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Long-term glucagon receptor (GCGR) agonism is as-
sociated with hyperglycemia and glucose intolerance,
while acute GCGR agonism enhances whole-body in-
sulin sensitivity and hepatic AKTS®"#72 phosphoryla-
tion. These divergent effects establish a critical gap in
knowledge surrounding GCGR action. mTOR complex
2 (mMTORC2) is composed of seven proteins, including
RICTOR, which dictates substrate binding and allows
for targeting of AKT®"73, We used a liver-specific Rictor
knockout mouse (Rictor*'"V®) to investigate whether
mTORC2 is necessary for insulin receptor (INSR) and
GCGR cross talk. Rictor*-"*" mice were characterized by
impaired AKT signaling and glucose intolerance. Intrigu-
ingly, Rictor*""*" mice were also resistant to GCGR-stim-
ulated hyperglycemia. Consistent with our prior report,
GCGR agonism increased glucose infusion rate and sup-
pressed hepatic glucose production during hyperinsuline-
mic-euglycemic clamp of control animals. However, these
benefits to insulin sensitivity were ablated in Rictor-"er
mice. We observed diminished AKTS**"® and GSK3a/
pSe21® phosphorylation in Rictor®“®" mice, whereas
phosphorylation of AKT™% was unaltered in livers from
clamped mice. These signaling effects were replicated in
primary hepatocytes isolated from Rictor*""*" and litter-
mate control mice, confirming cell-autonomous cross talk
between GCGR and INSR pathways. In summary, our study
reveals the necessity of RICTOR, and thus mTORC2, in
GCGR-mediated enhancement of liver and whole-body in-
sulin action.

Traditionally known for its counterregulatory role oppos-
ing insulin action, glucagon (GCG) is a 29-amino acid

peptide released from a-cells of the pancreatic islet (1,2).
GCG regulates a range of actions including hepatic glycogen-
olysis and gluconeogenesis, amino acid catabolism, lipolysis,
ketogenesis, fatty acid oxidation, satiety, thermogenesis, en-
ergy expenditure, and bile acid metabolism (1). These GCG-
mediated improvements in lipid and energy metabolism
may be desirable in patients with the metabolic syndrome.
Consequently, glucagon receptor (GCGR) agonism has been
added to dlassic incretin hormones in single-molecule, multi-
receptor coagonists that elicit superior therapeutic efficacy.
These compounds stimulate profound weight loss yet lack
GCGR-associated hyperglycemic side effects, presumably due
to the counteraction of the incretin components (3-7).
However, GCGR activity has long been associated with dia-
betes and obesity-associated glucose dysregulation. Thus, it
is important to elucidate the physiological conditions, target
tissues, and potential mechanisms by which GCGR action
regulates glucose homeostasis.

Cellular response to energetic supply and demand is es-
sential in maintaining metabolic homeostasis. A crucial
node in this response is the target of rapamycin (TOR) pro-
tein kinase, a 289-kDa serine/threonine protein kinase (8).
Intriguingly, mTOR is the catalytic core of two indepen-
dent complexes, mTOR complex 1 (mTORC1) and mTORC2,
each with independent targets and cellular functions (9).
The rapamycin-resistant mTORC2 complex is comprised of
seven proteins including mammalian lethal with SEC13 pro-
tein 8 (mLST8), MAPK-interacting protein 1 (mSIN1), DEP-
domain-containing mTOR-interacting protein (DEPTOR),
protein associated with RICTOR 1 or 2 (PROTOR1/2), and
the scaffolding protein RICTOR. RICTOR is the defining
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feature of the mTORC2 complex and facilitates mTORC2
activation of the Ser/Thr-specific kinase AKT (9). AKT is
a critical and essential node for insulin receptor (INSR)-
stimulated glucose homeostasis in liver and other glucore-
gulatory tissues (10). mTORC2 phosphorylates Ser*”® of
AKT, facilitating subsequent phosphorylation at Thr**® by
the phosphoinositide-dependent kinase 1 (PDK1) (11). The
combination of these two phosphorylation events is neces-
sary for full AKT activation (11).

While chronic GCGR agonism stimulates hyperglycemia
and glucose intolerance (12), we reported an unexpected
improvement in insulin-stimulated glucose metabolism
after acute GCGR agonism (13). This observation was
confirmed to be dependent on hepatic GCGR signaling
and mechanistically associated with enhanced phosphory-
lation of AKT at Ser*”® (13). Here we expand on those ini-
tial observations to demonstrate that 1) GCGR agonism
enhances systemic insulin sensitivity during both hypo-
glycemic and euglycemic conditions and 2) this regulation
is dependent on hepatic mTORC2 signaling. Together,
these data expand our mechanistic understanding of
GCGR activation and its role in glucose homeostasis.

