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Skeletal muscle (SKM) insulin resistance plays a central
role in the pathogenesis of type 2 diabetes. Because
G-protein–coupled receptors (GPCRs) represent excel-
lent drug targets, we hypothesized that activation of
specific functional classes of SKM GPCRs might lead
to improved glucose homeostasis in type 2 diabetes.
At present, little is known about the in vivo metabolic
roles of the various distinct GPCR signaling pathways
operative in SKM. In this study, we tested the hypothesis
that selective activation of SKMGq signaling can improve
SKM glucose uptake and whole-body glucose homeo-
stasis under physiological and pathophysiological
conditions. Studies with transgenic mice expressing
a Gq-linked designer GPCR selectively in SKM cells
demonstrated that receptor-mediated activation of
SKM Gq signaling greatly promoted glucose uptake
into SKM and significantly improved glucose homeo-
stasis in obese, glucose-intolerant mice. These bene-
ficial metabolic effects required the activity of SKM
AMPK. In contrast, obese mutant mice that lacked
both Gaq and Ga11 selectively in SKM showed severe
deficits in glucose homeostasis. Moreover, GPCR-
mediated activation of Gq signaling also stimulated
glucose uptake in primary human SKM cells. Taken
together, these findings strongly suggest that agents
capable of enhancing SKMGq signalingmay prove useful
as novel antidiabetic drugs.

Type 2 diabetes has emerged as a major threat to human
health worldwide (1,2). The resistance of peripheral tis-
sues, particularly of skeletal muscle (SKM), to the actions

of insulin represents a key factor in the pathogenesis of
type 2 diabetes (1–3).

G-protein–coupled receptors (GPCRs) are known to
represent excellent drug targets (4). Like all other tissues,
SKM, the largest insulin-sensitive organ in the body,
expresses a considerable number of GPCRs that differ in
their G-protein–coupling preferences (5). At present, little
is known about the roles of SKM GPCRs in regulating
glucose uptake and whole-body glucose homeostasis. A
limited number of in vitro studies using cultured rat L6
SKM cells suggests that Gq-coupled receptors are able to
promote glucose uptake in this SKM cell line (6,7). In
contrast, a recent study showed that the Gq-coupled ETB
endothelin receptor inhibits glucose uptake in L6 myo-
tubes (8). The reasons underlying these discrepant findings
are unclear at present.

The potential in vivo roles of SKM Gq-coupled receptors
remain unexplored. Work in this field has been compli-
cated primarily by the fact that essentially all GPCRs are
expressed in multiple tissues and cell types (5) and that
most GPCRs show promiscuous G-protein–coupling prop-
erties (9). To overcome this obstacle, we started to use
Designer Receptor Exclusively Activated by a Designer
Drug (DREADD) technology (10,11). DREADDs represent
mutant GPCRs that are no longer activated by any
endogenous ligands but can be selectively activated by
clozapine-N-oxide (CNO), a synthetic ligand that is other-
wise pharmacologically inert (10,11). During the past few
years, we and other investigators have successfully used
DREADD technology to study the in vivo metabolic effects
of activating distinct functional classes of GPCRs in several
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metabolically relevant cell types, including pancreatic
b-cells (12,13), hepatocytes (14–16), and adipocytes (17).

To elucidate the potential physiological roles of SKM Gq-
linked GPCRs in vivo, we expressed a Gq-coupled DREADD
(hM3Dq isM3Dq) (18) selectively in SKM cells of transgenic
mice. In parallel, we also generated mutant mice that lacked
Gaq/11 selectively in SKM. The outcome of systematic
metabolic phenotyping studies strongly suggests that drugs
able to stimulate SKM Gq-coupled receptors may become
clinically useful for the treatment of type 2 diabetes.

RESEARCH DESIGN AND METHODS

All animal studies were approved by the National Institute
of Diabetes and Digestive and Kidney Diseases (NIDDK)/
National Institutes of Health (NIH) Animal Care and Use
Committee.

Materials
CNO was obtained from the NIH as part of the Rapid
Access to Investigative Drug Program funded by the Na-
tional Institute of Neurological Disorders and Stroke.
Sources of common chemicals, media, and commercial
kits are provided in the text below or were from Sigma-
Aldrich or Tocris Bioscience (oxytocin [OT] and L371,257).

Mouse Maintenance and Diet
Mice were fed ad libitum and kept on a 12-h light/dark
cycle. Mice were maintained at room temperature (23°C)
and consumed standard chow (15% kcal fat and energy
density 3.1 kcal/g) (7022 NIH-07 diet; Envigo) or, where
indicated, a high-fat diet (HFD) (50% kcal fat and energy
density 5.5 kcal/g) (F3282; Bio-Serv).

Generation of SKM-M3Dq Mice
To generate mice that selectively express the Gq-coupled
DREADDM3Dq in SKM (SKM-M3Dq mice), we first inserted
the hemagglutinin (HA)-hM3Dq-p2A-mCitrine sequence (plas-
mid source: Dr. Bryan Roth, University of North Carolina at
Chapel Hill, Chapel Hill, NC) into the pHSAvpSV40pA plasmid
(19). In this construct, expression of the M3Dq designer
receptor is under the transcription control of the human
a-skeletal actin (HSA) promoter. The linearized HSA-M3Dq-
p2a-mCitrine plasmid was microinjected into the pronuclei of
fertilized ova from C57BL/6NTac mice (Taconic Farms, Ger-
mantown, NY) using standard transgenic techniques. Mice
harboring theHSA-M3Dq transgenewere identified via PCRof
genomic tail DNA. We identified a mouse line that selectively
expressed the HSA-M3Dq transgene in SKM (see text for
details). For simplicity, we refer to these mice as SKM-M3Dq
mice throughout the manuscript. Hemizygous SKM-M3Dq
mice were crossbred with wild-type (WT) C57BL/6NTac mice,
and littermates not carrying the M3Dq allele served as control
animals (genotyping information is available upon request).

