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Genetic activation of a-cell glucokinase in mice
causes enhanced glucose-suppression of
glucagon secretion during normal and diabetic
states
Varun Bahl 1,2, Catherine Lee May 1,2, Alanis Perez 1,2, Benjamin Glaser 3, Klaus H. Kaestner 1,2,*
ABSTRACT

Objective: While the molecular events controlling insulin secretion from b-cells have been documented in detail, the exact mechanisms
governing glucagon release by a-cells are understood only partially. This is a critical knowledge gap, as the normal suppression of glucagon
secretion by elevated glucose levels fails in type 2 diabetes (T2D) patients, contributing to hyperglycemia through stimulation of hepatic glucose
production. A critical role of glycolytic flux in regulating glucagon secretion was supported by recent studies in which manipulation of the activity
and expression of the glycolytic enzyme glucokinase altered the setpoint for glucose-suppression of glucagon secretion (GSGS). Given this
precedent, we hypothesized that genetic activation of glucokinase specifically in a-cells would enhance GSGS and mitigate T2D
hyperglucagonemia.
Methods: We derived an inducible, a-cell-specific glucokinase activating mutant mouse model (GckLoxPGck*/LoxPGck*; Gcg-CreERT2; henceforth
referred to as “a-mutGCK”) in which the wild-type glucokinase gene (GCK) is conditionally replaced with a glucokinase mutant allele containing
the ins454A activating mutation (Gck*), a mutation that increases the affinity of glucokinase for glucose by almost 7-fold. The effects of a-cell
GCK activation on glucose homeostasis, hormone secretion, islet morphology, and islet numbers were assessed using both in vivo and ex vivo
assays. Additionally, the effect of a-cell GCK activation on GSGS was investigated under diabetogenic conditions of high-fat diet (HFD) feeding that
dysregulate glucagon secretion.
Results: Our study shows that a-mutGCK mice have enhanced GSGS in vivo and ex vivo, independent of alterations in insulin levels and
secretion, islet hormone content, islet morphology, or islet number. a-mutGCK mice maintained on HFD displayed improvements in glucagonemia
compared to controls, which developed the expected obesity, glucose intolerance, elevated fasting blood glucose, hyperinsulinemia, and
hyperglucagonemia.
Conclusions: Using our novel a-cell specific activation of GCK mouse model, we have provided additional support to demonstrate that the
glycolytic enzyme glucokinase is a key determinant in glucose sensing within a-cells to regulate glucagon secretion. Our results contribute to our
fundamental understanding of a-cell biology by providing greater insight into the regulation of glucagon secretion through a-cell intrinsic
mechanisms via glucokinase. Furthermore, our HFD results underscore the potential of glucokinase as a druggable target which, given the
ongoing development of allosteric glucokinase activators (GKAs) for T2D treatment, could help mitigate hyperglucagonemia and potentially
improve blood glucose homeostasis.
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1. INTRODUCTION

