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Abstract

Glucose-dependent insulinotropic polypeptide (GIP) is an intestinally derived peptide that is
secreted in response to feeding. The GIP receptor (GIPR) is expressed in many cell types involved
in the regulation of metabolism, including a.- and p-cells. Glucagon and insulin exert tremendous
control over glucose metabolism. Thus, GIP action in islets strongly dictates metabolic control in
the postprandial state. Loss of GIPR activity in B-cells is a characteristic of type 2 diabetes (T2D)
which associates with reduced postprandial insulin secretion and hyperglycemia. Less is known
about GIPR activity in a-cells or the control of glucagon secretion. GIP stimulates glucagon
secretion in a glucose-dependent manner in healthy people, with enhanced activity at lower
glycemia. However, GIP stimulates glucagon secretion even at hyperglycemia in people with T2D,
suggesting that inappropriate GIPR activity in a-cells contributes to the pathogenesis of T2D.
Here, we review the literature describing GIP action and GIPR activity in the a-cell, detailing the
basic science that has shaped the view of how GIP regulates glucagon secretion. We also contrast
the effects of GIP on glucagon secretion in healthy and T2D people. Finally, we contextualize
these observations in light of recent work that redefines the role of glucagon in glucose
homeostasis, suggesting that hyperglucagonemia per se does not drive hyperglycemia. As new
medications for T2D that incorporate GIPR activity are being developed, it is clear that a better
understanding of GIPR activity beyond the B-cell is necessary. This work highlights the
importance of focusing on the GIPR in a-cells.
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1. GIP, the first incretin

Glucose dependent insulinotropic polypeptide (GIP) was the first intestinally derived peptide
described to stimulate insulin secretion, fulfilling the namesake role of an incretin peptide
[1]. Subsequently, glucagon-like peptide 1 (GLP-1) was identified as another incretin
hormone [2], positioning GIP and GLP-1 as sister peptides in the control of glucose
homeostasis for the past 30 years [3]. GLP-1 has received considerably more research
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interest over this time period, in part owing to the tremendous clinical success in the
treatment of type 2 diabetes (T2D). Indeed, GIP is often considered the less potent,
redundant peptide that fails to stimulate insulin secretion in people with T2D [4]. One
differentiating factor between GIP and GLP-1 is their influence on a-cell function: whereas
GIP stimulates glucagon secretion, GLP-1 reduces it [5]. Because elevated glucagon levels
are often associated with T2D [6], the ability for GLP-1 to inhibit a-cell function has
contributed to the therapeutic development of GLP-1 receptor (GLP-1R) agonists [7]. This
narrative has also decreased the enthusiasm for developing GIP receptor (GIPR) agonists for
T2D treatment, in fear of exaggerating hyperglucagonemia. This has also decreased the
attention given to studying the biological relevance of GIPR in a-cells, creating a gap in
knowledge relative to our extensive understanding of incretin receptor activity in p-cells.
Here, we will review the available data describing the actions of GIP in a-cells and the
potential implications these have for glucose homeostasis.

2. GIPR activity in p-cells

The insulinotropic actions of both GLP-1R and GIPR are dependent upon activated p-cells,
which is typically defined as elevated glucose levels. GLP-1 and GIP are the only known
peptides to fulfill the definition of incretin peptides, which drives insulin secretion in
response to oral nutrient intake. The incretin effect accounts for up to 70 % of postprandial
insulin secretion in healthy humans and decreases to about 30 % in people with T2D [8].
The expression and activity of both GIPR and GLP-1R in p-cells decreases in response to
metabolic stress that mimics the environment of T2D [4,9-11], although the GIPR often
appears to be the more sensitive to metabolic stress. Moreover, while physiological
concentrations of either GIP or GLP-1 demonstrate reduced insulinotropic actions in people
with T2D or preclinical models of hyperglycemia, pharmacological levels of GLP-1
continue to stimulate insulin secretion, whereas pharmacological levels of GIP do not [4].
Consequently, the reduced incretin effect manifested in T2D has been attributed to the
reduction in GIPR activity in p-cells. Indeed, recent studies utilizing GIPR and GLP-1R
antagonists in healthy subjects have concluded that GIP is the predominant physiological
incretin with respect to insulin secretion [12,13], consistent with the observation that
reductions in GIPR activity in p-cells correlates with reduced p-cell activity. This has led to
a reemergence in interest in understanding the biological significance of GIP in both healthy
states and the pathogenesis of T2D [14]. In parallel, the development of multi-receptor
agonists that target the GIPR have shown promising initial results in lowering body weight
in patients with T2D [15], suggesting that including GIPR as a target in diabetes
interventions may exploit new potential mechanisms beyond what is achieved by GLP-1R
monoagonists. Whether these mechanisms include additional activity in the B-cell beyond
what is achieved by GLP-1R activity or involve non-B-cell GIPR mechanisms remains to be
seen. Cell types that express the GIPR, but not the GLP-1R, include adipocytes and the a.-
cell. In these cell types, GIPR activity and the resulting metabolic actions have been alluded
to by associations but have not been clearly defined.
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3. An overview of the metabolic role of glucagon

