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Increased hepatic glucose production is a key pathophysiological feature of type 2 diabetes. Like all
other cell types, hepatocytes express many G protein-coupled receptors (GPCRs) that are linked to
different functional classes of heterotrimeric G proteins. The important physiological functions medi-
ated by Gs-coupled hepatic glucagon receptors are well-documented. In contrast, little is known about
the in vivo physiological roles of hepatocyte GPCRs that are linked to G proteins of the Gq family. To
address this issue, we established a transgenic mouse line (Hep-Rq mice) that expressed a Gq-linked
designer receptor (Rq) in a hepatocyte-selective fashion. Importantly, Rq could no longer bind endog-
enous ligands but could be selectively activated by a synthetic drug, clozapine-N-oxide. Clozapine-N-
oxide treatment of Hep-Rq mice enabled us to determine the metabolic consequences caused by
selective activation of a Gq-coupled GPCR in hepatocytes in vivo. We found that acute Rq activation in
vivo led to pronounced increases in blood glucose levels, resulting from increased rates of glycogen
breakdown and gluconeogenesis. We also demonstrated that the expression of the V1b vasopressin
receptor, a Gq-coupled receptor expressed by hepatocytes, was drastically increased in livers of ob/ob
mice, a mouse model of diabetes. Strikingly, treatment of ob/ob mice with a selective V1b receptor
antagonist led to reduced glucose excursions in a pyruvate challenge test. Taken together, these findings
underscorethe importanceofGq-coupledreceptors in regulatinghepaticglucosefluxesandsuggestnovel
receptor targets for the treatment of type 2 diabetes. (Endocrinology 154: 3539–3551, 2013)

The liver plays a central role in regulating blood glucose
homeostasis. Various lines of evidence suggest that an

increase in the rate of hepatic glucose production (HGP) is
the major contributor to fasting hyperglycemia in type 2 di-
abetes (T2D) (1–3). Moreover, inhibition of increased HGP
is considered the key mechanism by which metformin, a
widely used antidiabetic drug, exerts its therapeutic actions
(3). For these reasons, studies aimed at better understanding
the signaling pathways and molecules that modulate hepatic
glucose metabolism are of great clinical relevance.

Like essentially all other cell types, hepatocytes are pre-
dicted to express many G protein-coupled receptors
(GPCRs) on their cell surface (4). These different GPCRs
are linked to distinct families of heterotrimeric G proteins
(primarily Gs, Gi, or Gq, representative of GPCRs: gluca-
gon, �2-adrenergic, and �1-adrenergic receptors, respec-
tively), which are predicted to have multiple effects on
hepatocyte function. The important metabolic roles of the
glucagon receptor in maintaining normoglycemia under
fasting conditions and to raise plasma glucose levels in
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response to hypoglycemia are well recognized (5). The
glucagon receptor, which is abundantly expressed in hepa-
tocytes, is linked to the stimulatory G protein, Gs, thus
promoting the production of cAMP and ultimately trig-
gering the release of glucose from hepatocytes by stimu-
lating both glycogenolysis and gluconeogenesis (6, 7). In-
terestingly, glucagon levels are unphysiologically high in
patients suffering from T2D, suggesting that increased sig-
naling through liver glucagon receptors may play a central
role in the pathophysiology of T2D (8, 9). Because GPCRs
that are linked to G proteins of the Gi family exert an
inhibitory effect on adenylyl cyclase, it is likely that acti-
vation of this class of receptors inhibits the hepatic actions
of glucagon.

Little is known about the in vivo metabolic roles of
hepatocyte GPCRs that couple to Gq-type G proteins (pri-
marily Gq and G11). At the molecular level, agonist bind-
ing to Gq-linked GPCRs causes the activation of phospho-
lipase C�, leading to the generation of 2 second
messengers, diacylglycerol and inositol 1,4,5-trisphos-
phate (IP3) (10). Although diacylglycerol stimulates the
activity of different isoforms of protein kinase C, IP3 pro-
motes the release of Ca2� from endoplasmic reticulum
stores.