RESEARCH DESIGN AND METHODS

Animal Models

All studies were approved by and performed according to
the guidelines of the Institutional Animal Care and Use
Committee of the University of Alabama at Birmingham.
Mice were single or group housed on a 12 h:12 h light:dark
cycle (light on from 0600 to 1800 h) at 22°C in constant hu-
midity with free access to food and water, except as noted.
Rictor-floxed and Alb-Cre mice were obtained from The Jack-
son Laboratory (Bar Harbor, ME). AAV8-TGB-iCre (2 * 101
GC/mouse, no. VB1724; Vector BioLabs) was used to estab-
lish adult inducible, hepatic Rictor knockout (iRictor™Her
mice). AAV-Cre or AAV-eGFP (VB1743; Vector BioLabs)
were induced via retro-orbital delivery, and hepatocytes
were isolated 7 days after induction. All mice were main-
tained in our facilities on a C57Bl/6J background and fed
standard chow (Teklad LM-485, 5.6% fat).

Peptides

IUB288 was synthesized as previously described (12).
Glucagon (1-29) trifluoroacetate salt was obtained from
Thermo Fisher Scientific and insulin (Humulin R) from
Eli Lilly and Co.

Glucose Phenotyping Tests

Glucose tolerance tests (GTT) were performed with injec-
tion of glucose (2 g/kg ip., 25% w/v D-glucose [Sigma-
Aldrich] in 0.9% w/v saline). Blood glucose was deter-
mined by Contour glucometer (9545C; Ascensia Diabetes
Care). Glucose clamps were conducted as previously de-
scribed (13,14). Briefly, catheters were implanted in
4-month-old male chow-fed, C57BL6 mice (30-32 g body
wt) for hypoglycemic clamp or 4- to 6-month-old male
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Rictor®™™"®" mice and control littermates for euglycemic

clamp. Seven days postoperative, 5-h-fasted mice were in-
jected with saline or IUB288 (10 nmol/kg s.c.) during the
final 60 min of fasting. Insulin (1.2 mU/kg/min for eugly-
cemic clamp and 4 mU/kg/min for the hypoglycemic
clamp, diluted in 3% O.N. fasted mouse plasma) was in-
fused through the right jugular venous catheter and eu-
glycemia (85 mg/dL) or hypoglycemia (45 mg/dL) was
maintained with adjustment of the infusion rate of a 20%
glucose solution. Euglycemic clamp level was defined by
the average fasting blood glucose of each genotype (15).
For the euglycemic clamp, glucose was mixed with [3-3H]-
glucose (PerkinElmer, Boston, MA) at 0.02 pCi/pL. A tracer
equilibration period (¢t = —120 to 0 min) was used as
follows: a 1.6 pCi bolus of [3—3H]—glucose was given at
t = —120 min followed by a 0.04 pCi/min infusion for
2 h. Blood samples (50 pL) were taken via the left carotid
arterial catheter at —120, —15, —5, 80, 90, 100, 110, 120,
122,127,135, 145, and 155 min for the assessment of glu-
cose, [3—3H]—glucose specific activity, and plasma insulin.
Red blood cells were recovered and injected via arterial cath-
eter to prevent a hematocrit deficit. 10 pCi of [1-*C]-2
deoxy-p-glucose ([1-**C)2DG) (PerkinElmer) was injected at
t = 120 min via venous catheter to assess glucose uptake.
Following the clamp, mice were euthanized and tissues (gas-
trocnemius, soleus, tibialis anterior, liver, epididymal
white adipose tissue [eWAT], and interscapular brown adi-
pose [BAT]) were snap frozen in liquid nitrogen.

Biochemical Assays

Plasma glucose specific activity, glucose turnover rates (Ry)
(mg/kg/min), [3—3H]—glucose infusion rate (dpm/kg/min),
hepatic glucose production rates (R) (mg/kg/min), and
tissue-specific [1-14C)2DG uptake (Ry) (ug glucose/mg tis-
sue/min) were calculated as previously described (13).
Clamp plasma glucose was measured from 10 pL deprotei-
nized samples (Glucose Assay Kit; Abcam, Cambridge, MA).
Tissue-specific [1-**C]2DG-6-phosphate content was deter-
mined with supernatant with the Somogyi method (16).
Glycogen was assessed from [3—3H]—g1ucose incorporated
into ethanol-precipitated glycogen in KOH-lysed tissues
(13). Plasma insulin and glucagon were measured with a
mouse insulin ELISA kit (Crystal Chem, Elk Grove Village,
IL) and mouse glucagon ELISA kit (Mercodia, Winston
Salem, NC), respectively. Plasma nonesterified fatty
acids were measured with Free Fatty Acid Colorimetric
Assay kit (BioVision, Milpitas, CA).