Maintaining blood glucose homeostasis is a central metabolic chal-
lenge in mammals and is regulated mainly by the opposing but co-
ordinated action of glucagon-producing a-cells and insulin-
producing b-cells within the endocrine pancreas [1]. Disturbances
in this regulatory network cause metabolic disorders, such as type 2
diabetes mellitus (T2D), whose prevalence, comorbidities, and
medical costs constitute a significant public health concern [2,3].
Although the defining physiological abnormalities underlying T2D are
an inappropriately low insulin secretory response to elevated glucose
levels and insulin resistance, patients with T2D also exhibit hyper-
glucagonemia, which exacerbates hyperglycemia through stimulation
of hepatic glucose production [4,5]. Over the past few decades, there
have been significant advances in our understanding of b-cell
stimulus-secretion coupling, particularly in the cellular pathways
involved in controlling glucose-stimulated insulin secretion (GSIS)
and insulin action on its target cells [6]. However, the molecular
mechanisms underlying dysregulated glucagon secretion in T2D
remain poorly understood.
Recently, the contribution of elevated glucagon levels to hyperglycemia
in T2D individuals has regained attention, due in part to the reported
glucagon-suppressive effects of antidiabetic agents, such as dipeptidyl
peptidase-4 inhibitors and glucagon-like peptide-1 receptor agonists
[7,8]. In addition, ablation of glucagon receptor signaling by admin-
istration of glucagon receptor antagonists has been shown to improve
glycemic control in several animal models of diabetes [9,10]. Collec-
tively, these studies have led to investment in the development of
agents targeting inhibition of glucagon secretion or action [11e13].
However, there is still no consensus regarding the relative contribution
of nutrients, hormones, and cellular pathways to the regulation of
glucagon secretion from a-cells, with multiple fundamentally different
mechanisms having been suggested [14,15]. For instance, autocrine
regulation of glucagon secretion in a-cells by glucagon itself, as well
as by glutamate that is co-released with glucagon, have been pro-
posed to potentiate a-cell secretory activity by raising cAMP levels or
[Ca2þ]i, respectively [16,17]. Additionally, paracrine control of
glucagon release in a-cells by neighboring b-cells and d-cells is
thought to also play a critical role. Thus, insulin, Zn2þ, and GABA, all
secreted by b-cells, have been reported to suppress glucagon
secretion by hyperpolarizing a-cells and lowering [Ca2þ]i [18e21].
Lastly, a combination of insulin, as well as somatostatin e secreted by
d-cells e has likewise been proposed as a paracrine mediator of
glucagon release by two independent signaling mechanisms that lower
a-cell cAMP and decrease PKA phosphorylation [22].
Some studies have been carried out in recent years to investigate the
role of glucokinase in glucose-suppression of glucagon secretion
(GSGS). First, Basco et al. showed that mice with a-cell-specific
ablation of GCK have impaired GSGS e which supports a direct effect
of glucose levels in regulating glucagon secretion via cell-autonomous
signaling mechanisms [23]. These authors concluded that defects in
glucokinase expression or enzymatic activity may contribute to the
aberrant glucagon secretion observed in T2D individuals, and that
additional characterization of a-cell glucokinase activity and its
regulation in diabetic conditions could provide novel insights into
ameliorating T2D hyperglucagonemia. Second, a recent study by
Moede et al. demonstrated that manipulation of glucokinase activity
and expression in cultured single rat a-cells resulted in an altered
glucose threshold for glucagon release, further strengthening the role
of glucokinase in a-cell intrinsic glucose regulation [24]. While these
studies have highlighted a link between a-cell glucokinase and
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regulation of glucagon secretion, it remains unknown whether genetic
activation of glucokinase may enhance GSGS in vivo and mitigate
hyperglucagonemia. In our work, we have addressed this question
using a novel mouse model that permits inducible, a-cell-specific
glucokinase activation to fully understand the a-cell-intrinsic role of
glucokinase under both normal conditions and diabetogenic conditions
of high-fat diet (HFD) feeding.

2. MATERIALS AND METHODS

2.1. Mice
The derivation of the GckLoxPGck* and Gcg-CreERT2 alleles have been
reported previously [25,26]. a-mutGCK were homozygous for the
GckLoxPGck* allele. All mice were maintained on a mixed genetic
background and housed on a standard 12-h light/12-h dark cycle with
ad libitum access to food and water. Bodyweight and ad libitum blood
glucose levels were measured weekly beginning at 4 weeks of age. To
induce Cre activity, tamoxifen (SigmaeAldrich #T5648) at 50 mg/g
bodyweight was administered to 8-week-old mice via 3 intraperitoneal
(i.p.) injections at 24-h intervals. In vivo metabolic studies were con-
ducted two weeks following the final tamoxifen injection to ensure
sufficient a-cell-specific genetic modification. At this time, any in-
testinal L- and K-cells that may have undergone Cre-mediated mu-
tation of Gck have been replaced by wild-type cells continuously being
produced in the intestinal crypt [26]. All animal procedures were
approved by the University of Pennsylvania Institutional Animal Care
and Use Committee.