Previous studies have shown that hepatocytes express
various Gq-coupled GPCRs, including different musca-
rinic, vasopressin, and �1-adrenergic receptor subtypes
(11–13). All of these receptors are present not only on
hepatocytes but also in many other peripheral and central
tissues (4). For this reason, the use of classical pharmaco-
logical tools has led to ambiguous results regarding the
physiological relevance of this subfamily of hepatocyte
GPCRs. Another factor that has further complicated re-
search in this field is that drugs that can activate or block
these various GPCR subtypes with high selectivity in vivo
are not available in most cases.

To circumvent these difficulties, we employed a novel
experimental strategy that involves the use of a recently
developed designer GPCR that is selectively linked to Gq-
type G proteins (14–16). Specifically, we generated a
transgenic mouse strain (Hep-Rq mice) that expresses this
engineered GPCR (referred to as Rq) (16) selectively in
hepatocytes. The Rq receptor represents a mutant M3

muscarinic receptor (Figure 1A) that no longer binds its
endogenous ligand (acetylcholine) but can be selectively
activated by clozapine-N-oxide (CNO), a compound that
is otherwise pharmacologically inert (14, 16). As a result,
CNO treatment of Hep-Rq mice allowed us to selectively
stimulate a Gq-linked GPCR in hepatocytes in vivo and to
monitor the resulting metabolic consequences.

It should be mentioned in this context that such CNO-
sensitive designer GPCRs are usually referred to as

DREADDs (designer receptors exclusively activated by
designer drug) or, less often, as second-generation RASSLs
(receptors activated solely by synthetic ligand) (14, 15).

Metabolic studies with Hep-Rq mice demonstrated
that selective stimulation of a Gq-linked GPCR expressed
exclusively in hepatocytes led to striking increases in blood
glucose levels and impaired glucose tolerance. Moreover,
we demonstrated that the hepatic expression of the Gq-
linked V1b vasopressin receptor is greatly enhanced in
ob/ob mice, a mouse model of diabetes, and that pharma-
cological inhibition of this receptor subtype can reduce
HGP in this mouse disease model. Our findings strongly
suggest that pharmacological strategies aimed at inhibit-
ing signaling through hepatocyte GPCRs that are linked to
Gq-type G proteins are of potential benefit in the treatment
of T2D and related metabolic disorders.

Materials and Methods

Drugs
CNO was obtained from the National Institutes of Health as

part of the Rapid Access to Investigative Drug Program funded
by the National Institute of Neurological Disorders and Stroke.
SSR149415, a selective V1b vasopressin receptor antagonist, was
a kind gift from Dr Claudine Serradeil-Le Gal (Sanofi-Aventis,
Toulouse, France). Unless stated otherwise, all other drugs were
from Sigma-Aldrich (St Louis, Missouri).

Mouse maintenance and diet
Mice were housed in a specific pathogen-free barrier facility

maintained on a 12-hour light, 12-hour dark cycle (light period
from 6:00 AM to 6:00 PM). Mice were fed ad libitum with a
standard mouse chow (4% [wt/wt] fat content; Zeigler, Gard-
ners, Pennsylvania). The ob/ob mice and their wild-type (WT)
littermates were obtained from The Jackson Laboratory (Bar
Harbor, Maine). All animal studies were approved by the Animal
Care and Use Committees of the National Institute of Diabetes
and Digestive and Kidney Diseases, National Institutes of Health
(Bethesda, Maryland) and Vanderbilt University (Nashville,
Tennessee).

Generation of transgenic mice expressing a Gq-
linked designer receptor selectively in hepatocytes

To generate transgenic mice that selectively express the Rq
designer receptor (16) in hepatocytes, the Rq coding sequence
was placed under the transcriptional control of the mouse albu-
min promoter/enhancer, using a plasmid described by Conner et
al (17). An �5.0-kb SacI fragment containing the transgene (for
details, see Figure 1A) was excised, purified, and microinjected
into the pronuclei of fertilized ova from C57BL/6NTac mice
(Taconic, Germantown, New York) using standard transgenic
techniques.
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Genotyping of Hep-Rq mice
The presence of the Rq transgene in the genome of Hep-Rq

mice was confirmed via PCR analysis of mouse tail DNA (16).

