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Elevation of glucagon levels and increase in a-cell mass
are associated with states of hyperglycemia in diabetes.
Our previous studies have highlighted the role of nutrient
signaling via mTOR complex 1 (nTORC1) regulation that
controls glucagon secretion and «a-cell mass. In the
current studies we investigated the effects of activation
of nutrient signaling by conditional deletion of the
mTORC1 inhibitor, TSC2, in a-cells (aTSC2X°). We
showed that activation of mMTORC1 signaling is sufficient
to induce chronic hyperglucagonemia as a result of
a-cell proliferation, cell size, and mass expansion.
Hyperglucagonemia in aTSC2KX® was associated with
an increase in glucagon content and enhanced glucagon
secretion. This model allowed us to identify the effects of
chronic hyperglucagonemia on glucose homeostasis by
inducing insulin secretion and resistance to glucagon in
the liver. Liver glucagon resistance in «a TSC2X° mice was
characterized by reduced expression of the glucagon
receptor (GCGR), PEPCK, and genes involved in amino
acid metabolism and urea production. Glucagon resis-
tance in aTSC2X° mice was associated with improved
glucose levels in streptozotocin-induced B-cell destruc-
tion and high-fat diet-induced glucose intolerance.
These studies demonstrate that chronic hyperglucago-
nemia can improve glucose homeostasis by inducing
glucagon resistance in the liver.

Type 2 diabetes (T2D) and type 1 diabetes (T1D) are
characterized by defective insulin action and insulin

deficiency, respectively, both leading to hyperglycemia.
However, another important component in regulation of
glucose homeostasis is glucagon. In physiological states,
glucagon plays a major role in maintaining glucose ho-
meostasis by promoting glucose production via hepatic
glycogenolysis and gluconeogenesis. Clinical data and an-
imal experiments have shown that increased a-cell mass
and glucagon secretion have a significant function in the
pathogenesis of hyperglycemia in diabetes (1-6). In addi-
tion to the important role of glucagon in counterregulation
of hypoglycemia, new evidence suggest that glucagon
action could be used to lower glucose levels in diabetes
by regulating insulin secretion and energy balance (7-10).
Therefore, the current views on glucagon physiology are
evolving and it is becoming clear that glucagon can be
engaged in different physiological processes to regulate
glucose homeostasis and energy balance (9).

Abnormal glucagon levels in individuals with T2D have
been associated with the pathogenesis of hyperglycemia
(11,12). The contribution of glucagon to hyperglycemia in
diabetes was supported by lower glucose in mice with
deletion of the glucagon receptor (GCGR) and in humans
treated with GCGR antagonists (GRAs) (13-15). Increases
in glucagon in T1D and T2D patients can also be explained
in part by enhanced a-cell mass (3-5). Although the
mechanisms leading to the rise in a-cell mass and glucagon
levels in patients with diabetes are not fully understood,
several hypotheses have been developed based on animal
models. Mice fed with a high-protein diet or high-fat diet

Department of Medicine, University of Michigan Medical Center, Ann Arbor, MI
2Division of Metabolism, Endocrinology and Diabetes, University of Michigan, Ann
Arbor, MI

3Graduate Program in Cellular and Molecular Biology, University of Michigan, Ann
Arbor, MI

4Division of Endocrinology, Metabolism and Diabetes, Department of Internal
Medicine, Miller School of Medicine, University of Miami, Miami, FL

SUPMC Children’s Hospital of Pittsburgh, University of Pittsburgh School of
Medicine, Pittsburg, PA

6Veterans Affairs Medical Center, Miami, FL

Corresponding author: Emnesto Bernal-Mizrachi, ebernaim@med.miami.edu

Received 1 May 2020 and accepted 18 November 2020

This article contains supplementary material online at https://doi.org/10.2337/
figshare.13256231.

N.B.K. and C.L. made equal contributions.

© 2020 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit, and the
work is not altered. More information is available at https://www.diabetesjournals
.org/content/license.

s3iandis 131sl



https://doi.org/10.2337/db20-0440
http://crossmark.crossref.org/dialog/?doi=10.2337/db20-0440&domain=pdf&date_stamp=2021-01-08
mailto:ebernalm@med.miami.edu
https://doi.org/10.2337/figshare.13256231
https://doi.org/10.2337/figshare.13256231
https://www.diabetesjournals.org/content/license
https://www.diabetesjournals.org/content/license

478  Glucagon Resistance After Hyperglucagonemia

(HFD) exhibit a-cell hyperplasia and hypertrophy, suggest-
ing that nutrient environment and/or insulin resistance
could regulate a-cell mass (16,17). In addition to the
changes in a-cell mass, prolonged hyperinsulinemia in
early stages of T2D could also induce a-cell insulin re-
sistance with loss of suppression of glucagon release by
insulin (18). Studies using liver-specific GCGR knockout
mice highlighted the importance in the islet-liver axis and
showed that circulating hepatic factors can increase a-cell
proliferation independent of direct pancreatic input
(19,20). The metabolomics profile in the GCGR knockout
mice and experiments with GRA administration showed
that increase in specific circulating amino acids is the major
component driving the expansion in a-cell mass and
glucagon levels (21-24). The rise in a-cell mass and pro-
liferation in these models was sensitive to rapamycin,
indicating that mTOR was implicated (22,25). Previous
data from our laboratory demonstrated that mTOR com-
plex 1 (mTORC1) signaling maintains postnatal a-cell
mass and potentiates glucagon secretion during fasting
in a Katp channel-dependent manner (26). These studies
support the concept that changes in a-cell mass are
regulated by extracellular signals including nutrients
(amino acids, glucose) and growth factors (insulin). How-
ever, the molecular mechanisms driving a-cell mass ex-
pansion and hyperglucagonemia in conditions of T1D and
T2D are not completely understood. Further, the physio-
logical consequences of chronic and recurring hypergluca-
gonemia require further investigation for development of
better novel interventions.