Generation of SKM-M3Dq-AMPK-DN Mice
The generation of MCK-AMPK–dominant-negative (DN)
mice has been described previously (genetic background

C57BL/6) (20). SKM-M3Dq mice were crossed with MCK-
AMPK-DN mice to generate SKM-M3Dq-AMPK-DN mice
(genotyping information is available upon request).

Generation of Mice Selectively Lacking Gaq/11 in SKM
Gaq

flox/floxGa11
2/2 mice (21) were crossed with HSA-Cre

(ERT2) mice (22) (genetic background of both strains:
C57BL/6) to produce HSA-Cre(ERT2) Gaq

flox/+Ga11
2/+ off-

spring. These mice were backcrossed to Gaq
flox/floxGa11

2/2

mice line to generate HSA-Cre(ERT2) Gaq
flox/floxGa11

2/2

mice used for experimentation. To induce Cre recombinase
activity, HSA-Cre(ERT2) Gaq

flox/flox mice were injected i.p.
with 2 mg of tamoxifen dissolved in corn oil for 5 consec-
utive days (22), leading to the selective deletion of Gaq
in SKM. Gaq

flox/floxGa11
2/2 mice littermates lacking the

Cre(ERT2) transgene also received tamoxifen and served as
control animals (genotyping information is available upon
request).

Intraperitoneal Glucose Tolerance Test
Mice were fasted overnight for 14–16 h and then injected
i.p. with normal saline containing 2 g/kg glucose in the
presence or absence of 1 mg/kg CNO. Blood glucose
concentrations were determined with a Bayer Contour
glucometer using blood collected from the tail vein imme-
diately before and at defined time points after i.p. injec-
tions.

Insulin Tolerance Test
Mice were fasted for 5 h starting at 9 A.M. and then injected
i.p. with human insulin (0.75 units/kg or 1.5 units/kg, as
indicated; Humulin R; Eli Lilly and Company) in the
presence or absence of 1 mg/kg CNO. Blood glucose levels
were determined in the same fashion as described in the
previous paragraph.

Glucose-Stimulated Insulin Secretion
Mice were fasted overnight for 14–16 h and then injected
i.p. with normal saline containing 2 g/kg glucose in the
presence or absence of 1 mg/kg CNO. Plasma insulin
concentrations were determined using blood collected
from the tail vein immediately before and at defined
time points after i.p. injections. Blood was collected into
heparinized capillary tubes, and plasma was isolated via
centrifugation. Plasma insulin levels were determined with
a commercial ELISA kit (Crystal Chem).

In Vivo [14C]2-Deoxyglucose Uptake
To measure glucose uptake into individual tissues in vivo,
mice were fasted overnight for 14–16 h and then injected
i.p. with saline containing 2 g/kg glucose and 10 mCi of
[14C]2-deoxyglucose ([14C]2-DG) (PerkinElmer), in the
presence or absence of 1 mg/kg CNO. Mice were sacrificed
2 h later, and SKM and other tissues were harvested.
Tissue content of [1-14C]2-DG-6-phosphate was deter-
mined as a measure of SKM glucose uptake as described
previously (23).
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Measurement of M3Dq RNA Expression in SKM-M3Dq
Mice via Quantitative RT-PCR
WT and SKM-M3Dq mice were sacrificed, and tissues were
dissected and snap-frozen in liquid nitrogen. Tissue bi-
opsies were homogenized in TRIzol reagent (Thermo
Fisher Scientific), and total RNA was isolated. cDNA was
generated from total RNA using the Superscript III RT kit
with oligo(dT) primers (Thermo Fisher Scientific). Sub-
sequently, cDNA was screened for the presence of M3Dq
DNA using standard PCR techniques. The presence of the
transgene was detected by using the following primers:
forward, 59-AGAAGAACGGCATCAAGGTG-39 and reverse,
59-GAACTCCAGCAGGACCATGT-39 (amplicon size: 200 bp).

Radioligand Binding Studies
Crude membranes were prepared from quadriceps muscle
of WT and SKM-M3Dq mice, as described previously
(24). [3H]-N-methylscopolamine ([3H]-NMS)–saturating
(70 Ci/mmol; PerkinElmer) binding studies were carried
out as described (12). Briefly, 60 mg of membrane protein
was incubated with increasing concentrations of [3H]-NMS
(1–50 nmol/L) in a 0.25 mL volume at room temperature
for 3 h. Binding mixtures were then filtered over GF/B
filters presoaked in 0.3% polyethyleneimine (Brandel).
Nonspecific binding was determined as binding in the
presence of atropine (10 mmol/L). Radioactivity was
counted using standard liquid scintillation techniques.

CNO Administration via the Drinking Water
In a subset of experiments, CNO was administered con-
tinuously for 7 days by mixing CNO into the mouse
drinking water at a concentration of 0.25 mg/mL, as
described previously (13).

Adenoviruses
The adenovirus coding for M3Dq (titer: 1.2 3 1012 trans-
ducing units/mL) was generated by the University of
North Carolina at Chapel Hill Vector Core (director Dr.
D. Dismuke, Chapel Hill, NC). The human M3Dq coding
sequence (18) was inserted into the pShuttle-CMV-IRES-
mCitrine vector. The adenovirus coding for GFP (titer:
3.2 3 1011 IFU/mL) was a gift from the laboratory of Dr.
M. Montminy (Salk Institute for Biological Studies, La
Jolla, CA).

Culture of L6-GLUT4myc Cells and Transfection
L6-GLUT4myc cells (25) were obtained from Kerafast and
cultured according to the provider’s specifications. For
experiments, L6-GLUT4myc myoblasts were plated at
a concentration of 4 3 104 cells/mL in 24-well plates.
On the following day, the growth medium was replaced
with antibiotic-free a-minimum essential medium Eagle
(a-MEM) containing 20% FBS, and cells were transfected
with a plasmid coding for hM3Dq (pcDNA3-HA-hM3Dq-
p2A-mCitrine; University of North Carolina at Chapel Hill
Vector Core) or pCMV-GFP (plasmid #11153; Addgene)
using Lipofectamine 3000 (Thermo Fisher Scientific).
About 24 h later, the medium was replaced with the

original complete growth medium (a-MEM). Experiments
were performed on the second day after transfection
following serum starvation of cells for 3 h.