2.2. Glucose tolerance and insulin tolerance tests
For glucose tolerance tests, mice underwent a 16-h overnight fast and
then received an i.p. injection of 1 mg/g bodyweight of D-glucose in
sterile phosphate-buffered saline (PBS). Measurements of blood
glucose were taken at 0, 15, 30, 60, 90, and 120 min post-injection
using an automatic glucometer (Zoetis). The area under the curve
was calculated using GraphPad PRISM software (v.7.0), with the time
zero glucose measurement as the baseline. For assessment of
glucose-stimulated insulin secretion (GSIS) and glucose-suppression
of glucagon secretion (GSGS), blood was collected from the tail vein
at 0- and 5-min post-injection and placed on dry ice with aprotinin
(Sigma Aldrich #A6279; final concentration: 0.167 mg/ml) to prevent
glucagon degradation. Plasma insulin and glucagon concentrations
were quantified using enzyme-linked immunosorbent assay (ELISA,
Crystal Chem #90080; Crystal Chem #81518).
For insulin tolerance tests, mice underwent a 4-h fast and then
received an i.p. injection of 0.75 U/kg bodyweight of insulin. Mea-
surements of blood glucose were taken at 0, 15, 30, 60, and 90, min
post-injection using an automatic glucometer (Zoetis). To assess
glucagonemia under conditions of insulin-induced hypoglycemia,
blood was collected from the tail vein at 0 and 30 min post-injection,
and glucagon concentrations were quantified as described above.

2.3. Islet isolation and culture
Mouse islets were isolated using published protocols [27]. Islet
isolation required ductal inflation of the pancreas followed by digestion
with collagenase (Roche #11213873001) at 37 �C. Islets were then
enriched via density gradient centrifugation with FicollePaque (GE 45-
001-751) and underwent 3 rounds of hand-picking to separate islets
from exocrine tissue. Islets were cultured for three days prior to static
batch incubations. The culture media consisted of RPMI 1640 (11 mM
glucose; Thermo #21870076) supplemented with 10% fetal bovine
serum (FBS), 2 mM glutamine, 1 mM sodium pyruvate (Thermo
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#11360070), 10 mM HEPES, and 1% antibiotic antimycotic reagent
(ThermoFisher Scientific #15240096). The pH of the culture media was
adjusted to 7.3e7.4.

2.4. Static batch incubation
Batches of 15 size-matched islets were pre-incubated in Krebs buffer
containing 9 mM glucose for 1 h, washed and re-incubated with
9 mM glucose, followed by incubations with varying concentrations of
glucose for a period of 30 min each, in the presence of a physio-
logical 4 mM amino acid mixture. At the end of the experiment, islets
were incubated with 30 mM KCl to confirm islet viability. After each
incubation, islets were centrifuged, and supernatants removed and
stored at �80 �C with aprotinin (Sigma Aldrich #A6279; final con-
centration: 0.025 mg/ml) to prevent glucagon degradation. Finally, the
islets were lysed using NP-40 lysis buffer (0.005% NP-40; pH 8.8) for
total hormone content analysis. Static batch incubation studies were
performed in triplicate. Insulin and glucagon concentrations were
quantified using ELISA (Crystal Chem #90080; Crystal Chem #81518).

2.5. Immunofluorescent analysis
Pancreata were dissected, fixed in 4% paraformaldehyde (PFA)
overnight at 4 �C, embedded in paraffin, and cut into 6-mm sec-
tions. To obtain the maximal footprint from each mouse pancreas,
three consecutive sections spaced 250 mm apart from each other
were stained. Slides were deparaffinized in xylene and rehydrated
through a series of ethanol washes. Slides were subjected to an-
tigen retrieval for 2 h in 10 mM citric acid buffer (pH 6.0). Ethynyl
deoxyuridine (EdU) labeling was employed to detect cells that had
entered or completed S-phase. EdU (Thermo # E10187) was sup-
plied continuously for 7 days in drinking water at a concentration of
1 mg/ml. EdUþ cells were labeled using the Click-iT EdU Alexa Fluor
647 imaging kit (Invitrogen #C10640) according to the manufac-
turer’s instructions. Sections were blocked using CAS-Block (Invi-
trogen #008120), and primary antibodies were diluted in CAS-Block
and applied overnight at 4 �C. Slides were washed in PBS and
incubated with the appropriate secondary antibodies diluted in CAS-
Block for 2-h at RT. Primary and secondary antisera information is
provided in Supplementary Tables 1 and 2, respectively. Hoechst
33342 (Thermo #H3570) was used to counterstain nuclei. Staining
was visualized using a Keyence BZ-X800 fluorescence microscope,
and images were analyzed using FIJI software. a-cell proliferation
was calculated as the number of EdUþ, glucagonþ cells normalized
to the total number of glucagonþ cells. a-cell percentage was
calculated as the number of CgAþ, glucagonþ cells normalized to
the number of CgAþ cells. These sections were also co-stained for
insulin to assess b-cell proliferation and b-cell percentage using
analogous methods.