Lack of animal models of endogenous hyperglucagone-
mia has limited the physiological investigation of increased
glucagon levels. In the present studies, we assessed the
effects of hyperglucagonemia by intrinsic activation of
mTORC1 in oa-cells, without a-cell stimulatory signals
such as GRAs or deletion of GCGR. We increased mTORC1
activity in a-cells by conditional deletion of TSC2, a negative
mTORC1 regulator («TSC2"®). Activation of mTORC1 sig-
naling in a-cells provided a novel model for studying the
consequences of chronic hyperglucagonemia in glucose ho-
meostasis and liver metabolism.

RESEARCH DESIGN AND METHODS

Animals and Procedures

Mice were housed in a pathogen-free environment and
maintained on a 12-h light/dark cycle in animal facilities at
the University of Michigan and the University of Miami.
The Glucagon-Cre mice (generous gift from Dr. G. Gittes at
the University of Pittsburg) (27), expressing Cre recombi-
nase driven by the glucagon promoter, were crossed with
TSC2%/f°x These mice had mixed background between
C57BL/6 and 129X1. A mix of both Glucagon-Cre and
TSC2¥/fox 5 TSC2%* mice was used as controls.
Littermate controls were used in all experiments to avoid
potential effects from the genetic background. Reporter
transgenic animals, CAG-tdTomato, were purchased from
The Jackson Laboratory. In islet morphometric analysis,
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age-matched cohorts were used with male and female mice.
Two-month-old male mice were fed with 60% HFD purchased
from Research Diets (catalog no. D12492). Mice were treated
with streptozotocin (STZ) (150 mg/kg; Sigma) by a single
intraperitoneal (IP) injection at 2 months of age (28).

For the islet transplantation studies, 100 islets from
aTSC2%° and control mice were transplanted into the
anterior chamber of one eye in nude mice (Envigo) as
previously described (29,30). Overexpression of the mouse
GCGR was achieved by adenoviral delivery in mice with
intravenous injection in the tail vein of GCGR-expressing
adenovirus (Ad-GCGR) (cat. no. AAV-259976) and Ad-
CMV-Null (adenovirus containing control virus) (cat. no.
1300) (Vector Biolabs, Malvern, PA), dose of 1 X 10° pfu/
10 g, as previously described (31,32). Fed insulin and
glucagon levels were measured 4 days after adenovirus
administration. Glucagon tolerance test (100 wg/kg) was
performed 6 days after adenovirus administration. Liver
and pancreata were collected 8 days after adenovirus
administration. Daily administration of glucagon was per-
formed by injection of exogenous glucagon (100 pg/kg)
(Sigma-Aldrich) or saline (vehicle) in wild-type mice for
17 days. The blood samples for measurements of glucose
and insulin levels were collected 30 min after daily gluca-
gon injection.

Metabolic Studies

Body weight and random fed blood glucose were moni-
tored monthly for a total of 3 months. Fed (9:00 AM.) and
fasting (12-h fast, 9:00 p.M.) glucose, insulin, and glucagon
levels were evaluated in 2-month-old males. Blood was
obtained from the tail vein, and blood glucose was mea-
sured with Accu-Chek blood glucose meter. IP glucose
tolerance tests (2 g/kg) and insulin tolerance tests (ITT)
(0.75 units/kg) were performed by IP injections of re-
spective agents in male mice fasted for 6 h. Hepatic glucose
production was measured by IP injection of pyruvate
(2 g/kg) (Sigma-Aldrich) and glycerol (2 g/kg) (Amresco) in
mice fasted for 16 h (for pyruvate) and male mice fasted
for 4 h (for glycerol). Glucagon challenge was performed by
IP injection of glucagon (100 pg/kg) (Sigma-Aldrich) in
male mice fasted for 6 h. IP exendin 9-39 (Ex9) (50 pg/kg,
cat. no. 4017799; Bachem) or vehicle (saline) was admin-
istered in fasted (4 h) control and aTSC2X° mice 15 min
prior to IP glucose challenge (2 g/kg). Food intake and
activity levels were recorded for the duration of 3 days with
use of Comprehensive Lab Animal Monitoring System
metabolic chambers (Columbus Instruments). Lean body
mass and fat mass were determined by DEXA (Lunar Pixi,
Janesville, WI).

Hormone and Metabolite Measurements

Glucagon and insulin levels were measured with ELISAs
(Mercodia and Alpco, respectively). The fed and fasted
(12 h) plasma levels of active GLP-1 were measured with
STELLUX Chemiluminescent Assay (cat. no. 80-GLP1A-
CHO1; Alpco). Prior to measuring of active GLP-1 levels,
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DPP-IV Inhibitor (Millipore) was added to plasma before
the samples were stored at —80°C. Total pancreatic glucagon
was measured as previously described (26). Liver glycogen
content was measured with glycogen assay (Sigma-Aldrich)
with use of ~10 mg of liver samples according to the
manufacturer’s instructions. Plasma urea levels were mea-
sured with quantitative enzymatic Urea Assay Kit III (Bio-
Assay Systems). Amino acids were measured with L-Amino
Acid Quantitation Kit (Sigma-Aldrich).

Statistical Analysis

The statistical analysis for comparisons between two
groups was performed by unpaired (two-tailed) Student
t test. One-way ANOVA with post hoc Dunnett multiple
comparisons test was used for comparisons of three or
more groups with a common control. Two-way ANOVA
with post hoc Tukey multiple comparisons test was used
for comparisons of three or more groups without a com-
mon control. P values <0.05 were considered significant.

Study Approval

All protocols were approved by the University of Michigan
and the University of Miami Animal Care and Use Com-
mittees and were in accordance with National Institutes of
Health (NIH) guidelines.

Data and Resource Availability

Reagents and genetically modified mice developed in the
context of this article will be shared with investigators
from not-for-profit organizations who request them in
accordance with institutional guidelines using a simple
Material Transfer Agreement.