Glucagon secretion by a-cells is most commonly ascribed to occur during hypoglycemia as
a counterregulatory action to elevate glycemia. Consequently, a decrease in glucose levels is
the most cited mechanism to stimulate a-cells and glucagon secretion. In addition, amino
acids are often used both in vivo and ex vivo as potent glucagon secretagogues. Glucagon
receptors are highly expressed on hepatocytes, where activation drives glycogenolysis and
gluconeogenesis to enhance endogenous glucose production. Additionally, both fasting and
postprandial glucagon levels are elevated in people with T2D relative to healthy people, and
glucagon receptor antagonists lower glycemia in people with T2D [7]. These observations
have subsequently positioned glucagon as a hyperglycemic agent that contributes to the
pathogenesis of T2D, driving several efforts to develop therapeutic strategies that reduce
glucagon activity that has spanned nearly four decades [16,17]. However, glucagon receptors
have been reported in many other cell types beyond hepatocytes, including adipocytes and p-
cells, and glucagon signaling in these cell types has the potential to be beneficial for T2D,
through mechanisms that increase energy expenditure, induce satiety, and stimulate insulin
secretion [7]. The potential metabolic actions of glucagon beyond the regulation of
endogenous glucose production has sparked the development of agents that enhance
glucagon receptor activity, often in combination with GLP-1R agonism [18]. AS a result,
both approaches, glucagon antagonism and glucagon agonism, are being explored with the
shared goal of treating diabetic hyperglycemia.

4. Repositioning glucagon action in the control of glucose homeostasis

Numerous recent reports have described the insulinotropic properties of glucagon through
paracrine interactions between a.- and p-cells. The glucagon receptor (GCGR) is expressed
in B-cells at comparable levels to GIPR and GLP-1R, and all three receptors are class B G-
protein coupled that utilize Gas to stimulate the production of cAMP. Thus, glucagon would
be expected to stimulate insulin secretion through mechanisms that are similar to incretin
peptides. In fact, glucagon-stimulated insulin secretion was reported well before the
discovery of incretin peptides [19]. Notably, the insulinotropic actions of glucagon are
predominately mediated through the GLP-1R, although some activity is manifested by the
GCGR [20-22]. The close proximity of a- and p-cells positions a-cells to influence B-cell
function, evident by the observation that paracrine interactions between these two cell types
dictates the glycemic set point of an organism [23]. Impairing a-cell input, facilitated by
proglucagon peptide action, to the p-cell by using glucagon null mice reduces overall p-cell
tone, reducing insulin secretion in response to glucose, amino acids, and depolarizing agents
in isolated islets [21]. Preventing a- to §-cell communication in vivo also reduces insulin
secretion in response to glucose or amino acids and results in impaired glucose homeostasis
[21,24,25]. Interestingly, there is limited evidence for increased susceptibility to fasting- or
insulin-induced hypoglycemia when glucagon signaling is interupted [24,26], demonstrating
that impairment of a-cell function has a greater impact on postprandial conditions. These
observations have forced the field to reconsider how a-cell activity influences postprandial
glucose metabolism and question the dogma that enhanced a-cell activity exclusively causes
hyperglycemia.
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5. GIPR expression and function in a-cells

The GIPR is expressed in all three major endocrine cells of the pancreatic islet: a-cells, p-
cells, and &-cells [27]. GIPR expression in rodent and human a-cells has been demonstrated
by detection of mMRNA [28] and protein [28,29], and through single cell RNA sequencing
[30,31]. Functionally, GIP has been shown to increase cCAMP concentrations in isolated a-
cells [28] and the a TCL1 cell line [29], and to activate cCAMP/PKA sensitive pathways,
increase calcium concentrations, and enhance depolarization-evoked glucagon secretion
[32]. Similar to insulin secretion in B-cells, dynamic changes in cCAMP in a-cells is acutely
linked to glucagon secretion [33,34]. Thus, there is substantial evidence that both rodent and
human a-cells express a functional GIPR capable of modulating a-cell activity.