Primary Hepatocyte Isolation

Primary hepatocytes were prepared from anesthetized male
mice as previously described (13,17). Cells were treated
with vehicle, I[UB288 (10 nmol/L), insulin (1 nmol/L), Glu-
cagon (GCG) (10 nmol/L), GCG and insulin, or JTUB288 and
insulin. Cotreatments were conducted simultaneously and
halted after 2.5 min via snap freezing in liquid nitrogen.
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Immunoblot Analyses

Cell extracts were prepared in lysis buffer (20 mmol/L Tris,
pH 6.8; 3.8 mmol/L dithiothreitol; 10% glycerol; 1% SDS;
and Halt protease inhibitor cocktail [Thermo Fisher Scien-
tific]), sonicated for 10 s on ice, and centrifuged for 15
min at 14,000 rpm 4°C. The 40 pg lysates were separated
by 7.5% SDS-PAGE. Resolved fractions were transferred to
polyvinylidene fluoride membranes (Bio-Rad Laboratories),
and phosphorylation was detected with phospho-specific
antibodies to Akt>™"®, Akt™%8 GSK3a/B5*Y°, Fox01/
03Th24/32  pRASAQTh?46  CRERSTI  and P7OSEKTIE
[Cell Signaling Technology, Danvers, MA]) and IRS177¢*2
(Thermo Fisher Scientific, Waltham, MA). Phosphorylation
was normalized to anti-AKT, anti-IRS1, anti-GSK3, anti-
CREB, anti-Rictor, anti-FoxO1, or anti-PRAS40 (Cell Signal-
ing Technology). Immunoblots were labeled with goat
anti-rabbit horseradish peroxidase—conjugated secondary
antibodies and quantified with Clarity ECL, ChemDoc
Imaging System, and Image Lab 5.0 software (Bio-Rad
Laboratories).

Statistics

All data are represented as mean + SEM. Statistical signif-
icance was determined with unpaired Student t tests or,
where appropriate, one-, two-, or three-way ANOVA with
multiple comparisons Tukey posttest. Statistics were com-
pleted with GraphPad Prism, version 9.2, for Macintosh
(GraphPad Software, San Diego, CA), and significance was
assigned when P < 0.05.

Data and Resource Availability

The data sets generated during the current study are
available from the corresponding author on reasonable
request.

RESULTS

Acute GCGR Agonism Enhances Insulin Sensitivity in
Hypoglycemic Mice
Glucagon is secreted from a-cells during hypoglycemia
and likewise is used as a lifesaving drug against insulin-
stimulated hypoglycemia. However, GCGR agonism dur-
ing euglycemia enhances subsequent insulin-stimulated
glucose disposal and suppression of hepatic glucose pro-
duction (13). We performed hyperinsulinemic-hypoglycemic
(HIHG) clamps in the presence or absence of a bolus
IUB288 treatment to test GCGR-INSR cross talk dur-
ing hypoglycemia (45 mg/dL glucose) (Fig. 1). IUB288
(10 nmol/kg s.c.) was administered 60 min prior to 4 mU/
kg/min insulin infusion. IUB288-treated mice displayed
early hyperglycemia (t = —30 to 0 min) (Fig. 14) that was
resolved prior to the introduction of insulin infusion.
Consistent with our findings in the euglycemic clamp
(13), IUB288-treatment increased glucose infusion rate
(GIR) during HIHG clamp as compared with vehicle-
treated controls (Fig. 1B and C). Clamped plasma insulin
(t = 120 min) was elevated three to fourfold over
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Figure 1—GCGR agonism enhances insulin sensitivity under hyper-
insulinemic-hypoglycemic clamp. A: Arterial glycemia from —60 min
to 120 min. GIR during insulin infusion period (B and C). Plasma insu-
lin level under basal and clamped conditions (D). Shaded area of A
and B used to calculate average clamped GIR. All data are repre-
sented as mean + SEM (n = 5 mice/group) in adult C57BI/6J mice.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. vehicle
mice, using Student t test (C) or two-way ANOVA (A, B, D, and E).

baseline (t = 0 min) (Fig. 1D). Importantly, the enhanced
GIR observed in ITUB288-treated mice was obtained under
similar levels of circulating insulin (Fig. 1D). These data
demonstrate that like euglycemia, GCGR agonism enhan-
ces whole-body insulin sensitivity during hypoglycemia.