2.6. HFD studies
Baseline metabolic measurements of GTT, GSIS, and GSGS were
performed in 9- to 10-week-old male mice. One week following the
metabolic measures, these mice were switched to HFD (60% fat/kcal;
Research Diets #D12492) or maintained on standard chow for 16
weeks. After 16 weeks, metabolic measurements of GTT, GSIS, and
GSGS were obtained to validate the effect of HFD feeding on glucose
tolerance and hormone secretion. One week following these metabolic
measures, mice were administered tamoxifen via 3 i.p. injections at
24-h intervals to induce Cre activity. Mice continued the same diet for
an additional 4 weeks, after which metabolic measurements of GTT,
GSIS, and GSGS were performed.
MOLECULAR METABOLISM 49 (2021) 101193 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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2.7. Data analysis
Data are presented as mean � SEM and were analyzed using
GraphPad Prism software (v.7.0). Statistical analysis was performed
using an unpaired two-tailed Student’s t-test when two groups were
compared, one-way analysis of variance (ANOVA) with post hoc
Bonferroni test when more than two groups were compared, and two-
way ANOVA with post hoc Bonferroni test when two conditions were
involved. Values are considered statistically significant when p< 0.05.

3. RESULTS

3.1. Determination of the effects of GCK activation in a-cells on
glucose homeostasis in vivo
To determine the consequences of GCK activation on GSGS, we
generated an a-cell specific glucokinase mutant mouse that was
homozygous for the mutant GCK allele (GckLoxPGck*/LoxPGck*; Gcg-
CreERT2; henceforth referred to as “a-mutGCK”). In this model, the
wild-type glucokinase gene is conditionally replaced with a glucoki-
nase mutant allele containing the ins454A-activating mutation (Gck*),
previously demonstrated to increase the affinity of glucokinase for
glucose by almost 7-fold and lower the threshold for glucose-
stimulated insulin secretion (GSIS) [28]. Mice homozygous for the
GckLoxPGck* allele but lacking the Cre transgene served as controls.
Mice with only the Gcg-CreERT2 allele, previously demonstrated to
exhibit comparable pancreatic glucagon mRNA expression, pancreatic
glucagon protein levels, and plasma glucagon levels relative to wild-
type mice, were also utilized as controls [26]. Gcg-CreERT2 was pre-
viously shown to be highly effective at recombining loxP-flanked tar-
gets in a-cells, with YFP expression in 95% of pancreatic a-cells of
Gcg-CreERT2; Rosa-LSL-YFP mice following tamoxifen administration
[26].
a-mutGCK and control mice displayed similar body weight and ad
libitum blood glucose levels pre- and post-tamoxifen administration
(Figure 1A, B for male mice and Supplemental Figure 1A, B for female
mice). Intraperitoneal (i.p.) glucose tolerance tests conducted 2e3
weeks after the final tamoxifen injection revealed no differences be-
tween a-mutGCK and control mice (Figure 1C for male mice and
Supplemental Figure 1C for female mice), as also confirmed by area
under the curve (AUC) analysis (Figure 1D for male mice and
Supplemental Figure 1D for female mice). Measurements of fasted
blood glucose levels prior to i.p. glucose administration similarly
revealed no significant differences (Figure 1E for male mice and
Supplemental Figure 1E for female mice). Assessment of glucagone-
mia during the glucose tolerance test showed a trend toward the
hypothesized reduction in glucagon levels pre- and post-i.p. glucose
administration in a-mutGCK mice relative to control mice (Figure 1F for