6. GIP stimulation of glucagon; evidence from preclinical models

The suppression of glucagon levels is lower in response to oral glucose rather than
intravenous glucose administration [35], suggesting that a gut-derived factor prevents the
ability for glucose to suppress a-cell activity. Since GLP-1 suppresses glucagon secretion
[36], and GIP stimulates glucagon secretion, that gut-derived factor has been speculated to
be GIP. However, this hypothesis has not been formally tested. Surprisingly, there is little
preclinical evidence to demonstrate that GIPR activation in a-cells stimulates glucagon
secretion. GIP has been shown to stimulate glucagon release in a TC1 cells [29] and in
perfused rat pancreas models [37-39]. The latter utilized a GIPR antagonist (GIP (3-
30)NH,) to demonstrate that glucagon secretion in response to GIP can be prevented,
providing some level of specificity. While the available evidence points to a direct effect of
GIP on a-cells, studies utilizing a-cell GIPR knockouts have not yet been conducted.
Interestingly, in the perfused rat pancreas, GIP only stimulated glucagon secretion at low
glucose (4.4 mM) and not at postprandial glucose concentrations (8.9 mM) [38]. These data
suggest that GIPR activity in the a-cell is glucose-dependent, similar to what is described
for incretin receptor activity in p-cells. However, the key difference is that in a-cells, GIP is
more effective at stimulating glucagon secretion when glucose concentrations are lower,
whereas in B-cells, GIP is more effective at stimulating insulin secretion when glucose
concentrations are higher. Elevated glucose facilitates p-cell activity, while lowered glucose
levels facilitate a-cell activity, indicating that GIPR action in both cell types is dependent
upon readiness of the cell, more so than the glucose levels alone. It is also possible that the
signaling mechanisms of GIPR are different in a.- versus B-cells. However, GIPR activity in
a-cells is thought to signal through cAMP/PKA pathways [28,32], a pathway that is glucose
dependent in B-cells [40]. Thus, an a-cell specific mechanism for GIPR activity would
involve a cAMP/PKA signaling pathway that differs from that of p-cells. While this is
possible, it seems unlikely. A more likely explanation is that GIPR uses cCAMP/PKA to
potentiate activated a-cells, which occurs when glucose levels are low enough. Indeed,
elevating glucose levels increases the overall tone of the both B-cells and &-cells, both of
which are known to impair a-cell activity through either f-to-a cell interactions [41-43] or
&-to-a cell interactions [44,45]. Pharmacological doses of GIP (1-10 nM) have been shown
to stimulate somatostatin secretion from the &-cells in the islet [37,46] and somatostatin
secretion is marginally increased by hyperglycemia [46]. In turn, somatostatin inhibits GIP
secretion from the gut [47], with mixed reports on its effect on glucagon secretion from
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neighboring a-cells [48]. Overall, the paracrine effect would imply that GIPR activity in a-
cells is subject to the net inhibitory tone from neighboring p- and &-cells, and that elevated

glucose levels provide sufficiently high inhibitory tone to prevent GIP-stimulated glucagon

secretion.

7. GIP stimulation of glucagon in healthy people

GIP has consistently been demonstrated to increase circulating glucagon concentrations in
healthy people [49,50] (Fig. 1). In subjects fasted overnight, GIP increased glucagon levels
in a dose-dependent manner, up to three-fold at a dose of 60 pmol/kg [49]. Similar to the
preclinical evidence, the ability for GIP to stimulate glucagon secretion in healthy humans is
glucose-dependent. GIP infusion (0.8 pmol/kg/min) failed to stimulate glucagon secretion
during a hyperglycemic clamp [4]. This was clearly established through cross-over studies in
healthy subjects where GIP was infused (4 pmol/kg/min) during a hypoglycemic,
euglycemic, or hyperglycemic clamp [50]. Insulin secretion in response to GIP increased
proportionally with elevated glycemia, fitting with the expected outcomes for p-cell function
and serving as a positive control. GIP stimulated glucagon secretion at hypoglycemia (2.5
mM glucose) and euglycemia (5 mM glucose) but failed to do so at hyperglycemia (12.5
mM glucose). Interestingly, GIP-stimulated glucagon secretion was modest at both
euglycemia and hypoglycemia, increasing circulating levels by ~3 pM versus saline control.
For context, the hypoglycemia stimuli in these studies increase glucagon levels by ~30 pM,
while hyperglycemia decrease levels by ~5 pM. Thus, the physiological significance of GIP-
stimulated glucagon secretion remains to be established.

