paracrine action of alpha-cell-derived GLP-

1 may be necessary to combat this diminished peripheral

incretin action of gut-derived GLP-1. To this effect, the field

has generated compelling evidence that beta-cell GLP-1R

signaling, mediated by alpha-cell-derived proglucagon

products, is an essential component of the adaptation to

metabolic stress (Figure 4). For example, lean chow-fed Glp1r
bcell–/–:Gcgrbcell–/– mice exhibit normal oral and IP glucose

tolerance as compared to wild-type controls; however,

metabolically stressed Glp1rbcell–/–:Gcgrbcell–/– mice exhibit

impaired oral and IP glucose intolerance as compared to

HFD-fed controls (6). In elaboration of these observations,

work in an alpha-cell-specific PC1/3 knockout mouse model

demonstrates that the loss of alpha-cell GLP-1 production

impairs glucose homeostasis and GSIS in metabolically

stressed mice but not in chow-fed mice (19). In further

support of this adaptive response, islets from T2DM human
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donors display an increased subpopulation of GLP-1+ alpha-

cells, and a greater dependency on GLP-1R signaling for insulin

secretion, as compared to islets from healthy donors (12).

Similarly, O’Malley et al. reported an increase in alpha-cell

PC1/3 expression and an increase in the ratio of GLP-1+:

glucagon+ alpha-cells with the onset of diabetes in db/db mice

as compared to normal mice (86). Moreover, studies performed

in sand-rat gerbils, Psammomys obesus, a rodent model of

nutritionally induced diabetes, document an increase in islet

GLP-1 production in response to the development of symptoms

of T2DM (59). Together, these results suggest that enhanced

alpha-cell GLP-1 production may be an early response to

metabolic dysregulation, suggesting that the adaptation to

metabolic stress involves a greater reliance on this intra-islet

paracrine signaling for glucose homeostasis.

Considering that chronic beta-cell GLP-1R signaling

activates cAMP-responsive element binding (CREB) and

epidermal growth factor receptor (EGFR) pathways that

induce pro-survival and anti-apoptotic responses (92–94), in

addition to the acute potentiation of GSIS, the activation of

alpha-cell GLP-1 production may also serve to promote the
FIGURE 4

Alpha-cell glucagon-like peptide 1 (GLP-1) production is upregulated in response to metabolic stress and therapeutic interventions. Metabolic
dysfunction, mediated by beta-cell destruction, diet-induced obesity, and type 2 diabetes, results in a blunted incretin effect of GLP-1. Evidence
suggests that the paracrine action of alpha-cell GLP-1 may compensate for this diminished peripheral incretin action of gut-derived GLP-1. In
response to metabolic dysfunction, beta-cells exhibit decreased proliferation and increased apoptosis, and decreased insulin secretion and
increased paracrine signaling factor secretion. In response to beta-cell paracrine signaling factors, and whole-body metabolic inputs, alpha-cells
exhibit increased proliferation, PCSK1 expression, and GLP-1 production, which may reduce alpha-cell glucagon secretion. These favorable
alpha-cell adaptations can then reciprocally promote beta-cell function, survival, and insulin secretion. Several studies have demonstrated that
bariatric surgery and the pharmaceutical targeting of GLP-1 through GLP-1R agonists and DPP-IV inhibitors have the potential to harness and
promote alpha-cell GLP-1 production.
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survival and proliferation of the remaining beta-cells (Figure 4).

Indeed, Wideman et al. explored the beta-cell protective capacity

of this increase in alpha-cell GLP-1 production and found that

the xenotransplant of PC1/3-expressing alpha-cells into STZ-

treated mice improved glucose tolerance and preserved beta-cell

mass in a GLP-1R-dependent manner (56). Similarly, STZ-

induced alpha-cell GLP-1 production partially protected rat

islets from further beta-cell loss (18), demonstrating the

functionality of locally produced GLP-1 in long-term beta-cell

adaptation. In highlighting the paracrine importance of alpha-

cell GLP-1 on beta-cell function, Liu et al. reported that alpha-

cells exhibit increased PC1/3 expression and GLP-1 secretion in

response to incubation with a chemokine, stromal cell-derived

factor-1 (SDF-1), secreted by experimentally injured beta-cells

(95); moreover, researchers concluded that reciprocal paracrine

signaling by GLP-1, in combination with autocrine signaling by

SDF-1, synergistically functions to preserve and enhance beta-

cell mass (95). In addition to these protective effects, researchers

have also examined the restorative capacity of exogenous GLP-1

in response to beta-cell destruction. Short-term GLP-1 treatment

has been shown to enhance recovery from STZ-mediated beta-

cell destruction in neonatal rats (96). Similarly, Ogawa et al.

reported that treatment of diabetic NOD mice with a

combination of immunosuppressive therapy and Exendin-4, a

GLP-1 mimetic, resulted in an increase in pancreatic insulin

content and complete remission in 90% of treated mice, as

compared to mice treated with the independent therapies (97).

Given that both T1DM and T2DM are associated with reduced

beta-cell mass and function, these various studies highlight the

therapeutic potential of harnessing alpha-cell GLP-1 production

to not only stimulate insulin secretion but also promote beta-cell

survival and regeneration.

Furthermore, as dysregulated glucagon secretion is a key

pathogenic mediator of T1DM and T2DM (3), it is necessary to

investigate how the activation of alpha-cell GLP-1 production

contributes to alpha-cell function. While it was initially

proposed that hyperglucagonemia in diabetes results from a

loss of insulin inhibitory control on alpha-cell glucagon

secretion, an alternative hypothesis is that alpha-cell number

and secretory capacity is increased as a compensatory

mechanism to enhance beta-cell function. Indeed, patients

with T1DM (98) and mouse models of beta-cell destruction

(99) report that insulin deficiency is accompanied by an increase

in alpha-cell mass, which has served as rationale for the notion

that a loss of beta-cell paracrine signaling drives alpha-cell

proliferation. However, HFD-feeding has been shown to

induce alpha-cell hyperplasia prior to the expansion of beta-

cell mass in mice (17, 100), and similarly, studies performed in

normoglycemic non-human primates demonstrate that alpha-

cell mass was more significantly augmented in response to the

increased duration and severity of obesity than that of beta-cells

(101). Together, these results reveal that obesity-induced

changes in beta-cell function may parallel or follow, rather
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than precede, increases in alpha-cell number, suggesting that

alpha-cell proliferation may serve as a pro-active, as opposed to

reactive, response to metabolic dysfunction (Figure 4).