male mice and Supplemental Figure 1F for female mice), supporting a
role for glycolytic flux through glucokinase in a-cells in the control of
glucagon secretion. As expected from an a-cell specific activation of
GCK, insulin levels during the GTT showed no significant differences
between a-mutGCK and control mice (Figure 1G for male mice and
Supplemental Figure 1G for female mice).
Of note, in the above experiments, we pooled GckLoxPGck*/LoxPGck* mice
and Gcg-CreERT2 mice into one “control” group due to their similar
phenotypes. The results from these experiments conducted in male
mice, which are illustrated in Figure 1, with separated control groups
for GckLoxPGck*/LoxPGck* mice and Gcg-CreERT2 mice can be found in
Supplemental Figure 5. From this point onward, the “control” group
will continue to pool together data from both GckLoxPGck*/LoxPGck* mice
and Gcg-CreERT2 mice.
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Figure 1: Determination of the effects of a-cell GCK activation on glucose homeostasis in adult male mice. (A) Body weights of a-cell GCK mutant and control mice (n ¼ 4 for a-
mutGCK, n ¼ 11 total for GckLoxPGck*/LoxPGck* and Gcg-CreERT2). (B) Ad libitum blood glucose for a-cell GCK mutant and control mice (n ¼ 4 for a-mutGCK, n ¼ 11 total for
GckLoxPGck*/LoxPGck* and Gcg-CreERT2). (C) Intraperitoneal glucose tolerance test (1 g/kg bodyweight) (n ¼ 3 for a-mutGCK, n ¼ 11 total for GckLoxPGck*/LoxPGck* and Gcg-CreERT2).
(D) Area under the curve (AUC) and (E) fasted blood glucose measurements from intraperitoneal glucose tolerance test in (C). (F) Plasma glucagon and (G) plasma insulin in mice
fasted or 5 min after glucose injection in (C).
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3.2. a-Cell GCK activation enhances glucose-suppression of
glucagon secretion ex vivo
Next, we performed static batch incubation experiments in isolated
islets to assess hormone secretion in response to varying concentra-
tions of glucose, while maintaining islets in a medium containing
physiological 4 mM amino acid levels. Our data show that when
incubated with 1 mM, 3 mM, and 5 mM glucose, a-mutGCK islets
displayed a significant decrease in glucagon secretion relative to
control islets, indicating a left-shift of the dose response curve for
glucose suppression of glucagon secretion (Figure 2A for male mice
and Supplemental Figure 2A for female mice). There was also a
downward trend of glucagon secretion at 9 mM glucose, although this
was not statistically significant in male mice. Depolarization of islets
with 30 mM KCl in the absence of glucose resulted in a similar
secretory response across all groups, indicating that basic electrical
stimulus-secretion coupling in a-cells remained unchanged. Addi-
tionally, the changes in islet glucagon secretion occurred indepen-
dently of alterations in islet glucagon content, further confirming the
functional integrity of a-mutGCK islets relative to control islets
(Figure 2B for male mice and Supplemental Figure 2B for female mice).
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Given the proposed role of insulin as a paracrine mediator of glucagon
release [18,19], we wanted to rule out that these observed changes in
glucagon secretion were a secondary consequence of altered insulin
level within the islet. We found that the reduction of glucagon secretion
in a-mutGCK islets ex vivo was independent of significant changes in
glucose-stimulated insulin secretion and insulin content (Figure 2C, D
for male mice and Supplemental Figure 2C, D for female mice).