Hepatic mTORC2 Regulates Glucose Homeostasis and
Glucagon Sensitivity in Mice

[UB288-enhanced, whole-body insulin sensitivity was asso-
ciated with increased insulin-stimulated phosphorylation at
AKT®*™*7 but not AKT™3% (13). mTORC2 phosphorylates
AKT®**™" (11), suggesting that mTORC2 may facilitate
GCGR-INSR cross talk. The scaffolding protein RICTOR is
essential for mTORC2 substrate targeting (9); thus, we
used mice with hepatic Rictor deficiency (Rictor*™®) to
test the role of mTORC2 in GCGR-dependent potentiation
of insulin sensitivity. Consistent with the findings of
Lamming et al. (18), immunoblot analysis verified that both
male (Fig. 24) and female (data not shown) Rictor AlLiver
lack RICTOR in liver tissues, yet preserved expression in gas-
trocnemius and BAT.

As previously reported (19), we observed glucose intoler-
ance in male Rictor"™* mice compared with their litter-
mate controls (Fig. 2B and C). However, 5 h fasting blood
glucose was surprisingly reduced in the male Rictor"""*"
mice (Fig. 2D). Similar trends for glucose intolerance (P =
0.1828) and fasting glycemia (P = 0.1267) were observed
in female Rictor"™ " mice (Fig. 2B-D). These data suggest
that hepatic mTORC2 is important for insulin-stimulated
glucose homeostasis and may also contribute to fasting glu-
cose dynamics. To evaluate the role of hepatic mTORC2 in
GCGR action, we administered a single injection of IUB288

mice
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Figure 2—Rictor*-"" mice show glucose intolerance, lower blood glucose, and nonresponse to GCGR agonism. A: Western blot analysis
of RICTOR (180 kDa) and B-actin or vinculin confirming liver-specific knockout. B: Blood glucose during GTT in male and female mice after
5-h fast. C: Area under the curve analysis of glucose excursion during GTT. D: Fasting blood glucose (5 h) in male and female mice.
E: Blood glucose excursion during IlUB288 challenge in male mice after 5 h fast. F: Change in blood glucose after vehicle or GCGR ago-
nism challenge (t = 0-15 min) in male mice. G: Circulating glucagon in Rictor*-"®" and littermate control mice after 5 h fast or 2 h (chow) re-
feed. H and I: Liver CREB phosphorylation in Rictor*-"®" and littermate control mice 20 min after IUB288 challenge. All data are
represented as mean + SEM in 16-week-old mice with control mice represented by closed symbols and Rictor*-V" mice by open symbols
(n = 4-7 mice/group). *P < 0.05, **P < 0.01 vs. genotype control, $$P < 0.01 vs. vehicle control, using two-way ANOVA (C, D, and F-H)
or three-way ANOVA (B and E). B: Interaction of genotype and time (P < 0.01). AUC, area under the curve; Gastroc, gastrocnemius.
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(10 nmol/kg i.p.) and measured the resulting glucose excur-
sion (Fig. 2E and F). In control mice, IUB288 stimulated a
transient blood glucose elevation of ~150 mg/dL (Fig. 2E
and F). Consistent with their reduced fasting glycemia,
Rictor®"™"*" mice exhibited a clear resistance to GCGR ago-
nism compared with their littermate controls (Fig. 2E and F).
Fasting plasma glucagon is elevated in Rictor™"™*
(Fig. 2G), but these mice are still responsive to GCGR-stim-
ulated phosphorylation of the cAMP-response element
binding protein (CREB) (Fig. 2H and I). Together these
data suggest that mTORC2 signaling is a component of

both insulin- and glucagon-regulated glucose homeostasis.

mice

Hepatic mMTORC2 Contributes to Insulin Sensitivity in
Mice

To test whether mTORC2 mediates GCGR-stimulated in-
sulin action on glucose homeostasis, we performed hyper-
insulinemic-euglycemic (HIEG) clamps in male Rictor™""*"
mice and their littermate controls. Clamps (Fig. 3A-F)
were conducted as previously described (13) using an in-
fusion rate of 1.2 mU/kg/min to interrogate hepatic insu-
lin sensitivity. Mice from each genotype were treated with
either IUB288 or vehicle 60 min prior to insulin infusion
(t = —60 min). IUB288-treated control mice displayed
hyperglycemia (¢t =
bols], 15 min after injection t = —60) that was resolved
prior to insulin infusion. Consistent with Figure 2,
Ricto rA Liver
vations in glycemia (Fig. 3A, open red symbols). Regard-
less of genotype or treatment, glycemia was clamped at
~85 mg/dL (t = 90-120 min) (Fig. 3A). Consistent with
our prior report (13), [UB288-treated control mice dis-
played a considerable increase in GIR (Fig. 3B and O).
Vehicle-treated Rictor"™"*" mice displayed a trend for re-
duced GIR (Fig. 3C) (P = 0.0810, Student t test) com-
pared with that of vehicle-treated littermate controls.
However, Rictor™""e"
IUB288-stimulated enhancements in whole-body insulin
sensitivity (Fig. 3B and C). Together, these data place he-
patic mTORC2 activity downstream of GCGR signaling
and suggest that it is essential for GCGR-stimulated en-
hancement of insulin sensitivity.