Preparation of cDNA and RT-
PCR analysis of transgene
expression

cDNA was prepared from total RNA
extracted from various tissues of 6-week-
old Hep-Rq mice and WT littermates
(16). Rq transcripts were detected via
RT-PCR analysis, as described in detail
previously (16). For comparison, the he-
patic expression levels of the glucagon
receptor were also determined (forward
primer, 5�-TGCACTGCACCCGAAA-
CTAC; reverse primer, 5�-CATCGC-
CAATCTTCTGGCTGT). PCR conditions
wereas follows:31cyclesat94°Cfor30sec-
onds, 55°C for 30 seconds, and 72°C for 30
seconds.

Identification of GPCRs
expressed by mouse
hepatocytes using array
technology

Mouse hepatocytes were isolated
from WT C57BL/6NTac mice (3-month-
old males), as described in Ref. 18. Total
RNA was prepared from hepatocytes
and reverse transcribed as described
above. cDNA derived from 800 ng total
RNA was mixed with an equal volume of
TaqMan gene expression 2� master mix
(Applied Biosystems, Foster City, Cali-
fornia). This mixture, in 100 �l-aliquots,
was added to each port of an 8-port 384-
well plate of a mouse GPCR array panel
(Applied Biosystems). Real-time quanti-
tative RT-PCR (qRT-PCR) measure-
ments were carried out using the
7900HT Fast Real-Time PCR System
(Applied Biosystems). PCR conditions
were as follows: 40 cycles at 97°C for 30
seconds and at 59.7°C for 1 minute, re-
spectively. Experiments were repeated 3
times.

Calcium mobilization assays
Primary hepatocytes were prepared

from WT and Hep-Rq mice (17- to 19-
week-old males) as described (18). Cells
were resuspended in William’s medium E
supplemented with 10% fetal bovine se-
rum and grown on either poly-D-lysine–
coated 96-well plates (black-walled,
clear bottom) for Fluorometric Imaging
Plate Reader (FLIPR) (Molecular De-
vices, Sunnyvale, California) experi-
ments or on glass coverslips for calcium

imaging studies at 37°C with 5% CO2. For FLIPR experiments,
primary hepatocytes were plated at a density of 2.5 � 104 cells
per well. About 48 hours later, agonist-induced changes in in-

Figure 1. Liver-specific expression of the Rq designer GPCR in Hep-Rq mice. A, Schematic
diagram of the transgene construct that was injected into fertilized mouse oocytes. The Rq
receptor (white box) represents a mutant M3 muscarinic receptor containing the Y148C and
A238G point mutations within the transmembrane receptor core (16). Rq expression was under
the transcriptional control of the albumin promoter/enhancer. The 3� untranslated region (UTR)
consisted of a sequence derived from the human GH gene (hGH). To facilitate genotyping
studies, a 9–amino-acid hemagglutinin (HA) epitope tag was added to the N terminus of the Rq
construct. B, RT-PCR analysis of Rq transgene expression in different tissues from Hep-Rq mice.
RT-PCR experiments were performed as described in Materials and Methods using an Rq-specific
primer pair. As expected, Rq expression was found only with RNA derived from the liver. Control
samples (indicated by the � signs above the lanes) that had not been treated with reverse
transcriptase (RT) did not give any detectable signal (C. Cortex; cerebral cortex; Hypot.,
hypothalamus; Subm. gland, submandibular gland). C, Real-time qRT-PCR analysis of hepatic Rq
and glucagon receptor (GCGR) expression in Hep-Rq mice. qRT-PCR experiments were carried
out using mouse liver cDNA derived from Hep-Rq mice as described in Materials and Methods,
using receptor-specific primers. Gene expression data are expressed as Ct values. Cyclophilin A
expression was monitored for control purposes. The cyclophilin A and GCGR Ct values found
with Hep-Rq mice did not differ significantly from the corresponding values obtained with WT
mice. Data represent means � SEM of 3 independent experiments. D, CNO-induced calcium
mobilization in primary hepatocytes from Hep-Rq mice. Primary hepatocytes were isolated from
WT and Hep-Rq mice, and agonist-induced changes in intracellular calcium levels were
determined by using FLIPR technology (see Materials and Methods for details). AVP (10�M)
served as a control agonist. CNO was used at a concentration of 100�M. Data are expressed as
means � SEM of 2 independent experiments performed in duplicate. **, P � .01; ***, P �
.001, as compared with non–drug-treated mice of the same genotype. E, CNO triggers calcium
release in hepatocytes from Hep-Rq but not WT mice. Primary hepatocytes prepared from Hep-
Rq and WT mice were cultured on glass coverslips as described in Materials and Methods. Cells
were treated with CNO (10�M) and AVP (100nM) at the indicated time points, and changes in
cytosolic calcium were visualized via microscopy with fura-2. Data are expressed as means � SEM
(WT, 21 cells; Hep-Rq, 19 cells).
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tracellular calcium levels were measured by using FLIPR tech-
nology as described (19). Increases in intracellular calcium levels
were expressed as changes in fluorescence (peak fluorescence
activity minus basal fluorescence activity) divided by basal flu-
orescence levels.