[3H]2-DG Uptake Measurements With L6-GLUT4myc
Cells
L6-GLUT4myc cells were cultured as described in the
previous paragraph. The uptake of [3H]2-DG (8 Ci/mmol;
PerkinElmer) by transfected L6-GLUT4myc cells was mea-
sured as described previously (26). Thirty minutes after
the addition of pharmacological inhibitors, cells were
treated with 10 mmol/L CNO for 60 min, followed by
the addition of 100 nmol/L insulin for an additional
20 min (where indicated). Incubations with insulin alone
(100 nmol/L) were carried out for 20 min. Specific uptake
in the absence of CNO and/or insulin was defined as basal
uptake (100%). All data were expressed as percent of basal
uptake. Experiments were performed in triplicate.

Functional Studies With Primary Human SKM Cells
Primary human SKM myoblasts (HSMMs; Lonza) were
cultured according to the provider’s specifications. Briefly,
HSMMs were seeded into 12-well plates at 8 3 104

cells/well. Upon reaching 80% confluence, HSMMs were
differentiated into myotubes for 4 to 5 days in DMEM/F12
medium containing 2% horse serum. Prior to glucose
uptake experiments, cells were serum starved in
DMEM/F12 medium for 3 h, followed by treatment
with OT for 1 h at 37°C. Where indicated, pharmacological
inhibitors were added during the last 30 or 60 min (com-
pound C; L-371,257) of serum starvation.

In a separate set of experiments, the M3Dq construct
was expressed in HSMMs by using an M3Dq-encoding
adenovirus. For control purposes, HSMMs were trans-
duced with an adenovirus coding for GFP. Adenoviruses
were added to the growth medium at a multiplicity of
infection of 250 3 days after the start of differentiation
process. On the following day, the medium was replaced
with fresh differentiation medium. Glucose uptake studies
were performed with transduced cells 2 days after virus
addition.

[3H]2-DG uptake studies were performed in the same
fashion as described for L6-GLUT4myc cells (see previous
paragraph), except that the [3H]2-DG incubation time was
increased to 15 min. All experiments were carried out in
duplicate.

GLUT4 Cell Surface Expression
Detection of cell surface GLUT4 expression in L6-GLUT4-
myc cells was based on a previously described method (25)
modified for flow cytometry (27). L6-GLUT4myc cells were
seeded at a density of 1.253 106 cells in 10-cm dishes. On
the following day, cells were transfected with the
HA-hM3Dq construct (18) as described above. Two days
later, cells were serum starved for 2.5 h and then lifted
from the plates using Cell Stripper reagent (Corning). Cells
were resuspended in serum-free basal a-MEM at a concen-
tration of 1 3 106 cells/mL. Subsequently, 500 mL of cell
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suspension was added to flow cytometry tubes (BD Bio-
sciences) and incubated at 37°C for 30 min. Any inhibitors
used were added during this incubation step. Cells were
treated with 10 mmol/L CNO for 1 h at 37°C and, if
required, for an additional 20 min with 100 nmol/L in-
sulin. Incubations were terminated by centrifugation of
cells at 220g for 5 min. Cells were then resuspended in ice-
cold 3% paraformaldehyde in PBS and incubated on ice for
10 min. Sodium azide (15 mmol/L) was added to the cells
prior to storage at 4°C until further analysis.

In order to detect cell surface GLUT4 (mycGLUT4),
fixed cells were washed in incubation buffer (0.5% BSA
in PBS) and incubated with antimyc (mycGLUT4) and
anti-HA (HA-M3Dq) primary antibodies for 1 h at room
temperature. Cells were then washed and incubated with
fluorescent secondary antibodies for 30 min at room
temperature protected from light. After this incubation
step, cells were resuspended in incubation buffer and
analyzed using a BD FACSCalibur Flow Cytometer (BD
Biosciences). The mean fluorescence intensity caused by
the myc tag in the absence of stimulating drugs was
defined as basal GLUT4 cell surface expression. Drug
effects were expressed as increases in GLUT4 expression
in percent above basal expression. In all experiments, 1 3
104 cells were counted per replicate. All experiments were
performed in duplicate.

The following primary antibodies were used: anti–HA-
tag rabbit monoclonal antibody (mAb) (#3724; Cell Sig-
naling Technology) and anti–myc-tag mouse mAb (#2276;
Cell Signaling Technology). The following secondary
antibodies were used: anti-rabbit IgG (Alexa Fluor
488 Conjugate, #4412; Cell Signaling Technology) and
chicken anti-mouse IgG (Alexa Fluor 647, #A-21463;
Invitrogen/Thermo Fisher Scientific).

Western Blotting Experiments
Control and HSA-M3Dq transgenic mice that had been
fasted for 5 h were injected i.p. with insulin (0.75 IU/kg)
and CNO (1 mg/kg) dissolved in normal saline. Twenty
minutes later, mice were sacrificed, and gastrocnemius
muscles were isolated and snap-frozen in liquid nitrogen
forWestern blotting studies. Immunoblotting studies were
performed using standard procedures. Immunoreactive
proteins were visualized using SuperSignal West Dura
Extended Duration Substrate (Thermo Fisher Scientific)
on the c600 Imaging System (Azure Biosystems) and
quantified using ImageJ (NIH). Protein expression levels
were normalized to the amount of loaded GAPDH (con-
trol).

HSMMs were cultured as described under FUNCTIONAL

STUDIES WITH PRIMARY HUMAN SKM CELLS. Prior to OT
(1 mmol/L) treatment, cells were serum starved in
DMEM/F12 medium for 5 h. In a separate set of experi-
ments, M3Dq or GFP (controls) were expressed in HSMMs
via adenovirus-mediated gene transfer (see above). Prior to
incubation with CNO (10 mmol/L), transduced myotubes
were serum starved in DMEM/F12 medium for 5 h.

Western blotting studies were performed using standard
procedures (see previous paragraph).