3.3. Activation of a-cell GCK impairs the counter-regulatory
response under conditions of insulin-induced hypoglycemia
Next, to explore whether insulin-induced hypoglycemia, which is a
strong stimulator of counterregulatory glucagon secretion, is also
affected by altered glucose sensing in a-mutGCK mice, we performed
i.p. insulin tolerance tests 2e3 weeks after the final tamoxifen in-
jection. As shown in Figure 3, a-mutGCK mice recover slightly slower
from hypoglycemia relative to control mice (Figure 3A for male mice).
Intriguingly, the lower blood glucose levels following the insulin in-
jection correlated with significantly lower glucagon levels in a-mutGCK
mice relative to control mice 30 min post-injection (Figure 3B). Female
mice showed similar responses (Figure 3C, D).
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: Activation of a-cell GCK enhances glucose-suppression of glucagon secretion (GSGS) in isolated pancreatic islets from male mice. (A) Glucagon secretion and
(B) content from isolated pancreatic islets in the presence of the indicated glucose concentrations with 4 mM amino acid mixture or 30 mM KCl. (C) Insulin secretion and (D)
content from isolated pancreatic islets in the presence of the indicated glucose concentrations with 4 mM amino acid mixture or 30 mM KCl. (**p < 0.01, ****p < 0.0001 vs.
genetically unmodified control). Analysis by two-way ANOVA with post hoc Bonferroni test.
3.4. Enhanced GSGS occurs independently of changes in islet
morphology and number
Next, we sought to determine whether changes in islet morphology
and/or altered a-cell number could potentially account for the reduc-
tion in glucagon levels and secretion from a-mutGCK animals.
Therefore, we performed immunofluorescent staining on pancreatic
islet sections from a-mutGCK and control mice and quantified a-cell
and b-cell proliferation using ethynyl deoxyuridine (EdU) labeling, and
a-cell and b-cell percentage by co-staining with the pan-endocrine
marker Chromogranin A (CgA). We observed no changes in the
number of glucagonþ, EdUþ cells, nor insulinþ, EdUþ cells, in a-
mutGCK islets relative to control islets, indicating no differences in a-
cell and b-cell proliferation (Figure 4AeC). In addition, the number of
MOLECULAR METABOLISM 49 (2021) 101193 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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glucagonþ, CgAþ cells and insulinþ, EdUþ cells were similar between
a-mutGCK islets and control islets, signifying no differences in a-cell
and b-cell percentage (Figure 4DeF). Taken together with the results
from the in vivo and ex vivo measurements of hormone secretion, we
demonstrate that the enhanced GSGS observed in a-mutGCK animals
occurs independently of changes in islet morphology and a-cell
numbers.

3.5. a-Cell GCK activation mitigates HFD-induced
hyperglucagonemia
Next, we sought to determine whether a-cell GCK activation would be
beneficial in a model of insulin resistance induced by an HFD feeding
paradigm. We first placed a-mutGCK and control mice on 60% HFD for
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Activation of a-cell GCK impairs the counter-regulatory response during an insulin tolerance test. (A) Intraperitoneal insulin tolerance test (0.75 U/kg body
weight) in adult male mice (n ¼ 5 for a-mutGCK, n ¼ 7 total for GckLoxPGck*/LoxPGck* and Gcg-CreERT2). (B) Plasma glucagon in mice fasted or 30 min after insulin injection in (A).
(C) Intraperitoneal insulin tolerance test in adult female mice (0.75 U/kg bodyweight) (n ¼ 3 for a-mutGCK, n ¼ 7 total for GckLoxPGck*/LoxPGck* and Gcg-CreERT2). (D) Plasma
glucagon in mice fasted or 30 min after insulin injection in (C). (*p < 0.05, **p < 0.01 vs. genetically unmodified control). Analysis by two-way ANOVA with post hoc Bonferroni
test.

Original Article
16 weeks beginning at 10 weeks of age. A parallel group of mice was
maintained on standard chow (SC). As expected, no differences were
observed in glucose tolerance, fasting blood glucose, bodyweight,
GSIS, and GSGS prior to the initiation of HFD (Supplemental Figures 3
and 4AeE). At the end of the 16 weeks, mice maintained on HFD
developed obesity, glucose intolerance, elevated fasting blood glucose,
hyperinsulinemia, and hyperglucagonemia relative to the SC-fed cohort
(Supplemental Figures 3 and 4FeJ). Following the 16 weeks of HFD
feeding, we administered tamoxifen to all mice to induce Cre activity. In
doing so, we observed an improvement in glucagonemia within a-
mutGCK mice maintained on HFD relative to their genetically unmod-
ified controls, highlighting a potential benefit of a-cell GCK activation
on GSGS under diabetogenic conditions, although no significant effects
were noted on bodyweight, glucose tolerance, fasted blood glucose, or
hyperinsulinemia (Figure 5AeE, Supplemental Figure 3).