RESULTS

Mice With Gain of mTORC1 Signaling in «-Cells Exhibit
Lower Fed Blood Glucose Levels Despite
Hyperglucagonemia

o-Cell-specific deletion of TSC2 was achieved by crossing of
Glucagon-Cre with TSC2Mo¥/ 0% mice (aTSC2XC) (27,33).
Phosphorylated S6 (serine 240) [pS6 (Ser?19)] staining
showed lack of mTORC1 activation in the majority of
glucagon-positive cells after a 6-h fast in 2-month-old
control mice (Fig. 14). In contrast, pS6 (Ser®*%) staining
was preserved in glucagon-positive cells from aTSC2
mice, despite the same period of fasting (Fig. 14). Assess-
ment of pS6 (Ser’*) in glucagon-positive cells from dis-
persed islets using flow cytometry and quantitative mean
fluorescence intensity (MFI) showed increased mTORC1
activity in a-cells from aTSC2KO mice (Fig. 1B). «TSC2XC
had lower body weight at 1 month of age, and the
difference persisted until 3 months (Fig. 1C). The decrease
in body weight in aTSC2¥° mice was attributed to enhanced
locomotor activity and normal food intake (Supplementary
Fig. 1A-D). In addition, recombination mediated by Gluca-
gon-Cre was detected in the brainstem and hypothalamic
regions (dorsomedial hypothalamic nucleus) and could have
contributed to the changes in locomotor activity observed in
aTSC2%° mice (26) (Supplementary Fig. 1E). There were no
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significant differences in lean and fat mass between
2-month-old control and «TSC2"° mice (Supplementary
Fig. 1F and G). Random fed glucose levels were lower in
aTSC2X°  compared with Glucagon-Cre; TSC2%¥*
(«TSC2MET) and control mice (Fig. 1D). During fasting,
glucose levels were comparable between the groups (Fig.
1D). Glucagon measurements in fed and 12-h-fasted mice
were increased in «TSC2X° mice (Fig. 1E and F). Fed insulin
levels trended to be higher in «TSC2"° mice compared with
controls (Fig. 1G). No difference in insulin levels was
observed after a 12-h fast (Fig. 1H).

aTSC2X° Mice Exhibit a-Cell Hypertrophy and
Hyperplasia and Increased Glucagon Content

aTSC2%C mice were born with normal a-cell mass (Fig.
24). Morphological evaluation in 2-month-old aTSC2X?
mice showed augmented a-cell size (Fig. 2B and F). The
increase in cell size could also be observed by electron
microscopy in 1l-month-old aTSC2XC mice (Fig. 20). In
addition, a higher number of glucagon granules was ob-
served, and this was confirmed by elevation in total
pancreatic glucagon content in 2-month-old «TSC2X
mice (Fig. 2D). aTSC2XC mice also showed expanded
a-cell mass, a-cell size, a-cell number, and a-cell pro-
liferation, with no changes in apoptosis at 2 months
(Fig. 2E-D). oTSC2MET mice showed no changes in a-cell
mass compared with controls (data not shown). The
pancreas weight normalized to body weight was reduced
in aTSC2X° mice compared with controls (Fig. 2J).

Glucagon, But Not GLP-1 Content, Is Increased in
oTSC2X° Mice

Since glucagon and glucagon-like peptide 1 (GLP-1) are
generated from processing of proglucagon, we decided to
assess GLP-1 levels in «TSC2"° mice. No changes in fed and
fasting active GLP-1 levels were observed in «TSC2%° mice
(Supplementary Fig. 2A and B). Assessment of glucagon
content in sorted a-cells demonstrated increased content in
aTSC2%C islets (Supplementary Fig. 2C). Consistent with
the normal levels in circulating GLP-1, active GLP-1 content
in both isolated a-cells and small intestine was conserved in
aTSC2%° mice (Supplementary Fig. 2D and E). A nonsig-
nificant trend toward higher glucagon content in the small
intestine was observed in aTSC2%° mice (Supplementary
Fig. 2F). Examination of processing prohormone convertase
2 (PC2) revealed that PC2 appeared to be increased in
aTSC2X° mice compared with controls (Supplementary
Fig. 2G). Staining for PC1/3 was low in both groups and
difficult to quantify (data not shown). These findings show
normal levels of active GLP-1 in plasma, a-cells, or small
intestine and support the preference for glucagon process-
ing in the a-cells of aTSC2? mice.

aTSC2%° Mice Display Improved Glucose Tolerance
and Increased Insulin Secretion

IP glucose tolerance testing revealed that aTSC2"? mice
displayed better glucose tolerance at 2 months compared
with controls and aTSC2HET mice (Fig. 34). aTSC2%C mice
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Figure 1—Mice with gain of mTORC1 signaling in a-cells exhibit lower fed blood glucose levels despite hyperglucagonemia. A:
Immunofluorescent staining showing lack of positive mTORC1 activity [shown by pS6 (Ser?*?) stain] in the control and the sustained
mTORC1 activity in glucagon-positive cells of the « TSC2K® mice in pancreas sections from control and « TSC2° mice after a 6-h fast (n = 3-
4) (scale bar, 50 pm). B: Assessment of pS6 (Ser?*?) staining by flow cytometry in glucagon-positive cells from control and « TSC2X® islets
(n = 5-9). C: Body weight of control, « TSC2%°, and «a TSC2"E" mice (n = 4-8). D: Blood glucose in fed and fasting (12 h and 16 h) 2-month-old
mice (n = 6-12). Fed (n = 5) (E) and fasted (12 h; n = 3-5) (F) glucagon levels. G: Fed insulin levels (n = 7-8). H: Fasted (12 h) insulin levels (n =
9). For C and D, data are shown as means = SEM; *P < 0.05 (one-way ANOVA with Dunnett posttest). For B and E-H, data are shown as
means * SEM; *P < 0.05 (Student two-tailed t test). Glu, glucagon; hrs, hours; MFI, mean fluorescence intensity.