Alpha-cell maturity and proliferative state is also associated

with GLP-1 production. Metabolic conditions that increase

alpha-cell mass (9, 17, 44) also increase alpha-cell PC1/3

expression (13, 61) and GLP-1 production (41, 75, 86). More

direct evidence of this effect was identified by Vasu et al., which

reported that alpha-cell proliferation in response to STZ-

treatment was specifically associated with an increase in GLP-

1+ alpha-cells (102). Similarly, Whalley et al. reported that STZ-

treated rat islets exhibit increased GLP-1 secretion with no

changes in glucagon secretion (51). However, increased plasma

glucagon concentrations have been reported in mice with HFD-

induced increases in alpha-cell mass (9), indicating that alpha-

cell proliferation does not solely increase GLP-1 secretion. Since

it is unknown whether increasing alpha-cell GLP-1 occurs at the

expense of glucagon, these conflicting observations raise

important questions as to whether compensatory alpha-cell

proliferation during the development of insulin resistance or

insulin insufficiency exacerbates or mitigates glucagon-induced

hyperglycemia. Certainly, independent groups have

demonstrated that mice with marked alpha-cell hyperplasia

and hyperglucagonemia secondary to whole-body GCGR

knockout are resistant to the metabolic manifestations of beta-

cell destruction (103, 104); however, evidence suggests that this

resistance is mediated by compensatory increases in whole-body

GLP-1R signaling (105), and increased islet GLP-1 production

(18), indicating that a GLP-1R-mediated mechanism has a

protective effect on glucose homeostasis in mice with alpha-

cell proliferation. These results suggest that adjunctive therapies

that inhibit glucagon peripheral actions and activate local GLP-1

signaling may improve diabetes treatment (105, 106). To this

end, further work is needed to address whether increasing alpha-

cell PC1/3 expression can shift alpha-cell proglucagon

processing to favor GLP-1 production over glucagon, thereby

mitigating the metabolic consequences of hyperglucagonemia. If

so, defining the molecular trigger(s) that regulates alpha-cell

PC1/3 expression has the potential to identify targeting strategies

that can switch alpha-cells from being diabetes promoting to

diabetes preventing.
Role of intra-islet paracrine signaling in
the effects of pharmaceutical targeting
of GLP-1

As current therapies focusing on increasing insulin sensitivity

and/or insulin secretion fail to cure diabetes, one potentially

underappreciated target for diabetes treatment is the alpha-cell.

Considering the bihormonal nature of the pathophysiology of

diabetes, the glucose-dependent insulinotropic and

glucagonostatic properties of GLP-1 have made GLP-1 an ideal
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candidate for the treatment of T1DM and T2DM. However, as

these drugs utilize the classical incretin concept as a physiologicy

framework, we are challenged to reassess the mechanism of action

of these drugs in light of our refined understanding of GLP-1

incretin function and alpha-cell regulation of beta-cell function.

Our group reported that enhanced beta-cell GLP-1R

signaling activates alpha-cell PC1/3 expression and GLP-1

production, which is associated with improved glucose

tolerance and GSIS following VSG in mice (16, 39) (Figure 4).

Furthermore, we recently reported that pharmacological

activation of beta-cell GLP-1R signaling through the

administration of a GLP-1R agonist can mimic the effect of

VSG to enhance alpha-cell GLP-1 production in HFD-fed mice

(13). The combined interpretations from these studies support a

model in which increased beta-cell GLP-1R signaling enhances
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alpha-cell GLP-1 production to amplify beta-cell function and

insulin secretion through a local paracrine positive feedback

loop of GLP-1 signaling (Figure 5). Moreover, our findings

suggest that this paracrine feedback loop can be harnessed

through the administration of GLP-1R agonists. Indeed, while

enhanced GLP-1R signaling outside of the islet may mediate, at

least in part, the in vivo effects of GLP-1R agonists on enhanced

islet function, studies performed in isolated islets, in the absence

of peripheral GLP-1R signaling, confirm the propensity for GLP-

1R agonists to induce direct intra-islet effects (Figure 4). For

instance, similar to our results in mice, we demonstrated that

treatment of human islets with a GLP-1R agonist results in

increased islet active GLP-1 production (13). Similarly, the GLP-

1R agonists, liraglutide and Exendin-4, have been shown to

decrease beta-cell apoptosis and improve beta-cell insulin
FIGURE 5

Bi-directional paracrine feedback mechanisms regulate islet function in health and disease. Alpha-cell proglucagon-derived peptides (glucagon
and GLP-1) signal through the beta-cell GLP-1 receptor (GLP-1R) and glucagon receptor (GCGR) to potentiate glucose-stimulated insulin
secretion. Beta-cell insulin secretion then inhibits alpha-cell glucagon secretion, thereby constituting a paracrine negative feedback loop
between alpha- and beta-cells under normal physiological conditions (gray arrows). In contrast, in response to beta-cell injury or metabolic
stress, there is an increased reliance on GLP-1 and beta-cell GLP-1R signaling for insulin secretion. Increased beta-cell GLP-1R signaling results
in the secretion of paracrine factors that can activate alpha-cell PC1/3 expression and GLP-1 production. This locally produced GLP-1 can then
favorably signal at the beta-cell GLP-1R, thereby constituting a paracrine positive feedback loop between alpha- and beta-cells as an adaptation
to metabolic dysfunction.
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secretory function in isolated non-diabetic (107) and T2DM

(108) human islets and in rat (109) and pig (110) islets. In line

with evidence that beta-cell stress induces an upregulation of

intra-islet GLP-1, Tsunekawa et al. reported that the beta-cells of

diabetic mice treated with Exendin-4 had decreased expression

of markers of ER stress (111). Furthermore, islets frommice with

alpha-cell ablation exhibit normal beta-cell secretory function in

response to exogenous GLP-1 or glucagon (19), suggesting that

GLP-1R agonists can augment insulin secretion independently

of alpha-cell-derived proglucagon products in vitro. However, as

an increasing body of evidence demonstrates that paracrine

interactions between alpha-cells and beta-cells are essential for

the coordination of insulin secretion in vivo, it follows, therefore,

that this paracrine crosstalk is also essential for the beneficial

metabolic effects of pharmaceutical agents in vivo. In support of

this, we found that the effect of liraglutide to increase alpha-cell

GLP-1 expression necessitates intact beta-cell GLP-1R signaling

(13), suggesting that the efficacy of GLP-1R agonists is

supported by intra-islet paracrine signaling.