The following primary antibodies were used: total
AMPK rabbit antibody (#2532S; Cell Signaling Technol-
ogy), phospho AMPK (pAMPK) rabbit mAb (#9272S; Cell
Signaling Technology), pAKT (S473) rabbit mAb (#3787S;
Cell Signaling Technology), total AKT rabbit mAb (#9272S;
Cell Signaling Technology), and GAPDH rabbit mAb (HRP-
linked, #3683; Cell Signaling Technology). Anti-rabbit IgG
(HRP-linked) from Cell Signaling Technology (#7074S) was
used as the secondary antibody.

Statistical Analysis
Data are expressed as means 6 SEM for the indicated
number of observations. The SPSSs used are indicated in
the figure legends. Statistical differences were determined
using a two-tailed t test or one-way ANOVA followed by
Tukey post hoc test, as appropriate. A P value of,0.05 was
considered significant.

RESULTS AND DISCUSSION

Expression and Activity of a Gq DREADD in Cultured
SKM Cells
We first examined whether CNO activation of a Gq-linked
DREADD (M3Dq) (18) expressed in cultured SKM cells was
able to promote glucose uptake. We transiently expressed
the M3Dq DREADD in L6-GLUT4myc myoblasts that
stably express a myc-tagged version of GLUT4 (25). To
study M3Dq expression levels, we carried out saturation
binding assays using the muscarinic antagonist [3H]-NMS
as a radioligand (12). This analysis detected 792 6
81 fmol/mg protein of M3Dq receptors in the M3Dq-
transfected cells (means 6 SEM; n = 3). No specific [3H]-
NMS binding sites were detected in L6-GLUT4myc control
cells expressing GFP.

CNO treatment of M3Dq-L6-GLUT4myc cells resulted in
a pronounced increase in inositol monophosphate accumu-
lation, consistent with the activation of Gq-type G-proteins
(Supplementary Fig. 1). This response was absent in control
cells expressing GFP (Supplementary Fig. 1).

CNO (10 mmol/L) treatment of M3Dq-L6-GLUT4myc
cells also led to a significant increase in the uptake of
[3H]2-DG (Fig. 1A). This CNO effect was not observed with
GFP-L6-GLUT4myc control cells (Fig. 1A). The magnitude
of the CNO response displayed by the M3Dq-expressing
cells was not significantly different from that obtained
after simulation of M3Dq-L6-GLUT4myc or control cells
with insulin (100 nmol/L) (Fig. 1A). CNO (10 mmol/L) was
also able to enhance insulin-induced 2-DG uptake over
a wide range of insulin concentrations (Fig. 1B).

To test whether the CNO-mediated increase in 2-DG
uptake inM3Dq-L6GLUT4myc cells was associated with an
increase in GLUT4 translocation to the cell surface, we
took advantage of the extracellular myc-tag fused to
GLUT4 expressed by L6-GLUT4myc cells and the HA-tag
attached to the extracellular N-terminus of the M3Dq
construct. These two epitope tags enabled us to use
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FACS technology to measure cell surface GLUT4 expres-
sion levels in response to insulin (100 nmol/L) and CNO
(10 mmol/L) (see RESEARCH DESIGN AND METHODS for details).
Insulin treatment caused a significant increase in GLUT4
cell surface translocation inM3Dq-L6-GLUT4myc cells and
in control cells that did not express the M3Dq construct
(Fig. 1C). In line with the 2-DG uptake data, CNO treat-
ment also caused a significant increase in cell surface
GLUT4 expression in M3Dq-L6-GLUT4myc cells, but not
in control cells (Fig. 1C). The treatment of M3Dq-L6-
GLUT4myc cells with a combination of insulin
(100 nmol/L) and CNO (10 mmol/L) did not lead to
a further enhancement of insulin-induced GLUT4 trans-
location (Fig. 1C), in contrast to the 2-DG uptake data (Fig.
1B). One possible reason for this discrepancy is that 2-DG
uptake was measured in a cumulative fashion, while the
GLUT4 translocation experiment captured the amount of
GLUT4 protein present in the plasmamembrane at a single
time point. Moreover, it has been shown that GLUT4
translocation and activation are separate events (28).

To confirm that the M3Dq-dependent increases in 2-DG
uptake and GLUT4 translocation in M3Dq-L6-GLUT4myc

cells were indeed mediated by G-proteins of the Gq family,
we used FR900359 (alternative name UBO-QIC), a selective
inhibitor of Gq/11 signaling (29). Consistent with the pre-
dicted coupling properties of the M3Dq DREADD, M3Dq-
mediated increases in 2-DG uptake and GLUT4 cell surface
expression in M3Dq-L6-GLUT4myc cells were completely
blocked by FR900359 (1 mmol/L) (Fig. 1D and F).

Previous work has demonstrated that enhanced Gq sig-
naling can lead to the activation of AMPK in different cell
types including SKM cells (6,30,31).We found that treatment
ofM3Dq-L6-GLUT4myc cells with compound C (10mmol/L),
an inhibitor of AMPK, greatly reduced both CNO-induced
2-DG uptake and GLUT4 translocation (Fig. 1E and F).

Taken together, these in vitro studies suggest that
activation of a Gq-linked designer GPCR in cultured SKM
cells leads to Gq- and AMPK-dependent increases in glucose
uptake and GLUT4 translocation.