Rictor®"*" mice display fasting hyperinsulinemia
(genotype effect, P < 0.0001 [three-way ANOVA]) (Fig.
3D). This hyperinsulinemia persisted during the clamp
(t = 120 min), despite elevated insulin levels in all groups
(clamp effect, P < 0.0001 [three-way ANOVA]) (Fig. 3D).
Importantly, this hyperinsulinemia failed to increase GIR
ALver mice compared with littermate controls, in-
dependent of GCGR agonism. Elevated insulin, absent of
increased GIR, could be interpreted as insulin resistance
and may reconcile the glucose intolerance in these mice
with the GIR observed during clamp. Conversely, the en-
hanced GIR observed in IUB288-treated control mice was
not attributable to differential levels of circulating insulin
compared with the vehicle-treated controls (Fig. 3D).

—45 min [Fig. 34, closed red sym-

mice were resistant to IUB288-stimulated ele-

mice were completely resistant to

in Rictor

Kim and Associates 2127

Plasma nonesterified fatty acids (NEFA) are reduced by
insulin and provide a secondary confirmation of its ac-
tion. In these samples, we observed a confirmatory sup-
pression of NEFA in response to the hyperinsulinemic
glucose clamp (clamp effect P < 0.0001 [three-way
ANOVA]) (Fig. 3E). IUB288 treatment stimulated a
significant NEFA reduction in control mice at both
basal and clamped time points, which was not repli-
cated in the Rictor*™®" mice. Glucose disposal (Ry)
during the clamped period was similar in all groups;
however, we observed a trend (P = 0.0642, Student t
test) for increased R4 in IUB288-treated control mice
compared with vehicle-treated controls (Fig. 3F). Col-
lectively, these data support that Rictor"“"*" mice dis-
play trends for reduced insulin sensitivity compared
with littermate controls during the (1.2 mU/kg/min in-

ALiver .
mice

sulin) HIEG clamp protocol. However, Rictor
are resistant to IUB288-stimulated enhancements in
whole-body insulin sensitivity even under hyperinsuli-

nemic conditions.

Hepatic mTORC2 Contributes to Tissue-Specific
Glucose Metabolism in Mice
We incorporated continuous D—[3—3H]—glucose infusion to

interrogate hepatic glucose metabolism in Rictor™MVe*

and
control mice. Consistently, clamp conditions suppressed en-
dogenous glucose production (R,) (clamp effect P < 0.0001,
two-way ANOVA) (Fig. 4A) in all groups. From this result,
we calculated the insulin-stimulated suppression of R, (%
change from basal), the primary measure for hepatic insulin
sensitivity (Fig. 4B). This analysis uncovered enhanced he-
patic insulin sensitivity in [UB288-treated compared with
vehicle-treated control mice (Fig. 4B). Rictor"™" mice dis-
played similar hepatic insulin sensitivity (i.e., % suppression)
compared with vehicle-treated control mice (Fig. 4B). How-
ever, as observed in GIR, Rictor*"™ " mice were resistant to
IUB288-stimulated enhancement of hepatic insulin sensitiv-
ity (Fig. 4B). In addition to R, suppression, IUB288-treated
control mice displayed a trend for reduced hepatic glycogen
synthesis (P = 0.0801, Student t test) (Fig. 4C). No change
in glycogen synthesis was observed in Rictor*™™**" mice (Fig.
4(C). Consistent with our prior report (13), skeletal muscle
(i.e., gastrocnemius) glycogen synthesis was unchanged by
IUB288 in control mice (Fig. 4D). However, we observed
an unexpected increase in muscle glycogen synthesis in
IUB288-treated Rictor™"""*" mice compared with all other
groups (Fig. 4D).