In comparison to GLP-1R agonists, DPP-IV inhibitors

decrease the enzymatic degradation of endogenously produced

GLP-1, thereby potentiating incretin signaling pathways, albeit

with lower potency than GLP-1R agonists, yet fewer adverse

effects (112). In vitro studies performed on mouse and human

islets validate that DPP-IV inhibitors can mediate direct effects on

islet hormones (Figure 4). For example, DPP-IV inhibitors have

been shown to promote beta-cell survival and function,

characterized as augmented GSIS, in islets of non-diabetic and

T2DM human donors (113, 114), demonstrating that ligands of

DPP-IV enzymatic activity that function in a similar capacity to

alpha-cell-derived proglucagon ligands are both present and active

in isolated islets. Similarly, the effect of the DPP-IV inhibitors,

NVPDPP728 and vildagliptin, to increase insulin secretion from

isolated mouse islets was attenuated in the presence of Exendin 9-

39 (115). Notably, DPP-IV targets include cytokines, growth

factors, and neurotransmitters, in addition to islet-derived

peptide hormones, indicating that the improvements in beta-cell

function in response to DPP-IV inhibition may also be mediated

by other intra-islet paracrine signaling factors. Nevertheless,

Campbell et al. reported that treatment of human islets with

sitagliptin resulted in a sevenfold increase in islet active GLP-1

content (14), and similarly, in vitro treatment of human islets with

linagliptin (114) and vildagliptin (115) has been shown to stabilize

active GLP-1 in islet supernatants and protect non-diabetic

human islets from experimentally induced beta-cell damage

(114). Finally, Hutch et al. recently reported that the

glucoregulatory improvements of DPP-IV inhibitors are

dependent on pancreatic proglucagon-derived factors in vivo

(15), suggesting that these pancreatic peptides are critical

substrates for the inhibitory effects of DPP-IV. Together, these

results strongly suggest that islet-derived GLP-1 contributes to the

effects of DPP-IV inhibitors. Moreover, these studies reveal that

modulation of islet DPP-IV activity can be a valuable target for
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increasing islet GLP-1 activity. Indeed, Bugliani et al. recently

reported that human T2D islets have lower activity of DPP-IV, as

compared to non-diabetic islets (113), and furthermore, Omar

et al. identified a positive correlation between DPP-IV activity in

the islet and insulin secretion (115), suggesting that islets can

intrinsically regulate DPP-IV to promote islet function. Therefore,

these studies suggest that DPP-IV inhibitors can beneficially affect

the alpha-cell to beta-cell GLP-1R signaling axis for the treatment

of diabetes.

Conclusion

In light of the recent advances in our understanding of intra-

islet GLP-1 biology, alpha- to beta-cell bidirectional paracrine

signaling is increasingly recognized as a key contributor to whole-

body metabolic function. While the contributions of alpha-cell

GLP-1 versus glucagon to the regulation of beta-cell function have

yet to be established, these findings illustrate that beta-cell GLP-1R

stimulation is primarily mediated by paracrine intra-islet ligands,

rather than by the endocrine action of gut-derived GLP-1. Further

delineation of the mechanisms underlying alpha-cell GLP-1

production is needed to fully characterize this intra-islet

paracrine feedback loop. Nevertheless, these findings suggest

that the regulation of alpha-cell proglucagon processing may be

an unrealized target for the treatment of diabetes.
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10. Rouillé Y, Kantengwa S, Irminger JC, Halban PA. Role of the prohormone
convertase PC3 in the processing of proglucagon to glucagon-like peptide 1. J Biol
Chem (1997) 272(52):32810–6. doi: 10.1074/jbc.272.52.32810

11. Rouille Y, Westermark G, Martin SK, Steiner DF. Proglucagon is processed
to glucagon by prohormone convertase PC2 in alpha TC1-6 cells. Proc Natl Acad
Sci U.S.A. (1994) 91(8):3242–6. doi: 10.1073/pnas.91.8.3242

12. Campbell SA, Golec DP, Hubert M, Johnson J, Salamon N, Barr A, et al.
Human islets contain a subpopulation of glucagon-like peptide-1 secreting alpha
cells that is increased in type 2 diabetes.Mol Metab (2020) 39:101014. doi: 10.1016/
j.molmet.2020.101014

13. Saikia M, Holter MM, Donahue LR, Lee IS, Zheng QC, Wise JL, Todero JE,
et al. GLP-1 receptor signaling increases PCSK1 and b cell features in human a
cells. JCI Insight (2021) 6(3). doi: 10.1172/jci.insight.141851

14. Campbell SA, Hubert M, Johnson J, Salamon N, Light PE. The DPP4
inhibitor sitagliptin increases active GLP-1 levels from human islets and may
increase islet cell survival prior to transplantation. OBM Transplant (2019) 3(2):1–
1. doi: 10.21926/obm.transplant.1902069

15. Hutch CR, Roelofs K, Haller A, Sorrell J, Leix K, D'alessio DD, et al. The role
of GIP and pancreatic GLP-1 in the glucoregulatory effect of DPP-4 inhibition in
mice. Diabetologia (2019) 62(10):1928–37. doi: 10.1007/s00125-019-4963-5