8. GIP stimulation of glucagon in people with T2D

The circulating concentrations of GIP in people with T2D are reported to be elevated after
fasting and in response to oral or mixed nutrient stimuli [51]. The ability for GIP to
stimulate insulin secretion in people with T2D is reduced compared to healthy controls [52].
On the other hand, GIP retains the ability to stimulate glucagon secretion in people with
T2D [51,53,54]. Furthermore, unlike what is reported in healthy people, subjects with T2D
demonstrate increased glucagon secretion in response to GIP when glucose concentrations
are elevated [4]. During intravenous glucose administration to achieve plasma glucose
concentrations of ~15 mM, GIP infusion (4 pmol/kg/min) increased glucagon levels by ~2
pM [53]. Interestingly, GLP-1 reduced glucagon levels in these studies, and the combination
of GIP and GLP-1 counteracted each other to produce no change in glucagon levels.
Subsequent studies reiterated the combined effects of GIP and GLP-1 in fasting,
hyperglycemic T2D subjects, showing that GIP elevates glucagon concentrations, GLP-1
reduces glucagon concentrations, while the combination yielded glucagon concentrations
comparable to control conditions [54]. A comparison of the glucagonotropic properties of
GIP at hypoglycemia, euglycemia, and hyperglycemia in patients with T2D demonstrated
that GIP is able to produce comparable increases in glucagon concentrations at all glycemic
levels [55]. Similar to healthy subjects, the effect sizes were modest (< 5 pM increases)
relative to the dynamic changes induced by glycemia alone. Still, these collective data sets
indicate that the glucose-dependency of GIP-stimulated glucagon secretion does not hold in
people with T2D.
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One potential explanation of why GIP stimulates glucagon secretion at hyperglycemia in
people with T2D and not healthy subjects is the difference in GIP-stimulated insulin
secretion between these two populations (Fig. 2). Indeed, it is well documented that GIP is
significantly less insulinotropic in people with T2D [4,54], owing to the decrease in GIPR
expression in B-cells that results from chronic hyperglycemia and metabolic stress [4,9-11].
Activation of B-cells increases in the inhibitory tone on a-cells, reducing the amount of
glucagon secretion basally and in response to a-cell secretagogues [56]. Thus, it is plausible
that GIPR activity in p-cells in healthy people provides sufficient inhibitory tone on the a-
cell to prevent GIPR stimulated glucagon secretion. Loss of GIPR B-cell activity in T2D
would dampen this inhibitory tone and permit GIP-stimulated glucagon secretion. This
hypothesis is amendable to testing in patients with type 1 diabetes (T1D), where p-cell GIPR
activity cannot contribute to overall islet tone. During a hypoglycemic clamp in c-peptide
negative T1D subjects, GIP infusion (4 pmol/kg/min) elevated glucagon levels, increased
endogenous glucose production, and decreased the glucose infusion rate [57]. However,
when GIP was infused (4 pmol/kg/min) at euglycemia (~7 mM) or hyperglycemia (~11 mM)
in T1D patients, GIP failed to increase glucagon levels [58]. Thus, the glucose-dependency
of GIP-stimulated glucagon secretion is retained in people with c-peptide negative T1D.
This suggests that factors beyond impaired B-cell function or reduced p-cell GIPR
expression dictate the ability for GIP to stimulate glucagon secretion at elevated glycemia in
T2D. T2D is manifested by both a-cell dysfunction [59] and extrapancreatic metabolic
dysfunction [60], suggesting the both direct and indirect factors could contribute to alter
GIPR a-cell activity in T2D.