Generation of a Transgenic Mouse Line Selectively
Expressing the M3Dq DREADD in SKM
To explore the in vivo metabolic effects caused by selective
stimulation of a Gq-linked GPCR in SKM, we generated

Figure 1—Activation of a Gq-linked designer GPCR (M3Dq) promotes glucose uptake and GLUT4 translocation in vitro. A–F: Functional
studieswere carried out with L6-GLUT4mycmyoblasts expressing eitherM3Dq or GFP (control [Con]).A andB: [3H]2-DG uptakewas studied
following incubation of L6-GLUT4myc cells with either insulin (100 nmol/L) or CNO (10 mmol/L), as described in detail in RESEARCH DESIGN AND

METHODS. In B, CNO (10 mmol/L) stimulation of [3H]2-DG uptake was measured in the presence of increasing insulin concentrations. C: CNO
(10 mmol/L) promotes the translocation of GLUT4 to the cell surface of M3Dq-L6GLUT4myc myoblasts. GLUT4 cell surface expression was
determined using a FACS-based approach, as described in RESEARCH DESIGN AND METHODS. D: CNO-induced (10 mmol/L) stimulation of
[3H]2-DG uptake in M3Dq-L6-GLUT4myc myoblasts is completely abolished by FR900359 (FR; 1 mmol/L), a selective inhibitor of Gq/11. E:
CNO-mediated (10 mmol/L) enhancement of [3H]2-DG uptake in M3Dq-L6GLUT4myc myoblasts is greatly reduced in the presence of
compound C (Comp. C; 10 mmol/L), an AMPK inhibitor. F: CNO-induced (10 mmol/L) translocation of GLUT4 to the cell surface of M3Dq-
L6GLUT4mycmyoblasts is abolished in the presence of FR (1 mmol/L) or Comp. C (10 mmol/L). Data are expressed asmeans6 SEM of six
(A–C and F ), three (D), or seven (E ) independent experiments, each performed in duplicate or triplicate. All responses were expressed
relative to baseline responses (set equal to 100%) obtained in the absence of drugs. Basal [3H]2-DG uptake values were similar (P = 0.13)
between M3Dq-expressing and GFP control cells (62,375 6 1,531 and 73,786 6 5,862 dpm/mg protein, respectively). *P , 0.05, **P ,
0.01, ***P , 0.001 vs. control (Student t test); #P , 0.05 as compared with baseline (100%; no drug treatment; one-sample t test).
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a transgenic mouse line in which the expression of M3Dq
was under the transcriptional control of the HSA promoter
(see RESEARCH DESIGN AND METHODS for details). RT-PCR
studies confirmed that the M3Dq designer receptor was
selectively expressed in mouse SKM (Supplementary Fig.
2A). In the following, we refer to these newly generated
transgenic mice as SKM-M3Dq mice. Radioligand binding
studies detected 90 6 21 fmol of [3H]-NMS binding
sites/mg protein in mouse SKM (quadriceps muscle mem-
branes) of SKM-M3Dqmice (Supplementary Fig. 2B). [3H]-
NMS also labeled a small population of endogenous mus-
carinic receptors in SKM of WT littermates (29 6
5 fmol/mg protein) (Supplementary Fig. 2B), suggesting
that the M3Dq designer receptor is expressed at a density
of;60 fmol/mg protein in SKM of SKM-M3Dq transgenic
mice. This value is within the range at which many
endogenous GPCRs are expressed in peripheral tissues
including SKM. The fact that the M3Dq receptor was
expressed at considerably lower levels in mouse SKM
than in cultured L6-GLUT4myc cells (see above) may
explain some of the differences that we observed between
the in vitro and in vivo experiments.

Activation of M3Dq Signaling in SKM Improves Whole-
Body Glucose Homeostasis
SKM-M3Dq mice and their WT littermates did not differ in
body weight, glycemia, and plasma insulin levels (Supple-
mentary Fig. 3). Likewise, both groups of mice showed
similar blood glucose excursions in an i.p. glucose tolerance
test (IGTT) in the absence of CNO (Fig. 2A). Strikingly,
coinjection (i.p.) of glucose (2 g/kg) with CNO (1 mg/kg)
resulted in greatly improved glucose tolerance in SKM-
M3Dq mice, as compared with their WT littermates (Fig.
2B).We also injected SKM-M3Dq andWTmice with saline or
CNO (1 mg/kg i.p.) alone. The SKM-M3Dqmice, like theWT
mice, showed a significant increase in blood glucose levels
during the first 30 min after saline injection, most likely due
an injection-induced stress response. Interestingly, this ef-
fect was absent in CNO-injected SKM-M3Dq mice (Supple-
mentary Fig. 4), suggesting that CNO-mediated activation of
SKM M3Dq caused a decrease in blood glucose levels that
counteracted the stress-induced hyperglycemic response.

An insulin tolerance test (ITT) showed that SKM-M3Dq
mice and their WT littermates showed comparable
decreases in blood glucose levels in the absence of CNO
(Fig. 2C). In contrast, coinjection of SKM-M3Dq mice with
insulin (1.5 units/kg i.p.) plus CNO (1 mg/kg i.p.) led to
a significant improvement in insulin sensitivity, as com-
pared with WT littermates treated in the same fashion (Fig.
2D). Coinjection (i.p.) of glucose (2 g/kg) with CNO
(1 mg/kg) caused comparable increases in plasma insulin
levels in SKM-M3Dq mice and control littermates (Fig. 2E),
indicating that pancreatic insulin release remained unaf-
fected by activation of the M3Dq designer receptor in SKM.

To test the hypothesis that the CNO-induced improve-
ment in glucose tolerance observed with SKM-M3Dq mice
was the result of increased glucose uptake into SKM, we

coinjected (i.p.) SKM-M3Dq mice and their WT littermates
with glucose (2 g/kg) containing 10 mCi of [1-14C]2-DG
(23). Accumulation of the [14C]2-DG metabolite, 2-DG-6-
phosphate, was determined as a measure of glucose uptake
in various tissues. As predicted, CNO (1 mg/kg i.p.)
treatment of SKM-M3Dq mice dramatically increased
2-DG uptake into SKM tissues (quadriceps, gastrocnemius,
and triceps muscles) (Fig. 3A–C). No such effect was
observed with non-SKM tissues (Fig. 3D–F) or with
SKM tissues prepared from WT mice (Fig. 3A–C).

Taken together, the in vivo data strongly support the
concept that selective activation of a Gq-linked designer re-
ceptor in SKM of transgenic mice greatly improves glucose
homeostasis by selectively enhancing glucose uptake into SKM.