exhibited an increase in baseline insulin after a 6-h fastand  to increased insulin secretion (Fig. 3A and B). Next, we
enhanced insulin secretion after IP glucose challenge in  wanted to determine whether the improvement in glucose
aTSC2%° mice (Fig. 3B). These data suggested that tolerance was due to increased glucagon-stimulated insulin
aTSC2%° mice exhibit enhanced glucose tolerance due secretion. Glucagon acts predominantly through B-cell
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Figure 2—aTSC2XC mice exhibit a-cell hypertrophy and hyperplasia and increased glucagon content. A: Immunofluorescent images of
glucagon (red) and insulin (green) in pancreas at postnatal day 1 (scale bar, 50 pm). B: Immunofluorescent images of glucagon (red) and
insulin (green) at 2 months (scale bar, 50 wm). C: Electron microscopy images from 1-month-old control and «TSC2%° mice. D: Pancreatic
glucagon content at 2 months (n = 4). E: Quantification of a-cell mass at 2 months (n = 4). Quantification of a-cell size (n = 3-4) (F) and
quantification of a-cell number (G) by FACS (% of population from Glucagon-Cre; “AG1Temato (control) and o TSC2KC: CAG-taTomato g g0
islets; n = 3). The size of live glucagon (F) and insulin-positive cells (Fig. 3E) from dispersed islets was analyzed by flow cytometry and
quantified by forward scatter area (FSC-A). Proliferation by positive ki67 and glucagon costain (n = 3-4) (H) and apoptosis by positive TUNEL
and glucagon costain (n = 4) (/) in 2-month-old mice. J: Pancreas weight in 2-month-old mice (n = 9-10). Data for are shown as means +
SEM. *P < 0.05 (Student two-tailed t test).
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Figure 3—aTSC2X° mice display improved glucose tolerance and increased insulin secretion. A: Glucose tolerance test (2 g/kg body wi) in 2-month-old
mice (n = 5-8). B: Insulin levels at 0 and 5 min post-glucose administration (2 g/kg body wt) in 2-month-old mice (n = 4-5). C: Glucose tolerance test (2 g/kg
body wi) in 2-month-old control (1 = 3-4) and o TSC2XC (1 = 6) mice with preadministration of Ex9 (50 p.g/kg, 15 min prior to glucose injection) or vehicle
(saline). Quantification of B-cell mass (D) and 3-cell size (E) in 2-month-old mice (n = 3-4). The size of live glucagon (Fig. 2F) and insulin-positive cells (E) from
dispersed islets was analyzed by flow cytometry and quantified by forward scatter area (FSC-A). F: Westem blot and quantification showing hepatic insulin
sensitivity measured by phosphorylated AKT (pAkt) (Ser*™) after insulin administration in vivo (1 unit/kg) (7 = 4 mice/group). Blood glucose response to ITT
(0.75 units/kg body wt) (G) and glucagon response to ITT (0.75 units’kg body wi) (H) at 2 months (1 = 3-6). Changes in blood glucose levels in response to
insulin administration were reported as % change from 0 time point/baseline. I: Glucagon response from isolated islets to increasing glucose concentrations
(n = 5-6 mice). J: Glucagon response from isolated islets to exogenous insulin (100 nmol/L) and KCI (30 mmol/L) (HG = 6 mmol/L glucose, LG = 1 mmol/L
glucose; n = 3-8 mice). For A, G, and H, data are shown as means = SEM; *P < 0.05 (one-way ANOVA with Dunnett posttest). For C, data are shown as
means + SEM; *P < 0.05 (two-way ANOVA with Tukey posttest). For B, D-F, I, and J, data are shown as means + SEM; *P < 0.05 (Student two-tailed £ test).
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GLP1R to stimulate insulin secretion and exclusively on the
GCGR in hepatocytes (7,8,34-36). Therefore, we blocked
GLP1R by IP administration of Ex9 (50 wg/kg) in control
and aTSC2X° mice 15 min prior to IP glucose challenge.
Glucose tolerance was improved in «TSC2X mice injected
with vehicle control (Fig. 3C). Interestingly, differences in
glucose excursions between control and aTSC2"® mice
persisted after administration of Ex9 (Fig. 3C). These
data suggest that glucagon-induced insulin secretion was
not the major mechanism for the differences in glycemia
after a glucose challenge. The improved glucose tolerance
and insulin secretion in aTSC2X mice were not associated
with changes in B-cell mass or B-cell size (Fig. 3D and E).
Assessment of liver insulin sensitivity by Akt phosphoryla-
tion after insulin administration in vivo showed similar
levels of Akt phosphorylation (Ser*”®) in oTSC2° mice,
suggesting that hepatic insulin sensitivity was conserved
(Fig. 3F). Assessment of insulin sensitivity and glucagon
secretion by insulin-induced hypoglycemia showed that
exogenous insulin administration caused a similar decrease
in blood glucose levels in control «TSC2"FT and aTSC2XC
mice (Fig. 3G). Before insulin injection, glucagon levels were
higher in aTSC2%° mice compared with aTSC2"*" mice or
control mice (Fig. 3H). A similar increase in glucagon
secretion after insulin-induced hypoglycemia was observed
in control and in aTSC2ET mice (Fig. 3H). aTSC2%C mice
displayed a tendency to higher glucagon levels in response
to insulin-induced hypoglycemia (Fig. 3H).

Assessment of Glucagon Secretion in Islets From
oTSC2%° and Control Mice

Exposure of islets to different glucose concentrations
showed that control islets exhibited suppression of gluca-
gon secretion as glucose levels in the media were changed
from 1 to 12 mmol/L (Fig. 3]). In contrast, aTSC2¥O iglets
displayed higher glucagon levels at 1 mmol/L glucose, and
glucagon secretion was induced after culture in 6 mmol/L
and 12 mmol/L glucose, suggesting that inhibition of
glucagon secretion by glucose was impaired in these
mice (Fig. 3I). To uncover the mechanisms responsible
for this response, we first assessed the effect of exogenous
insulin in repressing glucagon secretion. Glucagon secre-
tion remained higher in aTSC2"® islets compared with
control islets after insulin treatment (Fig. 3J). Examina-
tion of glucagon secretion in response to depolarization
induced by potassium chloride (30 mmol/L KCl) showed
that glucagon secretion was increased in aTSC2X? islets
(Fig. 3J). These data demonstrate that a-cells from
aTSC2%° mice are resistant to the inhibition of insulin
in glucagon secretion, exhibit paradoxical increase in glu-
cagon secretion in response to glucose, and secrete more
glucagon after cell depolarization.