In another series of experiments, hepatocytes grown on poly-D-
lysine–coatedglasscoverslips (platingdensity,5�105 cellsperwell
in a 6-well dish) were loaded with 3�M fura-2 AM about 24 hours
after plating, as described previously (20). Experimental com-
pounds were added at the indicated time points, and calcium mea-
surements were obtained by using an Olympus IX70 inverted mi-
croscope and the appropriate filter sets to record F340/F380
fluorescence ratios (for experimental details, see Ref. 20).

Real-time qRT-PCR analysis of CNO-induced
changes in gene expression in Hep-Rq mice

Hep-Rq mice (freely fed 5-month-old males) received 2 ip
injections of CNO (10 mg/kg) or saline, one at time 0 and the
other one 2 hours later. Mice were killed 6 hours after the first
injection, and cDNA was prepared from mouse livers as de-
scribed above. Gene expression levels were measured by real-
time qRT-PCR analysis as described previously (13). The gene-
specific primers that were used are listed in Supplemental Table
1 (published on The Endocrine Society’s Journals Online web site
at http://endo.endojournals.org). The expression of cyclophilin
A served as an internal control. Four independent samples pre-
pared from 4 different mice were analyzed. PCR were carried out
in triplicate in 96-well plates. Data are expressed as fold change
in gene expression in CNO- vs saline-treated mice.

Real-time qRT-PCR analysis of the expression of
Gq-linked receptors in ob/ob mice

Total RNA was isolated from livers or pancreatic islets of
ob/ob mice and lean littermates (3- to 5-month-old males), and
real-time qRT-PCR studies were carried out using the same ex-
perimental conditions as described in the previous paragraph.
The PCR primers that were used are listed in Supplemental Table
2 (these primers amplify Gq-linked receptors expressed by mouse
hepatocytes). The expression of 18S rRNA served as an internal
control. Data are expressed as fold change in receptor expression
between ob/ob and WT mice.

In vivo physiological studies
The experiments shown in Figure 2 were carried out with

6-week-old males.
Glucose tolerance tests were carried out with 10-week-old

male mice that had been subjected to an overnight (12-hour) fast.
Mice received 2 mg glucose/g body weight either alone or in
combination with CNO (10 mg/kg) via ip injection.

In insulin tolerance (sensitivity) tests, 10-week-old male mice
that had been fasted for 5 hours were injected ip with human
insulin (0.75 U/kg; Eli Lilly, Indianapolis, Indiana), either alone
or in combination with CNO (10 mg/kg). In pyruvate challenge
tests,mice thathadbeendeprivedof foodfor12hourswere injected
ip with sodium pyruvate (1.5 or 2 mg/g; Sigma). To study the effect
of glucagon on HGP in vivo, mice were fasted for 5 hours and then
injected with human glucagon (16 �g/kg ip) (13, 21).

Blood samples were collected via the tail vein. Blood glu-
cose and serum insulin levels were determined as described
previously (13).