SKM AMPK Is Required for M3Dq-Mediated
Improvements in Glucose Homeostasis In Vivo
Because inhibition of AMPK greatly reduced M3Dq-
mediated glucose uptake in cultured SKM cells (Fig. 1E),
we next studied whether AMPK played a similar role in
mediating the beneficial metabolic effects caused by activa-
tion of SKM M3Dq receptors in vivo. We crossed SKM-
M3Dq mice with SKM-specific AMPK-DN mice (20) to
produce a new transgenic mouse line coexpressing M3Dq
and AMPK-DN in SKM (SKM-M3Dq-AMPK-DN mice) (see
RESEARCH DESIGN AND METHODS for details). As already shown in
Fig. 2B, coinjection (i.p.) of glucose (2 g/kg) with CNO
(1 mg/kg) resulted in significantly improved glucose toler-
ance in SKM-M3Dq mice, as compared with WT littermates
(Fig. 4A). Strikingly, this beneficial CNO effect was com-
pletely abolished in SKM-M3Dq-AMPK-DN mice (Fig. 4A).
This observation strongly supports the concept that Gq-
mediated activation of SKM AMPK also plays a key role in
improving glucose tolerance in vivo. Somewhat surprisingly,
CNO-treated (1 mg/kg i.p.) SKM-M3Dq-AMPK-DN
showed similar whole-body insulin tolerance as CNO-
treated SKM-M3Dq mice (Fig. 4B), suggesting that addi-
tional, non-AMPK–dependent pathways contribute to
M3Dq-mediated improvements in insulin sensitivity. Ad-
ditional possibilities are that glucose engages AMPK more
effectively than insulin or that AMPK activities were different
at the beginning of the ITT versus IGTT experiments (note that
mice were fasted for a much longer time for the IGTT studies).

In the SKM-M3Dq-AMPK-DN mice, the AMPK-DN
construct was expressed under the transcriptional control
of the MCK promoter that is also active in cardiac muscle
(20), raising the possibility that inactivation of AMPK in
cardiac muscle may also contribute to the phenotypes
displayed by the SKM-M3Dq-AMPK-DN mice. However,
a recent study demonstrated that inactivation of AMPK in
cardiac muscle has no significant effect on myocardial
energy metabolism (32), suggesting that it is unlikely
that impairment of myocardial AMPK function makes
a significant contribution to the metabolic phenotypes
displayed by the SKM-M3Dq-AMPK-DN mice.

To confirm that activation of the M3Dq designer receptor
in SKM of SKM-M3Dqmutant mice promoted the formation
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of pAMPK, we coinjected HSA-M3Dq transgenic mice and
their control littermates with insulin (0.75 IU/kg i.p.) and
CNO (1 mg/kg i.p.). Western blotting studies showed that
this treatment led to a significant increase in AMPK phos-
phorylation in SKM (gastrocnemius muscle) of the DREADD
mutant mice, as compared with SKM prepared from control
littermates (Supplementary Fig. 5A and B). Under the same
experimental conditions, we observed a clear trend toward
reduced SKM AKT phosphorylation (pAKT [S473]) in the
mutant animals (Supplementary Fig. 5C and D).

Receptor-Mediated SKM Gq Signaling Improves
Glucose Homeostasis in a Mouse Model of Type
2 Diabetes
Because acute activation of Gq signaling in SKM resulted in
dramatic improvements in glucose tolerance and insulin
sensitivity in lean mice, we next examined whether

activation of this pathway might prove useful to overcome
the metabolic deficits displayed by obese mice, including
glucose intolerance and insulin resistance.

We maintained SKM-M3Dq mice and their WT litter-
mates on anHFD for 8 weeks. After this period, both groups
of mice displayed a similar degree of body weight gain,
fasting hyperglycemia, and glucose intolerance (Supplemen-
tary Fig. 6). HFD SKM-M3Dqmice and theirWT littermates
were then treated with CNO for 1 week by adding CNO to
the drinking water (0.25mg CNO/mL) (13). CNO treatment
of SKM-M3Dq mice, but not of control mice, led to a dra-
matic reduction in fasting blood glucose and plasma insulin
levels (Fig. 5A), indicative of a pronounced increase in
peripheral insulin sensitivity. Fasting blood glucose levels
measured after CNO treatment of HFD SKM-M3Dq mice
were similar to those determined in control mice main-
tained on normal mouse chow (Supplementary Fig. 3).

Figure 2—Selective activation of M3Dq in SKM improves glucose tolerance and insulin sensitivity in mice in vivo. A and B: IGTT. SKM-M3Dq
mice (M3Dq) andWT control littermates were injected with glucose (2 g/kg i.p.) (A) or glucose (2 g/kg i.p.) plus CNO (1mg/kg i.p.) (B).C andD:
ITT. SKM-M3Dq mice (M3Dq) and WT control littermates were injected with insulin (1.5 units/kg i.p.) (C) or insulin (1.5 units/kg i.p.) plus CNO
(1 mg/kg i.p.) (D). E: Glucose-stimulated insulin secretion (GSIS). SKM-M3Dq mice (M3Dq) and WT control littermates were injected with
glucose (2 g/kg i.p.) plus CNO (1 mg/kg i.p.). Data are given as means6 SEM (n = 5 or 6 mice/group). *P, 0.05, **P, 0.01 vs. WT (Student t
test).
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Moreover, CNO-treated HFD SKM-M3Dq mice
showed significantly improved glucose tolerance (Fig.
5B) and whole-body insulin tolerance (ITT) (Fig. 5C),
as compared with their CNO-treated HFD WT litter-
mates. CNO treatment had no significant effect on mouse
body weight (Fig. 5A). The beneficial metabolic effects
caused by CNO treatment of the HFD SKM-M3Dq mice
were not due to changes in insulin secretion, because the
i.p. coinjection of glucose (2 g/kg) and CNO (1 mg/kg)
caused comparable increases in insulin secretion in HFD
SKM-M3Dq mice and HFD WT littermates (Supplemen-
tary Fig. 7).