16. Garibay D, Lou J., Lee SA, Zaborska KE, Weissman MH, Sloma E, et al. Beta
cell GLP-1R signaling alters alpha cell proglucagon processing after vertical sleeve
gastrectomy in mice. Cell Rep (2018) 23(4):967–73. doi: 10.1016/
j.celrep.2018.03.120

17. Ellingsgaard H, Hauselmann I, Schuler B, Habib AM, Baggio LL, Meier DT,
et al. Interleukin-6 enhances insulin secretion by increasing glucagon-like peptide-
1 secretion from l cells and alpha cells. Nat Med (2011) 17(11):1481–9. doi:
10.1038/nm.2513

18. Nie Y, Nakashima M, Brubaker PL, Li QL, Perfetti R, Jansen E, Zambre Y,
et al. Regulation of pancreatic PC1 and PC2 associated with increased glucagon-
like peptide 1 in diabetic rats. J Clin Invest (2000) 105(7):955–65. doi: 10.1172/
JCI7456

19. Traub S, Meier DT, Schulze F, Dror E, Nordmann TM, Goetz N, et al.
Pancreatic alpha cell-derived glucagon-related peptides are required for beta cell
adaptation and glucose homeostasis. Cell Rep (2017) 18(13):3192–203. doi:
10.1016/j.celrep.2017.03.005

20. Meier JJ, Nauck MA, Kranz D, Holst JJ, Deacon CF, Gaeckler D, et al.
Secretion, degradation, and elimination of glucagon-like peptide 1 and
gastric inhibitory polypeptide in patients with chronic renal insufficiency
and healthy control subjects. Diabetes (2004) 53(3):654–62. doi: 10.2337/
diabetes.53.3.654

21. Hansen L, Deacon CF, Orskov C, Holst JJ. Glucagon-like peptide-1-(7-36)
amide is transformed to glucagon-like peptide-1-(9-36)amide by dipeptidyl
peptidase IV in the capillaries supplying the l cells of the porcine intestine.
Endocrinology (1999) 140(11):5356–63. doi: 10.1210/endo.140.11.7143

22. Gromada J, Bokvist K, Ding WG, Holst JJ, Nielsen JH, Rorsman P.
Glucagon-like peptide 1 (7-36) amide stimulates exocytosis in human pancreatic
beta-cells by both proximal and distal regulatory steps in stimulus-secretion
coupling. Diabetes (1998) 47(1):57–65. doi: 10.2337/diab.47.1.57

23. Holz G, Leech CA, Habener JF. Activation of a cAMP-regulated Ca(2
+)-signaling pathway in pancreatic beta-cells by the insulinotropic hormone
glucagon-like peptide-1. J Biol Chem (1995) 270(30):17749–57. doi: 10.1074/
jbc.270.30.17749

24. Mukai E, Fujimoto S, Sato H, Oneyama C, Kominato R, Sato Y, et al.
Exendin-4 suppresses SRC activation and reactive oxygen species production in
diabetic goto-kakizaki rat islets in an epac-dependent manner. Diabetes (2011) 60
(1):218–26. doi: 10.2337/db10-0021

25. Light PE, Manning Fox JE, Riedel MJ, Wheeler MB. Glucagon-like peptide-1
inhibits pancreatic ATP-sensitive potassium channels via a protein kinase a- and
ADP-dependent mechanism. Mol Endocrinol (2002) 16(9):2135–44. doi: 10.1210/
me.2002-0084

26. Koth CM, Murray JM, Mukund S, Madjidi A, Minn A, Clarke HJ, et al.
Molecular basis for negative regulation of the glucagon receptor. Proc Natl Acad Sci
(2012) 109(36):14393–8. doi: 10.1073/pnas.1206734109

27. Jhala US, Canettieri G, Screaton RA, Kulkarni RN, Krajewski S, Reed J,
et al. cAMP promotes pancreatic beta-cell survival via CREB-mediated
induction of IRS2. Genes Dev (2003) 17(13):1575–80. doi: 10.1101/
gad.1097103

28. Moens K, Flamez D, Schravendijk Van C, Ling Z, Pipeleers D, Schuit F. Dual
glucagon recognition by pancreatic beta-cells via glucagon and glucagon-like
peptide 1 receptors. Diabetes (1998) 47(1):66–72. doi: 10.2337/diab.47.1.66

29. Dalle S, Longuet C, Costes S, Broca C, Faruque O, Fontés G, et al. Glucagon
promotes cAMP-response element-binding protein phosphorylation via activation
of ERK1/2 in MIN6 cell line and isolated islets of langerhans*. J Biol Chem (2004)
279(19):20345–55. doi: 10.1074/jbc.M312483200

30. Jiang Y, Cypess AM, Muse ED, Wu CR, Unson CG, Merrifield RB, et al.
Glucagon receptor activates extracellular signal-regulated protein kinase 1/2 via
cAMP-dependent protein kinase. Proc Natl Acad Sci United States America (2001)
98(18):10102–7. doi: 10.1073/pnas.131200398

31. Samols E, Marri G, Marks V. Promotion of insulin secretion by glucagon.
Lancet (1965) 2(7409):415–6. doi: 10.1016/S0140-6736(65)90761-0

32. Capozzi ME, Wait JB, Koech Jepchumba ANG, Coch RW, Svendsen B, et al.
Glucagon lowers glycemia when b cells are active. JCI Insight (2019) 4(16). doi:
10.1172/jci.insight.129954

33. Pipeleers DG, Schuit FC, Veld In’t PA, Maes E, Hooghe-Peters EL, Winkel
Mvd, et al. Interplay of nutrients and hormones in the regulation of insulin release*.
Endocrinology (1985) 117(3):824–33. doi: 10.1210/endo-117-3-824

34. Holz G, Kühtreiber WM, Habener JF. Pancreatic beta-cells are rendered
glucose-competent by the insulinotropic hormone glucagon-like peptide-1(7-37).
Nature (1993) 361(6410):362–5. doi: 10.1038/361362a0

35. Wojtusciszyn A, Armanet M, Morel P, Berney T, Bosco D. Insulin secretion
from human beta cells is heterogeneous and dependent on cell-to-cell contacts.
Diabetologia (2008) 51(10):1843–52. doi: 10.1007/s00125-008-1103-z