9. Lessons from GWAS studies

Genome wide association studies (GWAS) have identified relationships between genetic
variation in the G/PR and changes in glucose homeostasis, insulin secretion, and body mass
index (BMI) [61,62]. A detailed characterization of one single nucleotide polymorphism
(SNP) (rs10423929) demonstrated an association between the A-allele carrier and impaired
GIP-stimulated insulin secretion, indicating the SNP leads to loss of GIPR function [63].
GIPR gene expression was decreased in islets from carriers of the A allele, to the same
degree seen in G/PR expression in islets from T2D relative to nondiabetic donors. This SNP
is also associated with reductions in BMI, lean body mass, and waist circumference.
Consequently, it is difficult to determine if the reductions in insulin secretion are primary or
secondary to the reduced body weight. Twelve individual studies were conducted in
populations that contain this SNP [61-73], of which one reported glucagon levels [63]. In
Supplementary Table 1 of this paper, fasting glucagon levels (n = 1018) and glucagon
concentrations 120 min following an oral glucose tolerance test (n = 989) did not differ
between genotypes. However, carriers of the A allele had lower fasting glucagon levels with
an adjusted p value of 0.053 [63]. Whether a sufficiently powered sample size would
demonstrate reduced glucagon values in people that have the loss of function G/PR allele
remains to be seen. Moreover, understanding the physiological significance of this for
glucose tolerance and/or weight is unknown.

Peptides. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

El and Campbell Page 7

10. Conclusions

The biological actions of incretin hormones are centered on their contribution to glucose-
stimulated insulin secretion. However, it has become abundantly clear that GLP-1 is
involved in many processes beyond stimulation of p-cell activity [3]. As more attention is
being given to GIP, a similar number of non-p-cell actions are being described. Activity of
GIPR in tissues types like white adipocytes [74], brown adipocytes [75], cardiomyocytes
[76], and bone [77] is still being investigated within the framework of metabolic disease.
While the phenomenon of GIP-stimulated glucagon secretion is well established, the
mechanisms that regulate this process are still unclear. Moreover, the contribution of GIPR
activity in a-cells to overall metabolism is altogether unknown. It is imperative to elucidate
these contributions in both healthy individuals and in the setting of metabolic dysfunction.
As discussed above, the metabolic role of glucagon is being reevaluated and expanded
beyond its counterregulatory role and the prevention of hypoglycemia [56]. This transitional
period has produced a phase marked by equal efforts aiming to both antagonize and enhance
glucagon action for the treatment of metabolic dysfunction. It is remarkable to note that the
parallel situation has emerged for therapeutic efforts centered on GIP: whereas antagonism
of the GIPR improves glucose tolerances and prevents weight gain [78-80], so do GIPR
agonists [15,81,82]. Thus, the only conclusion from this dichotomy is that a strong need
exists to better understand how GIPR signaling influences metabolism. Investigating GIPR
activity in the a-cell presents an opportunity to target the conundrums of both glucagon and
GIP simultaneously.
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Fig. 1.

GIP stimulates glucagon secretion in a glucose-dependent manner. Stimulation of glucagon
secretion by GIP is more potent at lower glucose concentrations than at higher glucose
concentrations. On the other hand, GIP-stimulated insulin section only occurs at high
glucose concentrations. The suppressed ability for GIP to stimulate glucagon secretion at
high glucose may be due to increased inhibitory tone from p-cells, which suppress a-cell
activity and thereby limit GIP-stimulated glucose secretion. Abbreviations: HGP = hepatic
glucose production; BG = blood glucose.
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Fig. 2.

Mgchanisms of altered GIP-stimulated glucagon secretion in T2D hyperglycemia. GIP does
not stimulate glucagon secretion when glucose levels are elevated in a healthy individual.
However, in people with T2D, GIP does stimulate glucagon secretion at hyperglycemia. The
observation that GIP stimulates glucagon secretion even at hyperglycemia in people with
T2D is possibly due to (1) reduced inhibitory tone via paracrine effects of insulin from f-
cells, as people with T2D have reduced p-cell function. Alternatively, GIP may stimulate
hyperglycemia in people with T2D because of (2) intrinsic changes in the a-cell that permit
GIPR activity at all glucose levels. The phenomenon would suggest impaired a-cell activity
is the characteristic of T2D. These are not mutually exclusive explanations, and both may
contribute to the altered GIPR a-cell activity in T2D.
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