aTSC2%° Mice Have Decreased Hepatic Glucagon-
Induced GCGR Signaling

The experiments with Ex9 studies and the lack of hyper-
glycemia in mice with chronic hyperglucagonemia suggested
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the possibility of a defect in glucagon signaling in the liver of
«TSC2¥C mice. To explore this further, we designed several
experiments for examination of the effects of glucagon
action in the liver of aTSC2X° mice. Assessment of gluco-
neogenesis by pyruvate and glycerol tolerance tests revealed
that hepatic glucose production was blunted in aTSC2X?
mice, indicating abnormal gluconeogenesis (Fig. 4A and B).
Examination of glucagon signaling activation by exogenous
glucagon injection showed that glucose excursion after
glucagon administration was decreased in «TSC2X° mice
(Fig. 4C). Assessment of genes involved in glucagon signal-
ing and gluconeogenesis showed that hepatic mRNA ex-
pression of GCGR, PEPCK, and glucokinase (Gck) were
decreased in fed and fasted «TSC2® mice (Fig. 4D and
F). No changes were observed in the hepatic mRNA levels of
glucose 6-phosphatase (G6Pase) and fatty acid synthase
(FAS) in fed and fasted states (Fig. 4D and F). Fed and
fasted liver glycogen content in aTSC2X® and control mice
was also similar (Fig. 4E and G). To validate whether the
reduction in GCGR expression was associated with decrease
canonical GCGR signaling pathways, we examined hepatic
CREB phosphorylation (pCREB) at Ser'*® in response to
exogenous glucagon injection (100 pg/kg) directly into the
portal vein of fasted anesthetized mice. pCREB (S133) in
liver lysates collected at baseline (fasted, 0 min) and post-
glucagon treatment showed that control mice exhibited
increased pCREB (S133) after 5 and 10 min of glucagon
injection (Fig. 4H). In contrast, glucagon failed to increase
pCREB in liver lysates from aTSC2" mice (Fig. 4H). These
data are consistent with decreased hepatic glucagon-in-
duced GCGR signaling in « TSC2X° mice. Another important
function of glucagon action in the liver is the increase in
amino acid uptake, metabolism, and urea production (35).
Assessment of genes involved in the amino acid metabolism
showed that hepatic RNA expression of CREB-regulated
transcription coactivator 2 (Crtc2) and glutamate pyruvate
transaminase (GPT) was decreased in fasted aTSC2X° mice
(Fig. 4D). In addition, assessment of urea production in
aTSC2%° mice and control mice demonstrated that urea
levels in circulation were decreased in aTSC2*° mice (Fig.
4J). Finally, circulating L-amino acid levels were comparable
in aTSC2X° mice after fasting and in the fed state, in-
dicating that this is not the cause of a decrease in urea-
genesis (Fig. 4K).

Transient and Repetitive Hyperglucagonemia Induces
Glucagon Resistance in Wild-Type Mice

To assess whether hyperglucagonemia is sufficient to
downregulate GCGR signaling in the liver, we used two
different approaches. First, transient and repetitive daily
hyperglucagonemia by daily IP injections of glucagon or
saline control showed that during the first 7 days, glucose
levels (measured 30 min post—glucagon injection) were
higher in glucagon-treated mice, consistent with the
expected hyperglycemic responses to glucagon (Fig. 5A).
However, after 9 days of glucagon treatment, glucose levels
were similar to those of mice that received saline (Fig. 5A).



484  Glucagon Resistance After Hyperglucagonemia Diabetes Volume 70, February 2021

2 months
© Control @ aTSC2KC -& oTSC2HET

ot
O

Pyruvate Tolerance Test Glycerol Tolerance Test
- 200 180 250+ Glucagon Challenge Test
B % * T
o (=2} 4
E 150 E 160 2200 -
2 # 140 @ 1504
g 100 ] 9
3 2 120 31004
9o o =)
3 B 100 T 504
he) o o
o ok - T v T o 80+ v . - ) m . r r .
0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Time (minutes) Time (minutes) Time (minutes)
FED LIVER FASTED LIVER

O
m
M

Control ® aTSC2K0

nN
o
o]

O Control ® aTSC2XC

e

w
0

RNA expression
(fold change)
5

o
19

RNA expression
(fold change)
- (%)

=
Liver Glycogen (fold change) m

Liver Glycogen (fold change)

-] <P
PRCRETC &
< @0\0@{_00%<3&0®&
H © &S |
o e 52 6\9 < 2.0+ O Control ® aTSC2K0
°
Creb (S133 c
p ( ) T S — - —— -3?1.5-0 oe 5
Tubulin | gg’ * o
(]
s510{m* a% Qe .
31 * O Control oo °
—_— -4 °
@ ‘ | ® aTSC2KC 2 € 054 ﬁ
— * o) o
£
o 0.0 L
S £ 21 o0
S E & N A O )
26 ® & & & T P
E< o0
2% 0
3 £ o] o ®
< 11 o
g‘}; o) o |o J K O Control @ aTSC2KO
.,?_’ hSO 12 hrs fasted ji 24+ p=0.08
VO ieo 322 © °®
T T T T T T =2 * £
0 5 10 0 5 10 E oL 52-0-% . L
) ) 344 [0O] o 2,8 |© ° EI
Time (minutes) 5 3 °
B2 . g 19 ° b 9
@ E 141 ¢
0 - - <
S © a 12
»
& R Fasted (12 hours)  Fed
&