We included a [1-**C]2DG bolus during the last 30 min
of the HIEG clamp to assess tissue-specific glucose uptake.
[1-**C]2DG uptake in soleus, gastrocnemius, and eWAT
was similar across all genotypes and treatments (Fig.
4E-G). However, [1-14C]2DG uptake into BAT was prefer-
entially elevated in [UB288-treated controls as compared
with all other groups (Fig. 4H). Thus, GCGR agonism ap-
pears to enhance whole-body glucose metabolism in an
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Figure 3—GCGR agonism enhances whole-body insulin sensitivity during euglycemic clamp. A: Time course of arterial blood glucose
level from —120 min to 120 min. B: GIR during insulin infusion period. C: The average of GIR during steady state (shaded area of A and B)
from 90 to 120 min. D: Plasma insulin level under basal and clamped conditions. E: Plasma NEFA under basal and clamped conditions.
F: Glucose disposal rate (Ry). All data are represented as mean + SEM in 20- to 24-week-old mice with control mice represented by closed
symbols and Rictor*"V®" mice by open symbols (n = 6-7 mice). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, using two-way
ANOVA (C and F) or three-way ANOVA (B, D, and E). B: Interaction of time, treatment, and genotype (P = 0.0003).

mTORC2-dependent manner via insulin-stimulated R,
suppression and BAT glucose uptake.

Hepatic mTORC2 Contributes to Glucagon Receptor
and Insulin Receptor Signaling Interactions During
HIEG Clamp

To test the role of mTORC2 in GCGR-INSR signaling
cross talk, we interrogated INSR signaling pathways in
liver tissues after HIEG clamp (i.e., 2 h of 1.2 mU/kg/min
insulin). Phosphorylation of the insulin receptor substrate
1 (IRS1) in these samples was similar across all groups,

regardless of treatment or genotype (Fig. 5A and B). In
Ric torALiver
served in phosphorylation of ribosomal protein S6 kinase
B-1 (P70S6K), classically considered a target of the mTORC1
complex (Fig. 5A and C). This observation suggests a poten-
tial compensatory effect in mTORC2 deficiency. IUB288
treatment had no effect on P70S6K phosphorylation, re-
gardless of genotype (Fig. 5A and (). Consistent with our
prior report (13), [UB288 treatment in control mice in-
creased liver AKT*™” but not AKT™3% phosphorylation
(Fig. 5A, D, and E). Rictor*"™®" mice exhibited a considerable

mice a subtle but significant reduction was ob-
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Figure 4—GCGR agonism enhances insulin-stimulated hepatic glucose production during euglycemic-clamp. A: Endogenous glucose
(End Gluc) production rate (Ry). B: Insulin-stimulated percent change of R,. C and D: Glycogen synthesis rate in the liver (C) and gastroc-
nemius (D). E-H: [1-'*C]2DG uptake rate into soleus (E), gastrocnemius (F), eWAT (G), and BAT (H). All data are represented as mean +
SEM with control mice represented by closed symbols and Rictor*="®" mice by open symbols (n = 6-7 mice). *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001 using two-way ANOVA (B-G) or three-way ANOVA (A).
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reduction in total AKT and AKT***"® but not AKT™3%®
phosphorylation (Fig. 54, D, and E). Importantly, Rictor"Mve*
mice were unresponsive to [UB288-stimulated enhancement
in AKT>®473 phosphorylation (Fig. 54, D, and E). Similar
trends were also observed in the AKT target, glycogen syn-
thase kinase 3 (GSK3) (Fig. 5A and F). Together, these data
support that GCGR signaling potentiates INSR signaling via

the mTORC2 complex.

Hepatic mMTORC2 Contributes to Cell-Autonomous
GCGR-Mediated Improvements in Insulin Signaling
GCGR agonists enhance whole-body insulin action via po-
tentiation of hepatocyte insulin signaling (13). To dissect
the necessity of hepatocyte mTORC2 in this signaling
cross talk, we interrogated GCGR and INSR signaling in
primary hepatocytes isolated from Rictor*™*" and litter-
mate control mice. Consistent with in vivo liver samples
(Fig. 2), RICTOR was expressed in hepatocytes from con-
trol mice but predictably ablated in those isolated from
Rictor™"*" mice (Fig. 6A). IRS1 phosphorylation was stim-
ulated by insulin, but not further augmented by GCGR ag-
onism, in hepatocytes from control and Rictor®!ver
(Fig. 6A and B). Consistent with our earlier report (13),
TUB288 treatment increased insulin-stimulated AKT>"*73
but not AKT™*38 phosphorylation in control hepatocytes
(Fig. 64, C, and D). Insulin-stimulated AKTSer473 phosphor-
ylation was nearly absent in hepatocytes from Rictor™™""
mice, regardless of IUB288 treatment (Fig. 6A and C). This
was coupled with a decrease of ~50% in total AKT (Fig. 6A
and E). Similar regulation of insulin-stimulated phosphory-
lation was also observed in the AKT target, GSK3 (Fig. 6A
and F). However, IUB288 was sufficient to stimulate its
phosphorylation in the absence of insulin and mTORC2
(Fig. 6A and F), suggesting redundancy in GCGR signaling
to this target. Two additional AKT targets, FOXO1™24
and PRAS40™2%¢ displayed enhanced phosphorylation in
combined [UB288 and insulin treatment that was ablated
in the absence of RICTOR (Fig. 6G and H). Consistent sig-
naling was observed in response to the native GCG peptide
(Fig. 7A-D). Conversely, phosphorylation of the mTORC2
target PKCo™"638/641 yas not regulated in response to in-
sulin or IUB288 at this time or dose.