36. Zhu L, Dattaroy D, Pham J, Wang L, Barella LF, Cu Y, et al. Intra-islet
glucagon signaling is critical for maintaining glucose homeostasis. JCI Insight
(2019) 5. doi: 10.1172/jci.insight.127994

37. Chambers AP, Sorrell JE, Haller A, Roelofs K, Hutch CR, Kim KS, et al. The
role of pancreatic preproglucagon in glucose homeostasis in mice. Cell Metab
(2017) 25(4):927–934 e3. doi: 10.1016/j.cmet.2017.02.008
frontiersin.org

https://doi.org/10.2337/diab.36.3.274
https://doi.org/10.1056/NEJM197808312990901
https://doi.org/10.1056/NEJM197808312990901
https://doi.org/10.1172/JCI60016
https://doi.org/10.1007/s001250051484
https://doi.org/10.1016/j.celrep.2018.10.018
https://doi.org/10.1172/jci.insight.126742
https://doi.org/10.1038/s41598-020-59799-2
https://doi.org/10.3390/cells10092495
https://doi.org/10.7150/ijms.24492
https://doi.org/10.1074/jbc.272.52.32810
https://doi.org/10.1073/pnas.91.8.3242
https://doi.org/10.1016/j.molmet.2020.101014
https://doi.org/10.1016/j.molmet.2020.101014
https://doi.org/10.1172/jci.insight.141851
https://doi.org/10.21926/obm.transplant.1902069
https://doi.org/10.1007/s00125-019-4963-5
https://doi.org/10.1016/j.celrep.2018.03.120
https://doi.org/10.1016/j.celrep.2018.03.120
https://doi.org/10.1038/nm.2513
https://doi.org/10.1172/JCI7456
https://doi.org/10.1172/JCI7456
https://doi.org/10.1016/j.celrep.2017.03.005
https://doi.org/10.2337/diabetes.53.3.654
https://doi.org/10.2337/diabetes.53.3.654
https://doi.org/10.1210/endo.140.11.7143
https://doi.org/10.2337/diab.47.1.57
https://doi.org/10.1074/jbc.270.30.17749
https://doi.org/10.1074/jbc.270.30.17749
https://doi.org/10.2337/db10-0021
https://doi.org/10.1210/me.2002-0084
https://doi.org/10.1210/me.2002-0084
https://doi.org/10.1073/pnas.1206734109
https://doi.org/10.1101/gad.1097103
https://doi.org/10.1101/gad.1097103
https://doi.org/10.2337/diab.47.1.66
https://doi.org/10.1074/jbc.M312483200
https://doi.org/10.1073/pnas.131200398
https://doi.org/10.1016/S0140-6736(65)90761-0
https://doi.org/10.1172/jci.insight.129954
https://doi.org/10.1210/endo-117-3-824
https://doi.org/10.1038/361362a0
https://doi.org/10.1007/s00125-008-1103-z
https://doi.org/10.1172/jci.insight.127994
https://doi.org/10.1016/j.cmet.2017.02.008
https://doi.org/10.3389/fendo.2022.934775
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Holter et al. 10.3389/fendo.2022.934775
38. Kim K-S, Hutch CR, Wood L, Magrisso IJ, Seeley RJ, Sandoval DA.
Glycemic effect of pancreatic preproglucagon in mouse sleeve gastrectomy. JCI
Insight (2019) 4(20):e129452. doi: 10.1172/jci.insight.129452

39. Garibay D, McGavigan AK, Lee SA, Ficorilli JV, Cox AL, Michael MD, et al.
b-cell glucagon-like peptide-1 receptor contributes to improved glucose tolerance
after vertical sleeve gastrectomy. Endocrinology (2016) 157(9):3405–9. doi: 10.1210/
en.2016-1302

40. Song Y, Koehler JA, Baggio LL, Powers AC, Sandoval DA, Drucker DJ. Gut-
Proglucagon-Derived peptides are essential for regulating glucose homeostasis in
mice. Cell Metab (2019) 30(5):976–986.e3. doi: 10.1016/j.cmet.2019.08.009

41. Uttenthal LO, Ghiglione M, George SK, Bishop AE, Polak JM, Bloom SR.
Molecular forms of glucagon-like peptide-1 in human pancreas and glucagonomas.
J Clin Endocrinol Metab (1985) 61(3):472–9. doi: 10.1210/jcem-61-3-472

42. Holst JJ, Bersani M, Johnsen AH, Kofod H, Hartmann B, Orskov C.
Proglucagon processing in porcine and human pancreas. J Biol Chem (1994) 269
(29):18827–33. doi: 10.1016/S0021-9258(17)32241-X

43. Bell GI, Santerre RF, Mullenbach GT. Hamster preproglucagon contains the
sequence of glucagon and two related peptides. Nature (1983) 302(5910):716–8.
doi: 10.1038/302716a0

44. Drucker DJ, Mojsov S, Habener JF. Cell-specific post-translational
processing of preproglucagon expressed from a metallothionein-glucagon fusion
gene. J Biol Chem (1986) 261(21):9637–43. doi: 10.1016/S0021-9258(18)67561-1

45. Heinrich G, Gros P, Habener JF. Glucagon gene sequence. four of six exons
encode separate functional domains of rat pre-proglucagon. J Biol Chem (1984) 259
(22):14082–7.