Figure 4—aTSC2X° mice have decreased hepatic glucagon-induced GCGR signaling. A: Pyruvate tolerance test (2 g/kg) in 2-month-old
mice after 16-h fast (n = 3-6). B: Glycerol tolerance test (2 g/kg) in 2-month-old mice after 6-h fast (n = 6-10). C: Glucagon challenge test
(100 pg/kg) in 2-month-old mice after 6-h fast (n = 4-6). Fed liver mRNA levels of GCGR, PEPCK, G6Pase, Gck, and FAS (n = 5-8) (D) and
liver glycogen content (n = 4-5) (E). Fasted liver mRNA levels of GCGR PEPCK, G6Pase, Gck, and FAS (n = 3-6) (F) and liver glycogen
content (1 = 4-6) (G). H: Exogenous glucagon (100 pg/kg) was directly injected into the portal vein of fasted control and aTSC2"°
anesthetized mice. pCREB (Ser'®3) in liver lysates collected at baseline (fasted, 0 min) and 5 and 10 min post-glucagon injection. /: Fasted
liver mRNA levels of Crtc2, glutamate oxaloacetate transaminase (Got1), GPT, pyruvate carboxylase (PC), and serine dehydratase (SDS) (n =
4-5). J: Fasted blood urea levels in 2-month-old mice (n = 4-5). K: Circulating L-amino acid levels in fasted (12 h) and fed mice (n = 4-8). Data
for A are shown as means = SEM; *P < 0.05 (one-way ANOVA with Dunnett posttest). Data for B-K are shown as means = SEM; *P < 0.05
(Student two-tailed t test). hrs, hours.




diabetes.diabetesjournals.org

Fed insulin levels were higher in glucagon-injected mice on
day 17 of injections (Fig. 5B). More importantly, daily
glucagon injection for 17 days was sufficient to down-
regulate hepatic GCGR expression (Fig. 5C). In the second
model, we assessed hepatic GCGR expression by inducing
chronic hyperglucagonemia in mice using a model of
transplantation of islets from aTSC2X° or control mice
into the anterior chamber of the eye of nude mice (Fig. 5D).
The mice that received transplantation islets from
aTSC2%° mice had increased glucose levels for the first
15 days posttransplantation (Fig. 5D). After 15 days,
glucose in mice transplanted with aTSC2"? islets returned
to the levels observed in mice transplanted with control
islets (Fig. 5D). Fasting glucagon levels were increased at
day 9 in mice transplanted with islets from aTSC25 mice,
and hyperglucagonemia was maintained after 27 days
posttransplantation (Fig. 5E). Fed insulin levels were
not different between the groups on day 27 posttransplan-
tation (Fig. 5F). Assessment of liver GCGR mRNA dem-
onstrated that mice transplanted with aTSC2X© islets had
decreased hepatic mRNA expression of the GCGR com-
pared with mice transplanted with control islets (Fig. 5G).
Recapitulation of the glucose abnormalities, hypergluca-
gonemia, and downregulation of the hepatic GCGR in mice
transplanted with islets from aTSC2X° mice also indicated
that mTORC1 signaling in a-cells plays a more important
role than central mTORC1 signaling in this metabolic
phenotype.

2KO Mice

Overexpression of the Hepatic GCGR in aTSC
Normalizes Blood Glucose Levels and Glucagon
Tolerance

To further support our observations that downregulation
of GCGR expression induced by chronic hyperglucagone-
mia contributes to the phenotype observed in aTSC2X
mice, we overexpressed hepatic GCGR expression in
aTSC2%° mice. We administered intravenously Ad-GCGR
or Ad-CMV-Null in aTSC2X° mice. Ad-GCGR injection in
aTSC25 mice was sufficient to increase hepatic GCGR levels
8 days following adenovirus administration (Fig. 64) and
normalized blood glucose levels to those of control mice
4 days post-adenovirus administration (Fig. 6B). Surpris-
ingly, glucagon levels decreased in «TSC2¥°+ Ad-GCGR mice
and were comparable with those of control mice 4 days post-
adenovirus administration (Fig. 6C). Insulin levels at the
same time point trended higher than those in controls and
were not different between aTSC2¥°+Ad-GCGR and
aTSC2%°+ Ad-CMV-Null mice (Fig. 6D). Finally, a glucagon
challenge test performed 6 days after adenovirus adminis-
tration showed that aTSC2*°+Ad-GCGR mice were able to
respond to exogenous glucagon administration, similarly to
control mice (Fig. 6E). In contrast, aTSC2XC+ Ad-CMV-Null
mice were still glucagon resistant and showed no response in
blood glucose levels after exogenous glucagon administration
(Fig. 6E). Examination of multiple islets among different
sections showed that a-cell mass in aTSC2°+Ad-GCGR
mice appeared conserved in comparison with those of
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aTSC2¥°+ Ad-CMV-Null mice despite a normalization of
glucagon levels (Fig. 6F).

Hyperglycemia After STZ and HFD-Induced Glucose
Intolerance Is Reduced in aTSC2"° Mice

To test the effects of hyperglucagonemia in a model of
insulin-deficiency, we administered high-dose STZ (150 mg/
kg) by single injection to aTSC2¥° and control mice.
Baseline blood glucose levels before STZ administration
(6-h fast) were comparable between the two groups (Fig.
7A). Both groups had a rapid increase in blood glucose levels
for 7 days after STZ, but «TSC2¥° mice maintained lower
blood glucose (Fig. 7A). Control mice showed a trend of
increased glucagon levels 7 days after STZ, but aTSC2X?
mice remained hyperglucagonemic before and after STZ
administration (Fig. 7B). Control and aTSC2XC  mice
exhibited undetectable insulin levels 7 days after STZ
treatment (Fig. 7B). Analysis of islet morphometry revealed
that aTSC2X® mice maintained their higher a-cell mass,
while the decrease in B-cell mass after STZ treatment was
similar to that of control mice (Fig. 7C-E). These changes
were also accompanied by increased a-cell size and a ten-
dency to increase in a-cell proliferation in aTSC2X mice
(Fig. 7F and G). Next, we tested the responses of hyper-
glucagonemia in aTSC2X® mice in a model of diet-induced
glucose intolerance by HFD. aTSC2"® and control mice fed
with 60% HFD for 4 weeks showed that «TSC2X mice
gained weight comparable with controls (1.2-fold increase
for controls and 1.4-fold increase for aTSC2X°) but had
lower fed and fasting blood glucose levels compared with
controls (Fig. 7H and I). Fasting insulin levels were com-
parable between control and aTSC2XC mice (Fig. 7J). As
expected, control mice showed impaired glucose tolerance
after HED (Fig. 7J). In contrast, aTSC2%C mice displayed
improved glucose tolerance on control chow and were re-
sistant to impaired glucose tolerance induced by adminis-
tration of HED for 4 weeks (Fig. 7K).