To ensure that the observed signaling changes were not
dependent on compensatory effects secondary to develop-
mental Rictor knockout, we confirmed phosphorylation of
AKT*™7 FOX01™2* and PRAS40™2%® in hepatocytes
from mice with inducible hepatic Rictor deficiency (iRic-
tor* M mice) (Fig. 7E-H). Collectively, these data support
that acutely, hepatic GCGR signaling potentiates INSR signal-
ing via the mTORC2 complex in a cell-autonomous manner.

mice

DISCUSSION

Results presented here identify mTORC2 as a novel mech-
anism for GCGR-dependent enhancement of insulin sensi-
tivity. These data are supported by our prior report (13)
and provide mechanistic insight into the cross talk
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between these two signaling pathways. It was previously
assumed that glucagon opposes all of insulin’s actions,
but emerging observations suggest that the physiological
context of GCGR stimulation may profoundly influence
its action, especially as it integrates with insulin (13,20).
Our findings are consistent with the hypothesis that
acute GCGR agonism enhances insulin action during both
hypo- and euglycemic conditions and suggest that hepatic
mTORC2 signaling is necessary for this action. An impor-
tant caveat of these studies lies in our choice of agonist.
IUB288 is a potent, long-acting, selective GCGR agonist
(12). This peptide has been characterized in multiple stud-
ies and stimulates similar physiology as compared with
the native GCG peptide (12,13,17,21,22). However, in
each additional study, there is always the possibility that
its extended bioavailability or off-target effects are con-
tributing to the observed physiology. This is especially
true of effects induced by chronic treatment where the
long-acting pharmacodynamics of IUB288 may be addi-
tive. The current data confirm mTORC2-dependent sig-
naling with both IUB288 and native GCG, observations
that are consistent with our prior report (13). These ob-
servations suggest that acute IUB288-stimulated biology
is representative of the endogenous hormone. They are
likewise consistent with the hypothesis that while chronic
GCGR activation impairs glucose tolerance, acute agonism
synergistically enhances insulin action.

In this study we used various glucose clamp conditions
to expand our understanding of GCGR signaling in insulin
action. In our previous report, we infused somatostatin
with insulin to suppress endogenous insulin and glucagon
secretion under euglycemic (i.e., 150 mg/dL) clamp condi-
tions. In the current report, we show that [UB288 in-
creased GIR under hypoglycemic-hyperinsulinemic (i.e.,
45 mg/dL) clamp conditions, where the counterregulatory
neuro-adrenergic response is intensified. Glucagon has
long been used as a rescue therapy to reverse insulin-
stimulated hypoglycemia; thus, the insulin-enhancing
effect of GCGR agonism was unexpected. While these hy-
poglycemic conditions may initially appear similar, one
should consider the constant insulin infusion associated
with the clamp. Subsequent HIEG clamps at 85 mg/dL
(Fig. 3) confirmed IUB288-dependent increases in GIR.
Thus, we interpret the combined findings to suggest that
GCGR agonism enhances insulin sensitivity when insulin
is present, regardless of the current glycemic load.