4. DISCUSSION AND CONCLUSIONS

Despite the fact that abnormal glucagon secretion contributes to the
pathophysiology of T2D, the precise mechanisms regulating glucagon
release from a-cells have remained elusive. Using our novel GCK
activating mutation mouse model specifically targeting a-cells, we
have shown conclusively that a-cell intrinsic glucose sensing via
glucokinase is a key determinant of glucagon secretion. Although our
findings do not exclude the possibility of additional forms of a-cell
regulation, including paracrine, juxtracrine, and neuronal control
(reviewed in [14]), our findings provide a significant contribution to our
fundamental understanding of a-cell stimulus-secretion coupling.
Of note, while activation of GCK in pancreatic b-cells using the same
point mutation caused a dramatic if transient increase in the prolif-
eration rate [25], such an effect was not present in pancreatic a-cells
(Figure 4AeC). Thus, while in rodent islets glycolytic flux, and thus
workload, of b-cells represents a mitogenic stimulus, but this is not the
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case for a-cells. Instead, a-cell proliferation is stimulated dramatically
by interruption of hepatic glucagon signaling, mediated by elevated
plasma amino acids levels, in particular L-glutamine [29]. Thus,
compensatory expansion of the two major endocrine cell types a- and
b-cells appears to be an attempt to prevent super-physiologic levels of
amino acids and glucose, respectively.
The preeminent role of glucokinase activity in regulating blood glucose
homeostasis has made it an attractive pharmacological target for
treatment of T2D patients. The potential of small molecule allosteric
glucokinase activators (GKAs), previously demonstrated to lower the
glucose S0.5 of glucokinase, have been investigated in their ability to
improve glycemic control [30,31]. While existing data demonstrates
the therapeutic benefit of GKAs on the b-cell (potentiating insulin
secretion) and liver (increasing glycogen synthesis and decreasing
hepatic glucose output) [32,33], our findings likewise suggest an
additional benefit of these therapeutics in suppressing glucagon
secretion from the a-cell. Of importance, the findings from our ex vivo
batch incubation studies in a-mutGCK islets are consistent with results
recently obtained from Moede et al., whereby modulation of glucoki-
nase activity by pharmacological activators lowered the glucose
threshold of glucagon release in single a-cells [24]. The results of a-
cell GCK activation from our HFD feeding experiments also underscore
the potential effect of these compounds on a-cell function by
improving glucagonemia, which may provide additional benefits under
conditions of insulin resistance. Given this precedent, evaluating a-cell
function should be a key component of assessing allosteric glucoki-
nase activators as treatment for T2D.
Although glucagon levels were noticeably reduced in a-mutGCK mice
relative to genetically unmodified controls in our HFD feeding experi-
ments, glucose tolerance and fasting blood glucose levels remained
unchanged. These results suggest that, within rodents, the effects of
insulin resistance within the HFD fed mice are dominant over the ef-
fects of glucagon. However, there are key differences in islet cell
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com
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Figure 4: Mice with activated a-cell GCK have normal islet morphology. (A) Insulin, glucagon, and EdU shown by co-immunofluorescence (40�). Scale bar: 50 mm. (B)
Glucagonþ, EdUþ cells as a percentage of total Glucagonþ cells (n ¼ 4 for each genotype). (C) Insulinþ, EdUþ cells as a percentage of total Insulinþ cells. (n ¼ 4 for each
genotype) (D) Insulin, glucagon, and CgA shown by co-immunofluorescence (40�). Scale bar: 50 mm. (E) Glucagonþ, CgAþ cells as a percentage of total CgAþ cells (n ¼ 4 for
each genotype). (F) Insulinþ, CgAþ cells as a percentage of total CgAþ cells (n ¼ 4 for each genotype).
composition between human islets and rodent islets e notably, a
much higher proportion of a-cells in human islets [34,35]. Conse-
quently, it is possible that within humans, a-cells may have a larger
role in blood glucose homeostasis.
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Figure 5: a-Cell GCK activation mitigates HFD-induced hyperglucagonemia. (A) Intraperitoneal glucose tolerance test after a-cell GCK activation in HFD fed mice and SC controls
(1 g/kg bodyweight) (HFD: n¼ 3 fora-mutGCK, n¼ 6 total for GckLoxPGck*/LoxPGck* andGcg-CreERT2; Standard ChowControl: n¼ 3 fora-mutGCK, n¼ 5 total for GckLoxPGck*/LoxPGck* and
Gcg-CreERT2). (B) Area under the curve (AUC) and (C) fasted blood glucose measurements for intraperitoneal glucose tolerance test in (A). (D) Plasma glucagon and (E) plasma Insulin in
fasted or 5min after glucose injection in (A). (*p< 0.05, **p< 0.01, ****p< 0.0001 vs. standard chow fed control; #p< 0.05 vs. genetically unmodified control). Analysis by two-way
ANOVA with post hoc Bonferroni test.
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