DISCUSSION

The current studies show that mTORC1 activation in islet
a-cells results in chronic hyperglucagonemia as a result
of a-cell mass expansion, increased glucagon content,
and enhanced glucagon secretion. Surprisingly, chronic
hyperglucagonemia in aTSC2X° results in improved glu-
cose tolerance, lower glucose levels during fasting, and
enhanced insulin secretion. Improvement in glucose tol-
erance and normoglycemia despite high glucagon levels in
aTSC2%° mice resulted at least in part from downregu-
lation of the hepatic GCGR expression and glucagon
signaling. We also demonstrated that chronic high glu-
cagon levels induce downregulation of GCGR expression
using two models of hyperglucagonemia. Finally, «TSC25°
mice exhibited better glucose levels after STZ-induced
B-cell destruction and were resistant to HFD-induced
glucose intolerance. These studies uncovered novel aspects
of glucagon biology in a unique model of chronic
hyperglucagonemia.
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The current studies showed that increased mTORC1
activity in a-cells of «TSC2X° mice was sufficient to induce
postnatal a-cell mass expansion by increased proliferation
and cell size. The changes in proliferation are consistent
with the previous studies demonstrating reduction of
a-cell proliferation by mTORC1 inhibition in a-cells
(25,26). The increase in cell size in a-cells validates the
increase in mTORC1 signaling. Interestingly, cell size and
mass were conserved in B-cells, suggesting that potential
Cre-mediated recombination in B-cells was minimal and
not sufficient to induce changes in 3-cell size and mass. In
addition to the increase in mass, our studies support the
concept that mTORC1 activation not only increases a-cell

mass but also induces hyperglucagonemia by inducing
constitutive glucagon secretion that was not suppressed
by insulin and high glucose (Supplementary Fig. 3). In low
glucose, aTSC2X islets exhibited higher glucagon secre-
tion, and this was potentiated rather than inhibited by
glucose (Supplementary Fig. 3). Interestingly, the increase
in glucagon levels was not accompanied by changes in GLP-
1 and preproglucagon processing in a-cells, as demon-
strated by lack of changes in circulating active GLP-1 levels
as well as conserved active GLP-1 content in isolated
a-cells and small intestine between aTSC2XC mice and
controls (Supplementary Fig. 2). Future studies could be
designed to further identify the stages in glucagon
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stimulus/secretion coupling regulated by mTORC1 signal-
ing in a-cells.

Glucagon plays a major role in maintaining glucose
homeostasis by promoting glucose production via hepatic
glycogenolysis and gluconeogenesis. Clinical data have
shown that a-cell mass and glucagon levels are elevated
in patients who are insulin resistant or do not have diabetes
and in T1D and T2D patients, leading to enhanced hepatic
glucose output, and thereby exacerbate hyperglycemia

(1-6). Contrary to this concept, hyperglucagonemia in
aTSC2X° mice was associated with reduced fed blood
glucose levels and improved glucose homeostasis. Better
glucose homeostasis in aTSC2° mice was in part explained
by increased insulin secretion and conserved insulin sensi-
tivity by liver AKT phosphorylation and glucose responses
during ITT (Fig. 3). These results are in marked contrast to
the improved insulin sensitivity observed after a single
injection of glucagon agonists and suggest that acute effects
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mice. A: Fed blood glucose from day 0 to

day 7 after single IP dose of 150 mg/kg STZ (n = 3-5). B: Circulating glucagon and insulin levels before (day 0) and 7 days after STZ (n = 3-5).
C: Immunofluorescent images representing insulin (green) and glucagon (red) in pancreas sections from control and «a TSC2%° mice treated
with STZ (scale bar, 50 pm). a-Cell (D) and B-cell (E) mass of mice after STZ (n = 3-5). a-Cell size (F) and a-cell proliferation (G) after STZ (n =
3-5). H: Body weight change after 4 weeks of HFD (n = 3-5). I: Blood glucose levels from fed and fasted (6 h and 12 h) 2-month-old mice after
4 weeks of HFD (n = 4-6). J: Fasted insulin levels after 4 weeks of HFD (n = 4-5). K: Glucose tolerance test (2 g/kg body wt) and area under the
curve (AUC) in 2-month-old mice control and aTSC2K® mice on chow diet or after 4 weeks of HFD (n = 5-8). For A-J, data are shown as
means *= SEM; *P < 0.05 (Student two-tailed t test). For K, data are shown as means = SEM; *P < 0.05 (two-way ANOVA with Tukey
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of glucagon on insulin sensitivity are lost after downregu-
lation of GCGR expression during chronic hyperglucagone-
mia (37). Given that insulin sensitivity was conserved, we
wanted to further evaluate the contribution of glucagon-
stimulated insulin secretion and decreased hepatic glucose
production as result of decreased hepatic GCGR. To assess
this, we administered Ex9 to inhibit GLP1R and selectively
reduce the effect of glucagon-mediated insulin secretion by
acting on 3-cell GLP1R. The results showed that the differ-
ences in glycemia between control and «TSC2XC mice
persisted after administration of Ex9 (Fig. 3C). These
data suggested that the differences in glycemia are less
likely the result of glucagon-induced insulin secretion.