Metabolic Studies With Mutant Mice Lacking Gaq/11

Selectively in SKM
To further corroborate the key role of SKM Gq/11 signaling
in maintaining proper glucose homeostasis, we generated
mice that lacked Gaq selectively in SKM (genetic back-
ground: Ga11

2/2) (for details, see RESEARCH DESIGN AND

METHODS) (Fig. 5D). For the sake of simplicity, we refer
to these mice as SKM-Gq/11 knockout (KO) mice. SKM-
Gq/11 KO mice consuming regular chow did not differ from
their control littermates (Gaq

flox/floxGa11
2/2 mice) in body

weight, glycemia, glucose tolerance, and whole-body in-
sulin sensitivity (Supplementary Fig. 8). In contrast,

Figure 3—CNO treatment of SKM-M3Dqmice promotes selective uptake of glucose into mouse SKM in vivo. SKM-M3Dqmice (M3Dq) and
WT control littermates were fasted overnight and then injected with glucose (2 mg/kg i.p.) containing 10 mCi of [1-14C]2-DG, either in the
presence or absence of CNO (1 mg/kg i.p.). Two hours after injections, mice were sacrificed, tissues were collected, and the [14C]2-DG-6-
phosphate (2-DG-6-P) content was determined (see RESEARCH DESIGN AND METHODS for details). A–C: SKM tissues. D–F: Non-SKM tissues. All
experiments were carried out with male littermates that were at least 8 weeks old. Data are presented as means 6 SEM (n = 5 or
6 mice/group). **P , 0.01, ***P , 0.001 vs. WT (Student t test). m., muscle.

Figure 4—Metabolic studies with SKM-M3Dq mice that express a DN version of AMPK in SKM (M3Dq/AMPK-DN mice). A: IGTT. SKM-
M3Dq mice (M3Dq), M3Dq/AMPK-DN mice, and WT control littermates were injected i.p. with glucose (2 g/kg) plus CNO (1 mg/kg). B: ITT.
The same mice as used in A were injected i.p. with insulin (1.5 units/kg) plus CNO (1 mg/kg). Data are given as means 6 SEM (n = 4–8
mice/group). *P , 0.05 vs. WT (Student t test).
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SKM-Gq/11 KO mice that had been maintained on an HFD
for at least 8 weeks displayed significantly impaired glucose
tolerance (Fig. 5E) and showed a trend toward reduced
insulin sensitivity (Fig. 5F), as compared with their HFD
control littermates. The lack of SKMGq/11 signaling had no
significant effect on glucose-induced insulin secretion (Fig.
5G), body weight, and basal blood glucose and plasma
insulin levels (Supplementary Fig. 9). The fact that the
SKM-Gq/11 KO mice showed only a relatively mild meta-
bolic phenotype may be because the Gq/11 KO was in-
complete (Fig. 5D).

Receptor-Mediated Activation of Gq Signaling Also
Improves Glucose Uptake in Human SKM Cells
We next wanted to explore whether receptor-mediated
activation of Gq signaling also promoted glucose uptake in
human SKM cells. We mined the Genotype-Tissue Expres-
sion database (33) for GPCRs that show significant
changes in expression levels in SKM of patients suffering
from type 2 diabetes. This analysis identified 15 GPCRs
that were either up- or downregulated in diabetic SKM
(Supplementary Table 1). Among the receptors that
showed increased expression was the Gq-coupled OT re-
ceptor. Because of its limited expression in other tissues
(34) and well-known pharmacology, we studied the func-
tion of the OT receptor in primary HSMMs. Strikingly, OT
(1 mmol/L) treatment of HSMMs stimulated glucose up-
take to a similar degree as insulin (100 nmol/L) (Fig. 6A).
The combined application of OT and insulin did not lead to
a further increase in glucose uptake (Fig. 6A).

The stimulatory actions of OT on glucose uptake could
be strongly inhibited by treatment of HSMMs with
L371,257 (1 mmol/L), a selective OT receptor antagonist
(35,36) (Fig. 6B), indicative of the involvement of OT
receptors. The OT-induced increase in glucose uptake
could also be completely prevented by FR900359
(1 mmol/L), a selective blocker of Gq signaling (29), and
by compound C (10 mmol/L), an AMPK inhibitor (Fig. 6B).
Consistent with this latter observation, OT (1 mmol/L)
treatment of HSMMs led to a time-dependent increase in
AMPK phosphorylation (Fig. 6C and D).

A recent study has shown that a single intranasal dose
of OT can improve insulin sensitivity in humans (37). It
remains to be explored whether the OT receptor-mediated
glucose uptake into SKM contributes to this beneficial OT
effect. Chronic OT administration causes sustained weight
reduction by reducing caloric intake and increasing energy
expenditure in rodents and nonhuman primates, most
likely involving central and peripheral mechanisms (38).
Taken together, these studies suggest that selective, met-
abolically stable OT receptor agonists may prove beneficial
for the treatment of type 2 diabetes and related metabolic
disorders.

We also expressed the M3Dq DREADD in HSMMs by
using an M3Dq-encoding adenovirus. For control purpo-
ses, we transduced HSMMs with an adenovirus coding for
GFP. As observed with mouse SKM cells, CNO treatment
(10 mmol/L) strongly promoted glucose uptake by M3Dq-
expressing HSMMs (Fig. 6E), which was accompanied
by a time-dependent increase in AMPK phosphorylation

Figure 5—Metabolic studies with SKM-M3Dq transgenic and SKM-Gq/11 mutant mice maintained on an HFD. A–C: Metabolic studies with
SKM-M3Dqmice (M3Dq) andWT control littermatesmaintained on an HFD for at least 8 weeks. Prior to metabolic testing, CNO (0.25mg/mL)
was added to the drinking water for 1 week. A: Body weight and fasting blood glucose and plasma insulin levels. B: IGTT. Mice were injected
with glucose (2 g/kg i.p.). C: ITT. SKM-M3Dq mice (M3Dq) and WT control littermates were injected with insulin (0.75 units/kg i.p.). D–G:
Generation and analysis of mice lacking Gaq selectively in SKM (genetic background: Ga11