46. Varndell IM, Bishop AE, Sikri KL, Uttenthal LO, Bloom SR, Polak JM.
Localization of glucagon-like peptide (GLP) immunoreactants in human gut and
pancreas using light and electron microscopic immunocytochemistry. J Histochem
Cytochem (1985) 33(10):1080–6. doi: 10.1177/33.10.3900195

47. Kauth T, Metz J. Immunohistochemical localization of glucagon-like
peptide 1. use of poly- and monoclonal antibodies. Histochemistry (1987) 86
(5):509–15. doi: 10.1007/BF00500625

48. Mojsov S, Kopczynski MG, Habener JF. Both amidated and nonamidated
forms of glucagon-like peptide I are synthesized in the rat intestine and the
pancreas. J Biol Chem (1990) 265(14):8001–8. doi: 10.1016/S0021-9258(19)39030-1

49. Hirota M, Shimizu I, Ohboshi C, Nishino T, Shima K. A large molecular
form of glucagon-like peptide-1 (GLP-1) immunoreactivity is co-released with
glucagon from pancreas by arginine in normal subjects. Clin Chim Acta (1987) 167
(3):293–302. doi: 10.1016/0009-8981(87)90349-4

50. Shima K, Hirota M, Ohboshi C, Sato M, Nishino T. Release of glucagon-like
peptide 1 immunoreactivity from the perfused rat pancreas. Acta Endocrinol
(Copenh) (1987) 114(4):531–6. doi: 10.1530/acta.0.1140531

51. Whalley NM, Pritchard LE, Smith DM, White A. Processing of proglucagon
to GLP-1 in pancreatic alpha-cells: is this a paracrine mechanism enabling GLP-1
to act on beta-cells? J Endocrinol (2011) 211(1):99–106. doi: 10.1530/JOE-11-0094

52. Masur K, Tibaduiza EC, Chen C, Ligon B, Beinborn M. Basal receptor
activation by locally produced glucagon-like peptide-1 contributes to maintaining
beta-cell function. Mol Endocrinol (2005) 19(5):1373–82. doi: 10.1210/me.2004-
0350

53. Heller RS, Aponte GW. Intra-islet regulation of hormone secretion by
glucagon-like peptide-1-(7–36) amide. Am J Physiol (1995) 269(6 Pt 1):G852–60.
doi: 10.1152/ajpgi.1995.269.6.G852

54. Flamez D, Gilon P, Moens K, Breusegem Van A, Delmeire D, Scrocchi LA,
et al. Altered cAMP and Ca2+ signaling in mouse pancreatic islets with glucagon-
like peptide-1 receptor null phenotype. Diabetes (1999) 48(10):1979–86. doi:
10.2337/diabetes.48.10.1979

55. Galvin SG, Kay RG, Foreman R, Larraufie P, Meek CL, Biggs E, et al. The
human and mouse islet peptidome: Effects of obesity and type 2 diabetes, and
assessment of intraislet production of glucagon-like peptide-1. J Proteome Res
(2021) 20(9):4507–17. doi: 10.1021/acs.jproteome.1c00463

56. Wideman RD, Covey SD, Webb GC, Drucker DJ, Kieffer TJ, et al. A switch
from prohormone convertase (PC)-2 to PC1/3 expression in transplanted alpha-
cells is accompanied by differential processing of proglucagon and improved
glucose homeostasis in mice. Diabetes (2007) 56(11):2744–52. doi: 10.2337/db07-
0563

57. Taylor SW, Nikoulina SE, Andon NL, Lowe C. Peptidomic profiling of
secreted products from pancreatic islet culture results in a higher yield of full-length
peptide hormones than found using cell lysis procedures. J Proteome Res (2013) 12
(8):3610–9. doi: 10.1021/pr400115q

58. Marchetti P, Lupi R, Bugliani M, Kirkpatrick CL, Sebastiani G, Grieco FA,
et al. A local glucagon-like peptide 1 (GLP-1) system in human pancreatic islets.
Diabetologia (2012) 55(12):3262–72. doi: 10.1007/s00125-012-2716-9
Frontiers in Endocrinology 13
59. Hansen AM, Bödvarsdottir TB, Nordestgaard DN, Heller RS, Gotfredsen
CF, Maedler K, et al. Upregulation of alpha cell glucagon-like peptide 1 (GLP-1) in
psammomys obesus–an adaptive response to hyperglycaemia? Diabetologia (2011)
54(6):1379–87. doi: 10.1007/s00125-011-2080-1

60. Liu Z, Stanojevic V, Avadhani S, Yano T, Habener JF, et al. Stromal cell-
derived factor-1 (SDF-1)/chemokine (C-X-C motif) receptor 4 (CXCR4) axis
activation induces intra-islet glucagon-like peptide-1 (GLP-1) production and
enhances beta cell survival. Diabetologia (2011) 54(8):2067–76. doi: 10.1007/
s00125-011-2181-x

61. Huang C, Yuan L, Cao S. Endogenous GLP-1 as a key self-defense molecule
against lipotoxicity in pancreatic islets. Int J Mol Med (2015) 36(1):173–85. doi:
10.3892/ijmm.2015.2207

62. Ghazvini Zadeh EH, Huang Z, Xia J, Li D, Davidson HW, Li Wh. ZIGIR, a
granule-specific Zn2+ indicator, reveals human islet a cell heterogeneity. Cell Rep
(2020) 32(2):107904. doi: 10.1016/j.celrep.2020.107904

63. Huang Y-C, Rupnik M, Gaisano HY. Unperturbed islet a-cell function
examined in mouse pancreas tissue slices. J Physiol (2011) 589(2):395–408. doi:
10.1113/jphysiol.2010.200345

64. Le Marchand SJ, Piston DW. Glucose suppression of glucagon secretion:
metabolic and calcium responses from alpha-cells in intact mouse pancreatic islets.
J Biol Chem (2010) 285(19):14389–98. doi: 10.1074/jbc.M109.069195

65. Shuai H, Xu Y, Yu Q, Gylfe E, Tengholm A. Fluorescent protein vectors for
pancreatic islet cell identification in live-cell imaging. Pflügers Archiv - Eur J Physiol
(2016) 468(10):1765–77. doi: 10.1007/s00424-016-1864-z

66. Butler AE, Campbell-Thompson M, Gurlo T, Dawson DW, Atkinson M,
Butler PC. Marked expansion of exocrine and endocrine pancreas with incretin
therapy in humans with increased exocrine pancreas dysplasia and the potential for
glucagon-producing neuroendocrine tumors. Diabetes (2013) 62(7):2595–604. doi:
10.2337/db12-1686