Further validation that decreased gluconeogenesis and
hepatic glucose production contribute to the improvement
in glucose tolerance in aTSC2? mice was indicated by the
response to pyruvate and glycerol challenge (Fig. 4). The
lower hyperglycemic response to pyruvate, glycerol, and
glucagon challenge was not explained by disturbances in
liver glycogen content. These results suggested to us the
possibility of abnormalities in glucagon action in the liver.
Examination of GCGR expression in fed and fasted liver
showed that GCGR expression was reduced in «TSC25°
mice, implying that changes in gluconeogenesis and glu-
cagon responses were caused by GCGR downregulation
induced by chronic hyperglucagonemia. Decrease in GCGR
expression was associated with reduction in glucagon-in-
duced GCGR signaling as demonstrated by abnormal
PCREB levels in liver lysates from aTSC2X° mice injected
with exogenous glucagon (Fig. 4H). Consistent with the
decrease in glucagon action in the liver, we observed
a reduction in the expression of gluconeogenic enzymes
triggered by glucagon, such as PEPCK, and lower expres-
sion of GPT and Crtc2 together with lower fasting plasma
urea and a trend of lower plasma amino acid levels in
circulation of oTSC2X° mice. These data are consistent
with decreased amino acid catabolism (Fig. 4).

The hypothesis that chronic hyperglucagonemia alone
is sufficient to downregulate GCGR was further validated
in in vivo studies in two models of chronic increase in
glucagon by 1) transient and repetitive daily hypergluca-
gonemia from IP injections of glucagon or saline in wild-
type mice and 2) constant hyperglucagonemia from
transplanting of islets from aTSC2%° or control mice
into the anterior chamber of the eye in nude mice (Fig.
5). Exogenous daily glucagon injections or transplanta-
tion of aTSC2X islets resulted in early hyperglycemia.
However, after 7 days of glucagon injection and 15 days
after islet transplantation, fed blood glucose returned to
the levels observed in controls. Interestingly, transient
and repetitive hyperglucagonemia (glucagon injection)
or constant hyperglucagonemia (islet transplantation)
was sufficient to decrease hepatic RNA expression of the
GCGR, suggesting that GCGR is downregulated relatively fast
in states of hyperglucagonemia. Further evidence that GCGR
downregulation plays a role in alteration of glucose homeo-
stasis in «TSC2X° mice comes from reconstitution studies by
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administration of Ad-GCGR or Ad-CMV-Null in oTSC2%°
mice. Intravenous Ad-GCGR in oTSC2X° mice increased
hepatic GCGR levels and normalized blood glucose to the
levels of control mice and restored the response to exog-
enous glucagon. An interesting observation during these
studies was a reduction in glucagon levels in «TSC2¥+
Ad-GCGR mice. a-Cell mass appeared to be conserved in
aTSC2¥°+Ad-GCGR compared with that of aTSC2¥°+
Ad-CMV-Null mice despite a normalization of glucagon
levels (Fig. 6). This suggested that a more likely explanation
is that increase in liver GCGR levels can increase plasma
glucagon clearance as previously reported (38). Taken to-
gether, our studies support the concept that transient and
repetitive hyperglucagonemia or chronic hyperglucagone-
mia from transplanted aTSC2X® islets induces downregu-
lation of the GCGR and a state of “glucagon resistance” in
the liver. While some of the studies could be seen as
underpowered, the use of different experimental approaches
consistently supports our conclusion that chronic hyper-
glucagonemia downregulates liver GCGR signaling. Although
these in vivo data are strongly suggestive of hepatic glucagon
resistance in aTSC2X° mice, additional studies are needed to
fully elucidate the molecular mechanism.

Despite having high glucagon levels, «TSC2KO mice
had better glycemic regulation in two mouse models of
diabetes (Fig. 7). The improved hyperglycemia after STZ
treatment in aTSC2"? mice could be explained in part by
reduction in liver GCGR expression and is reminiscent of
observations in STZ-treated GCGR¥® mice (39-41). The
lack of complete improvement in glucose after STZ treat-
ment as described in GCGR¥® mice could be due to only
partial reduction of GCGR expression (~50-70%) in the
aTSC2"° mice. We also tested the responses of hyper-
glucagonemia in «TSC2° in a model of diet-induced
glucose intolerance by HFD. After 4 weeks of HEFD,
aTSC2%° mice gained weight comparable with controls
but had lower fed and fasting blood glucose levels com-
pared with those of controls (Fig. 7). Most importantly,
aTSC2%° mice displayed improved glucose tolerance in
control chow and were resistance to HFD-induced glucose
intolerance. These data support the concept that partial
downregulation of liver GCGR expression induced by
hyperglucagonemia could play critical roles in controlling
glucose homeostasis in models of type 1 and 2 diabetes.

Glucagon was viewed for centuries as insulin’s counter-
regulatory hormone. Therefore, in the dogmatic view of
glucagon it has been seen to raise blood glucose levels. It is
accepted that hyperglycemic effects of glucagon are par-
ticularly important in acute states to defend the organism
from the deleterious effects of hypoglycemia. At the same
time, increased glucagon levels have also been linked to the
pathogenesis of hyperglycemia in T2D. However, there is
less understanding about the effects of chronic endoge-
nous hyperglucagonemia on glucose homeostasis (9). In-
terestingly, pharmaceutical companies have developed
GLP1R and CGCR coagonists as therapy for diabetes
and obesity (9,42). These agents have been shown to
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significantly improve glucose control and trigger weight
loss in patients with T2D (43,44). These coagonists have
favored GLP1R potency over GCGR potency and therefore
are not a good model for understanding of the individual
effect of chronic glucagon or chronic GCGR agonism in
glycemia. Our studies are the first to show that chronic
endogenous hyperglucagonemia in vivo controls glycemia
by decreasing fed blood glucose levels, improves glucose
tolerance, and downregulates hepatic GCGR expression.
These studies shed light on our understanding of the
effects of chronic hyperglucagonemia and offer a plausible
explanation for the lack of hyperglycemic effects induced
by GLP1R and CGCR coagonists. While chronic hyper-
glucagonemia is not observed in normal physiological
states, these findings could provide some explanation of
the changes in glucose homeostasis in pathological states
of increased glucagon levels such as diabetes and glucago-
nomas. Further studies could assess the effects of these
mechanisms after use of agents with dual GLP1R and
GCGR activity.
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