Measurement of hepatic gluconeogenesis and
glycogenolysis in vivo

Experiments were conducted in chronically catheterized (ca-
rotid artery and jugular vein) conscious Hep-Rq mice (4-month-
old females) (22–24). Catheters were implanted 5 days before a
study. On the day of the study (7:30 AM), conscious, unrestrained
mice were placed in a plastic container with bedding (without

Figure 2. CNO treatment of Hep-Rq mice leads to dose-dependent
increases in blood glucose levels. A and B, Effect of increasing doses of
CNO on blood glucose levels in Hep-Rq mice. Hep-Rq mice (6-week-
old males) that had been fasted for 5 hours received a single ip
injection of increasing doses of CNO or vehicle (saline), and blood
glucose levels were measured at the indicated time points. WT
littermates received a single high dose of CNO (10 mg/kg ip). Data are
expressed as percent increase in blood glucose levels above basal levels
(100%) measured before injections. Basal blood glucose levels were as
follows: WT, 132 � 4 mg/dL; Hep-Rq, 129 � 7 mg/dL. Blood glucose
levels were significantly increased (P � .05) at 15 and 30 minutes in
Hep-Rq mice treated with 0.1, 1, and 10 mg/kg CNO (ip), as compared
with saline-injected Hep-Rq mice. B, Plot illustrating that the acute
effects of CNO on blood glucose levels in Hep-Rq mice are dose-
dependent. Data were taken from A (15-minute time point). C, CNO
treatment of Hep-Rq mice has no significant effect on serum insulin
levels. Hep-Rq mice and WT littermates (6-week-old males) that had
been fasted for 5 hours received a single ip injection of CNO (10 mg/
kg) or vehicle (saline), and serum insulin levels were measured at the
indicated time points. Data are given as means � SEM (n � 5 per
group).
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access to food). Micro-Renathane (0.033-in outer diameter) tub-
ing was connected to the catheter leads and infusion syringes.
Three hours later (time � �120 minutes), a primed (1.0 �Ci)
continuous (0.05 �Ci/min) infusion of [3-3H]glucose
(NET331c; PerkinElmer, Waltham, Massachusetts) was initi-
ated into the jugular vein catheter. After this, baseline arterial
blood samples were drawn (at �10 and 0 minutes) for the mea-
surement of arterial blood glucose, glucose specific activity, and
plasma insulin. Mice received heparinized saline-washed eryth-
rocytes from donors at 5 �L/min to prevent a fall of hematocrit.
At time 0, mice were injected ip with a bolus of saline or CNO
(200 �g in 100 �L). Blood glucose concentrations and specific
activity were monitored at 5, 10, 15, 20, and 30 minutes. At 20
minutes, the [3-3H]glucose infusion rate was increased to 0.15
�Ci/min, and a primed (1.4 �Ci) continuous (0.14 �Ci/min)
infusion of [U-14C]alanine (NEC 266; PerkinElmer) was initi-
ated and continued for the duration of the study. Mice were then
anesthetized, and tissues were excised and rapidly freeze-
clamped in liquid nitrogen. Liver samples were subsequently
stored at �80°C until further analysis. Analysis of radioactivity
was performed in the Vanderbilt Mouse Metabolic Phenotyping
Center and Diabetes Research and Training Center analytical
cores. Plasma glucose was analyzed as previously described (22).
Glucose flux rates were assessed using non–steady-state equa-
tions (25), assuming a volume of distribution of 130 mL/kg. The
liver content of UDP-glucose (UDPG) and phosphoenolpyruvate
(PEP) were obtained through 2 sequential chromatographic sep-
arations, and the radioactivity of 3H and 14C in each fraction was
measured (26, 27). Under the chosen experimental conditions,
gluconeogenesis is defined as the rate of glucose appearance �
[14C]UDPG specific activity/[14C]PEP specific activity � 2,
whereas glycogenolysis is equal to the difference between the
rates of glucose appearance and gluconeogenesis.

Statistics
Data are expressed as means � SEM for the indicated number

of observations. For comparisons between two groups, the
paired or unpaired Student’s t test (two-tailed) was used, as ap-
propriate. For multiple comparisons, the one-way ANOVA was
applied. A P value � .05 was considered statistically significant.