67. Chakravarthy H, Gu X, Enge M, Dai X, Wang Y, Damond N, et al.
Converting adult pancreatic islet alpha cells into beta cells by targeting both
Dnmt1 and arx. Cell Metab (2017) 25(3):622–34. doi: 10.1016/j.cmet.
2017.01.009

68. Camunas-Soler J, Dai XQ, Hang Y, Bautista A, Lyon J, Suzuki K, et al. Patch-
seq links single-cell transcriptomes to human islet dysfunction in diabetes. Cell
Metab (2020) 31(5):1017–1031. e4. doi: 10.1016/j.cmet.2020.04.005

69. Dai C, Hang Y, Shostak A, Poffenberger G, Hart N, Prasad N, et al. Age-
dependent human b cell proliferation induced by glucagon-like peptide 1 and
calcineurin signaling. J Clin Invest (2017) 127(10):3835–44. doi: 10.1172/
JCI91761

70. Wilson ME, Kalamaras JA, German MS. Expression pattern of IAPP and
prohormone convertase 1/3 reveals a distinctive set of endocrine cells in the
embryonic pancreas. Mech Dev (2002) 115(1):171–6. doi: 10.1016/S0925-4773(02)
00118-1

71. Segerstolpe A, Palasantza A, Eliasson P, Andersson EM, Andreasson AC, Sun X,
et al. Single-cell transcriptome profiling of human pancreatic islets in health and type 2
diabetes. Cell Metab (2016) 24(4):593–607. doi: 10.1016/j.cmet.2016.08.020

72. Fang Z, Weng C., Li H., Tao R., Mai W., Liu X., et al. Single-cell
heterogeneity analysis and CRISPR screen identify key b-Cell-Specific disease
genes. Cell Rep (2019) 26(11):3132–3144.e7. doi: 10.1016/j.celrep.2019.02.043

73. Dai X-Q, Camunas-Soler J, Briant LJB, Santos dos T, Spigelman AF, Walker
EM, et al. Heterogenous impairment ofa cell function in type 2 diabetes is linked to cell
maturation state. Cell Metab (2022) 34(2):256–268.e5. doi: 10.1016/j.cmet.2021.12.021

74. Larger E, Albrechtsen Wewer NJ, Hansen LH, Gelling RW, Capeau J,
Deacon CF, et al. Pancreatic a-cell hyperplasia and hyperglucagonemia due to a
glucagon receptor splice mutation. Endocrinology Diabetes Metab Case reports 2016
(2016) p:16–0081. doi: 10.1530/EDM-16-0081

75. Gelling RW, Du XQ, Dichmann DS, Romer J, Huang H, Cui L, et al. Lower
blood glucose, hyperglucagonemia, and pancreatic alpha cell hyperplasia in
glucagon receptor knockout mice. Proc Natl Acad Sci U.S.A. (2003) 100(3):1438–
43. doi: 10.1073/pnas.0237106100

76. Sloop KW, Cao JXC, Siesky AM, Zhang HY, Bodenmiller DM, Cox AL, et al.
Hepatic and glucagon-like peptide-1–mediated reversal of diabetes by glucagon
receptor antisense oligonucleotide inhibitors. J Clin Invest (2004) 113(11):1571–81.
doi: 10.1172/JCI20911

77. Dean ED, Li M, Prasad N, Wisniewski SN, Deylen Von A, Spaeth J, et al.
Interrupted glucagon signaling reveals hepatic a cell axis and role for l-glutamine
in a cell proliferation. Cell Metab (2017) 25(6):1362–1373.e5. doi: 10.1016/
j.cmet.2017.05.011

78. Kim J, Okamoto H, Huang Z, Anguiano G, Chen S, Liu Q, et al. Amino acid
transporter Slc38a5 controls glucagon receptor inhibition-induced pancreatic a cell
hyperplasia in mice. Cell Metab (2017) 25(6):1348–1361.e8. doi: 10.1016/
j.cmet.2017.05.006
frontiersin.org

https://doi.org/10.1172/jci.insight.129452
https://doi.org/10.1210/en.2016-1302
https://doi.org/10.1210/en.2016-1302
https://doi.org/10.1016/j.cmet.2019.08.009
https://doi.org/10.1210/jcem-61-3-472
https://doi.org/10.1016/S0021-9258(17)32241-X
https://doi.org/10.1038/302716a0
https://doi.org/10.1016/S0021-9258(18)67561-1
https://doi.org/10.1177/33.10.3900195
https://doi.org/10.1007/BF00500625
https://doi.org/10.1016/S0021-9258(19)39030-1
https://doi.org/10.1016/0009-8981(87)90349-4
https://doi.org/10.1530/acta.0.1140531
https://doi.org/10.1530/JOE-11-0094
https://doi.org/10.1210/me.2004-0350
https://doi.org/10.1210/me.2004-0350
https://doi.org/10.1152/ajpgi.1995.269.6.G852
https://doi.org/10.2337/diabetes.48.10.1979
https://doi.org/10.1021/acs.jproteome.1c00463
https://doi.org/10.2337/db07-0563
https://doi.org/10.2337/db07-0563
https://doi.org/10.1021/pr400115q
https://doi.org/10.1007/s00125-012-2716-9
https://doi.org/10.1007/s00125-011-2080-1
https://doi.org/10.1007/s00125-011-2181-x
https://doi.org/10.1007/s00125-011-2181-x
https://doi.org/10.3892/ijmm.2015.2207
https://doi.org/10.1016/j.celrep.2020.107904
https://doi.org/10.1113/jphysiol.2010.200345
https://doi.org/10.1074/jbc.M109.069195
https://doi.org/10.1007/s00424-016-1864-z
https://doi.org/10.2337/db12-1686
https://doi.org/10.1016/j.cmet.2017.01.009
https://doi.org/10.1016/j.cmet.2017.01.009
https://doi.org/10.1016/j.cmet.2020.04.005
https://doi.org/10.1172/JCI91761
https://doi.org/10.1172/JCI91761
https://doi.org/10.1016/S0925-4773(02)00118-1
https://doi.org/10.1016/S0925-4773(02)00118-1
https://doi.org/10.1016/j.cmet.2016.08.020
https://doi.org/10.1016/j.celrep.2019.02.043
https://doi.org/10.1016/j.cmet.2021.12.021
https://doi.org/10.1530/EDM-16-0081
https://doi.org/10.1073/pnas.0237106100
https://doi.org/10.1172/JCI20911
https://doi.org/10.1016/j.cmet.2017.05.011
https://doi.org/10.1016/j.cmet.2017.05.011
https://doi.org/10.1016/j.cmet.2017.05.006
https://doi.org/10.1016/j.cmet.2017.05.006
https://doi.org/10.3389/fendo.2022.934775
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Holter et al. 10.3389/fendo.2022.934775
79. Lee YS, Lee C, Choung JS, Jung HS, Jun HS. Glucagon-like peptide 1
increases beta-cell regeneration by promoting alpha- to beta-cell
transdifferentiation. Diabetes (2018) 67(12):2601–14. doi: 10.2337/db18-0155