2/2) (SKM-Gq/11 KO mice). D: Representative
Western blot indicating that Gaq/11 expression is greatly reduced in SKM (triceps muscle) of SKM-Gq/11 KO mice (genotype: HSA-Cre(ERT2)
Gaq

flox/floxGa11
2/2). Gaq

flox/floxGa11
2/2 mice littermates that lacked the Cre(ERT2) transgene served as control animals. SKM-Gq/11 KO and

control littermates consumed an HFD for at least 8 weeks. E: IGTT. Mice were injected with glucose (2 g/kg i.p.). F: ITT. Mice were injected
with insulin (0.75 units/kg i.p.). G: Glucose-stimulated insulin secretion (GSIS). Mice were treated with glucose (2 g/kg i.p.), followed by the
measurement of plasma insulin levels at the indicated time points. All experiments were carried out with male littermates that were at least
16 weeks old. Data are presented as means 6 SEM (6 mice per group). *P , 0.05, **P , 0.01, ***P , 0.001 vs. WT (Student t test).
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(Fig. 6F and G). These responses were absent in CNO-
treated control HSMMs (Fig. 6E–G). These observations
suggest the potential usefulness of DREADD technology to
improve SKM glucose uptake for therapeutic purposes by
employing gene therapeutic approaches, such as virus-
mediated expression of DREADDs in SKM (39).

Taken in isolation, the Western blotting data shown in
Fig. 6 and Supplementary Fig. 5 are not sufficient to link
AMPK phosphorylation to the observed metabolic pheno-
types. However, the AMPK phosphorylation data nicely
complement the in vivo metabolic data obtained with SKM

M3Dq-AMPK(DN) mutant mice and the results of in vitro
studies using an AMPK inhibitor, strongly implicating Gq-
mediated AMPK phosphorylation in SKM in the observed
beneficial metabolic effects.

Taken together, our data clearly indicate that recep-
tor-mediated activation of Gq signaling in primary hu-
man SKM cells strongly promotes glucose uptake and
that the mechanisms involved in this activity are con-
served among mouse and human SKM. As discussed
above, these findings are of considerable translational
relevance.

Figure 6—Glucose uptake and Western blotting studies with primary HSMMs. A: HSMMs were treated with insulin (100 nmol/L), OT
(1 mmol/L), or a mixture of insulin (100 nmol/L) and OT (1 mmol/L) (for details, see RESEARCH DESIGN AND METHODS). Drug-induced increases in
[3H]2-DG uptake were determined as described in RESEARCH DESIGN AND METHODS. B: OT (1 mmol/L)-induced [3H]2-DG uptake is abolished or
greatly reduced by several pharmacological inhibitors. The following inhibitors were used: FR900359 (FR; 1 mmol/L), selective Gq/11 inhibitor;
L371,257 (1 mmol/L), selective OT receptor antagonist; and compound C (10 mmol/L), AMPK blocker. C: Representative Western blot
demonstrating that OT (1 mmol/L) treatment of HSMMs promotes AMPK phosphorylation (at 5 min). A769662 (A7; 30-min incubation;
10 mmol/L), a potent activator of AMPK, served as a positive control. D: Densitometric quantification of immunoblotting data shown in C
(means6SEM; three independent experiments; #P, 0.05 as comparedwith no drug). E: Activation of theGq-linkedM3Dq designer receptor
promotes glucose uptake in human SKM cells. HSMMswere transduced with adenoviruses encoding either GFP (control [Con]) or M3Dq, as
described in RESEARCH DESIGN AND METHODS. Transduced HSMMs were then treated with CNO (10 mmol/L), followed by [3H]2-DG uptake
measurements. F: Representative Western blot demonstrating that CNO (10 mmol/L) treatment of HSMMs expressing the M3Dq construct
promotes AMPK phosphorylation. Western blotting studies were carried out with HSMMs expressing either M3Dq or GFP (control). CNO
selectively promotes AMPK phosphorylation in M3Dq-expressing cells (at 15 min). G: Densitometric quantification of immunoblotting data
shown in F (means 6 SEM; four independent experiments; *P , 0.05 as compared with control). Glucose uptake data are given as means
6 SEM of 15–18 (A) or 4–8 (B and E) independent experiments performed in duplicate. All responses were expressed relative to baseline
responses (set equal to 100%) obtained in the absence of drugs. Basal [3H]2-DG uptake values were not significantly different (P = 0.60)
between M3Dq-expressing and GFP control cells (4,6306 1,605 and 3,4426 1,416 dpm/mg protein, respectively). #P, 0.05 as compared
with baseline (100%; no drug treatment; one-sample t test) (A and B ); **P , 0.01, ***P , 0.001 vs. OT alone (one-way ANOVA with Dunnett
multiple-comparisons test) (B); **P , 0.01 vs. control (t test) (E). AU, arbitrary units; tAMPK, total AMPK.
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Conclusions
In this study, we provide convincing evidence that receptor-
mediated stimulation of SKM Gq signaling strongly
promotes glucose uptake into SKM in vivo. Activation
of this pathway is able to greatly ameliorate the metabolic
deficits associated with the consumption of an HFD. We
also show that Gq-linked SKM OT receptors can promote
glucose uptake in primary human SKM cells. As a general
rule, the activation of Gq-coupled receptors leads to
ncreases in intracellular inositol 1,4,5-trisphosphate
and calcium levels. Elevated cytoplasmic calcium levels
have been shown to activate AMPK through CaMKK2-
mediated phosphorylation (40). The data presented in
Figs. 1A and C, 2D, and 6A strongly suggest that activation
of SKM Gq signaling can promote SKM glucose uptake/
GLUT4 translocation in an insulin-independent fashion,
most likely mediated via stimulation of AMPK. Consistent
with this observation, it has been demonstrated that
activation of SKM AMPK initiates a signaling cascade
that is able to stimulate GLUT4 translocation and glucose
uptake in an insulin/Akt-independent fashion (41–43).
Although the metabolic phenotypes displayed by the
SKM-Gq/11 KO mice were relatively mild, this observation
does not reduce the potential utility of engaging Gq cross
talk to insulin signaling or glucose uptake in patients with
metabolic disease. Because type 2 diabetes is characterized
by impaired insulin receptor signaling in peripheral tissues
including SKM, the development of novel drugs that can
stimulate SKM Gq signaling (e.g., agonists acting on SKM
Gq-coupled receptors) appears an attractive goal.
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