mTORC2 is widely expressed and is a crucial regula-
tor of insulin signaling, circadian rhythms, and whole-
body metabolism (23-25). This complex is composed of
seven proteins including mTOR, the active kinase unit,
and RICTOR, a scaffolding protein that dictates substrate
binding (26) including AKT**"*”® (11). As GCGR agonism
potentiates insulin-stimulated phosphorylation of AKT**"3
(13), we generated mice with hepatic Rictor deficiency
(Rictor*™) to test for the necessity of mTORC2 in GCGR-
potentiated insulin action. Rictor"™* mice are characterized
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Figure 7 —AKT Ser473 phosphorylation is conserved with native glucagon and in adult inducible Rictor deficiency. Representative images
of Western blot analysis for insulin signaling in primary hepatocytes isolated from control (A and E) and iRictor*-V" mice (E). Quantitative
data of pAKTS®™73/AKT (B), pFOXO1™"24/FOXO01 (C), and pPRAS40™"246/PRAS40 (D) in response to IUB288 (1+288) or glucagon (GCG).
Quantitative data of RICTOR (E), pAKTS®"#73/AKT (F), pFOXO1™"24/FOXO1 (G), and pPRAS40""246/PRAS40 (H) in response to 1UB288 in
hepatocytes of adult inducible iRictor*-"*" mice. All data are represented as means + SEM in 15- to 17-week-old mice. *P < 0.05, **P < 0.01,
*+kP < 0.001, and ****P < 0.0001, using two-way ANOVA. Veh, vehicle.
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by glucose intolerance, hyperinsulinemia, reduced hepatic
glycogen ([3-*H]-glucose incorporation in overnight fasted
mice [data not shown here]), and a lack of AKT>*"3 phos-
phorylation. Although not specifically tested, the reduced
hepatic glycogen may explain their resistance to IUB288-
increased blood glucose. Unlike Hagiwara et al. (27), who re-
ported fasting hyperglycemia, we observed subtle fasting
hypoglycemia in male Rictor™*" mice (Figs. 2D and 3A).
Considering the similar strain and diet used in these studies,
it is most likely that an age-associated mechanism is respon-
sible for the observed differences.

We used the hyperinsulinemic-euglycemic clamp to
investigate the role of mTORC2 signaling in the GCGR-
dependent enhancement of insulin sensitivity. Consis-
tent with their subtle glucose intolerance, Rictor®Mver
mice displayed a trend for reduced GIR at steady state
(t = 90-120 min). It should be noted that our clamp
conditions included a 5 h fast, mild insulin infusion
rate, and relatively low euglycemia (i.e., 1.2 mU kg/min
and 85 mg/dL, respectively). Prior HIEG clamps were
reported for the Rictor*""*" mice after an overnight
fast, but circulating insulin and glucose levels were not
reported (28). Thus, differences in protocols may ac-
count for the relative differences observed between the
studies (28). Although these observed differences are
interesting, the Rictor™""e"
used as a tool to investigate the mechanisms regulating
GCGR and INSR cross talk.

GCGR agonism potentiates whole-body and hepatic in-
sulin sensitivity. Intriguingly, this effect was completely
ALver mice, providing strong evidence

mice in our studies were

abolished in Rictor
for the mTORC2 kinase complex as a crucial node linking
GCGR and INSR signaling. Furthermore, this observation
allows us to reconcile the complicated glucose homeosta-
sis observed in the Rictor""""*" mice. Specifically, mTORC2
appears to regulate both GCGR-dependent (i.e., fasting
hypoglycemia and IUB288 resistance) and INSR-depen-
dent (i.e., glucose tolerance) regulation.

mTOR is phosphorylated on two serine residues (Ser
and Ser’*®") within its negative regulatory domain. Phos-
phorylation of mTOR®***® has been associated with ki-
nase activity, although this is somewhat controversial (29).
Phosphorylation of mTOR****! is a marker of an intact
mTORC2 complex (30). Both mTOR sites are phosphory-
lated in response to insulin, but not further modified by
IUB288 treatment in control hepatocytes (data not shown).
Instead, our findings are consistent with our prior observa-
tions of enhanced AKT**"*”® phosphorylation and activity
(13). PKCa phosphorylation (Thr638/641) is a target of
mTORC2 and results in inhibition of both GCGR (at Gs)
(31) and liver insulin signaling via phosphorylation of IRS
(32). Moreover, PKCa is reduced in models of Rictor defi-
ciency (33). However, we found no regulation (at the tested
time and dose) in response to insulin or [UB288. Thus, fur-
ther experimentation will be needed to identify the signal-
ing nodes between GCGR and mTORC2. Lastly, our
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approach uses pharmacological GCGR agonism (i.e., ITUB288)
as a tool to interrogate GCGR and INSR cross talk. There-
fore, it is possible that a portion of the considerable en-
hancements in glucose homeostasis may be influenced by
the potency or pharmacodynamics of JTUB288.

These current findings add to the growing appreciation
of GCGR-dependent physiology. These results also provide
deeper mechanistic understanding of the paradoxical glyce-
mic benefits observed with use of GCGR-based coagonists
agonism (3,4,34,35) and in patients using a wearable, bi-
hormonal (GCG and insulin) bionic pancreas (36). In sum,
these data suggest that GCGR agonism acts via the
mTORC2 kinase complex to enhance hepatic insulin stimu-
lated AKT®***”® phosphorylation and activity and thereby
potentiates whole-body and hepatic insulin sensitivity.
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