80. Zhang Z, Hu Y, Xu N, Zhou W, Yang L, Chen R, et al. A new way for beta
cell neogenesis: Transdifferentiation from alpha cells induced by glucagon-like
peptide 1. J Diabetes Res (2019) 2019:2583047. doi: 10.1155/2019/2583047

81. Collombat P, Xu X, Ravassard P, Sosa-Pineda B, Dussaud S, Billestrup N,
et al. The ectopic expression of Pax4 in the mouse pancreas converts progenitor
cells into alpha and subsequently beta cells. Cell (2009) 138(3):449–62. doi:
10.1016/j.cell.2009.05.035

82. Thorel F, Nepote V, Avril I, Kohno K, Desgraz R, Chera S, et al. Conversion
of adult pancreatic alpha-cells to beta-cells after extreme beta-cell loss. Nature
(2010) 464(7292):1149–54. doi: 10.1038/nature08894

83. Galsgaard KD, Winther-Sørensen M, Ørskov C, Kissow H, Poulsen SS,
Vilstrup H, et al. Disruption of glucagon receptor signaling causes
hyperaminoacidemia exposing a possible liver-alpha-cell axis. Am J Physiology-
Endocrinology Metab (2018) 314(1):E93–E103. doi: 10.1152/ajpendo.00198.2017

84. Moffett RC, Vasu S, Thorens B, and Drucker DJ, Flatt PR. Incretin receptor
null mice reveal key role of GLP-1 but not GIP in pancreatic beta cell adaptation to
pregnancy. PloS One (2014) 9(6):e96863. doi: 10.1371/journal.pone.0096863

85. Muscelli E, Mari A, Casolaro A, Camastra S, Seghieri G, Gastaldelli A, et al.
Separate impact of obesity and glucose tolerance on the incretin effect in normal
subjects and type 2 diabetic patients. Diabetes (2008) 57(5):1340–8. doi: 10.2337/
db07-1315

86. O'Malley TJ, Fava GE, Zhang Y, Fonseca VA, Wu H. Progressive change of
intra-islet GLP-1 production during diabetes development. Diabetes Metab Res Rev
(2014) 30(8):661–8. doi: 10.1002/dmrr.2534

87. Rask E, Olsson T, Soderberg S, Johnson O, Seckl J, Holst JJ, et al. Impaired
incretin response after a mixed meal is associated with insulin resistance in
nondiabetic men. Diabetes Care (2001) 24(9):1640–5. doi: 10.2337/diacare.24.9.1640

88. Richards P, Pais R, Habib AM, Brighton CA, Yeo GS, Reimann F, et al. High
fat diet impairs the function of glucagon-like peptide-1 producing l-cells. Peptides
(2016) 77:21–7. doi: 10.1016/j.peptides.2015.06.006

89. Toft-Nielsen MB, Damholt MB, Madsbad S, Hilsted LM, Hughes TE,
Michelsen BK, et al. Determinants of the impaired secretion of glucagon-like
peptide-1 in type 2 diabetic patients. J Clin Endocrinol Metab (2001) 86(8):3717–
23. doi: 10.1210/jcem.86.8.7750

90. Vilsboll T, Krarup T, Deacon CF, Madsbad S, Holst JJ. Reduced postprandial
concentrations of intact biologically active glucagon-like peptide 1 in type 2 diabetic
patients. Diabetes (2001) 50(3):609–13. doi: 10.2337/diabetes.50.3.609

91. Nauck M, Stöckmann F, Ebert R, Creutzfeldt W. Reduced incretin effect in
type 2 (non-insulin-dependent) diabetes. Diabetologia (1986) 29(1):46–52.
doi: 10.1007/BF02427280

92. Farilla L, Bulotta A, Hirshberg B, Calzi Li S, Khoury N, Noushmehr H, et al.
Glucagon-like peptide 1 inhibits cell apoptosis and improves glucose
responsiveness of freshly isolated human islets. Endocrinology (2003) 144
(12):5149–58. doi: 10.1210/en.2003-0323

93. Wang Q, Li L, Xu E, Wong V, Rhodes C, Brubaker P, et al. Glucagon-like
peptide-1 regulates proliferation and apoptosis via activation of protein kinase b in
pancreatic INS-1 beta cells. Diabetologia (2004) 47(3):478–87. doi: 10.1007/s00125-
004-1327-5

94. Miao X-Y, Gu Z.-Y, Liu P, Hu Y, Li L, Gong YP, et al. The human glucagon-
like peptide-1 analogue liraglutide regulates pancreatic beta-cell proliferation and
apoptosis via an AMPK/mTOR/P70S6K signaling pathway. Peptides (2013) 39:71–9.
doi: 10.1016/j.peptides.2012.10.006

95. Liu Z, Stanojevic V, Avadhani S, and Yano T, Habener JF. Stromal cell-
derived factor-1 (SDF-1)/chemokine (C-X-C motif) receptor 4 (CXCR4) axis
activation induces intra-islet glucagon-like peptide-1 (GLP-1) production and
enhances beta cell survival. Diabetologia (2011) 54:2067–76. doi: 10.1007/s00125-
011-2181-x
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