Results

Generation of transgenic mice expressing the Rq
designer GPCR selectively in hepatocytes

Our initial goal was to generate a transgenic mouse line
that expressed the Rq construct, a CNO-sensitive designer
GPCR that is selectively linked to Gq-type G proteins (16),
in mouse hepatocytes. To ensure that the Rq receptor was
selectively expressed by hepatocytes, transgene expression
was placed under the transcriptional control of the albu-
min promoter (Figure 1A). By using standard transgenic
techniques, we obtained several transgenic founder mice
(for details, see Materials and Methods). One of these
lines, referred to as Hep-Rq mice, showed selective ex-
pression of the Rq designer receptor in the liver (Figure

1B). These mice were maintained on a pure C57BL/6NTac
background.

To examine the relative expression of Rq in the liver of
Hep-Rq mice, we carried out real-time qRT-PCR studies
using PCR primers specific for the Rq receptor and the
endogenously expressed glucagon receptor (GCGR). This
analysis showed that Rq was expressed at considerably
lower levels (�20-fold) than the GCGR (the expression of
Rq and GCGR was characterized by cycle threshold [Ct]
values of �30 and �26, respectively; Figure 1C).

To compare Rq expression levels with those of other
GPCRs expressed by mouse hepatocytes, we first prepared
total RNA from hepatocytes of C57BL/6NTac mice (3-
month-old males). We then measured receptor expression
levels via real-time qRT-PCR using mouse GPCR array
plates containing specific primers and TaqMan probes for
all mouse GPCRs, except for the odorant, taste, and pher-
omone receptors. This analysis showed that mouse hepa-
tocytes express many GPCRs, including 8 receptors that
are known to be linked to G proteins of the Gq family
(Supplemental Table 3). These receptors include GPR91
(succinate receptor 1), the AT1a angiotensin II receptor,
the V1a and V1b vasopressin receptor subtypes, and the
�1b-adrenergic, PAR1 thrombin, S1P2 lysophospholipid,
and M3 muscarinic receptors. A comparison of Ct values
indicated that these receptors were expressed at similar or
higher levels, as compared with the hepatic expression of
Rq in Hep-Rq mice (note that the Ct value characterizing
GCGR expression in the array assay was similar to that
shown in Figure 1C). These observations indicated that
the hepatic expression of Rq in Hep-Rq mice was rather
low and certainly not unphysiologically high.

We next wanted to demonstrate the presence of CNO-
sensitive, functional Rq receptors in hepatocytes of
Hep-Rq mice. To address this issue, we incubated primary
hepatocytes prepared from WT and Hep-Rq mice with
CNO (100�M) or arginine vasopressin (AVP, 10�M; for
control purposes) and determined changes in intracellular
calcium levels ([Ca2�

i]) by using FLIPR technology (Gq

activation triggers profound increases in [Ca2�
i]). Control

experiments showed that AVP treatment led to significant
increases in [Ca2�

i]) in both WT and Hep-Rq hepatocytes
(Figure 1D). In contrast, CNO treatment of WT hepato-
cytes had no effect on [Ca2�

i] but triggered a robust in-
crease in [Ca2�

i] in hepatocytes prepared from Hep-Rq
mice (Figure 1D). We obtained identical results when we
monitored changes in [Ca2�

i] in individual hepatocytes
using a fura-2-based microscopic imaging technique (Fig-
ure 1E).
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CNO treatment of Hep-Rq mice causes dose-
dependent increases in blood glucose levels

Hep-Rq mice and their WT littermates did not differ in
body weight and basal blood glucose and serum insulin
levels (Supplemental Figure 1).

To determine the in vivo effects of acute activation of
Rq, Hep-Rq mice that had been fasted for 5 hours received
a single ip injection of either saline (control) or increasing
doses of CNO (0.001–10 mg/kg). Blood glucose levels
were monitored over a 60-minute period. Strikingly, CNO
treatment of Hep-Rq mice led to dose-dependent increases
in blood glucose levels (Figure 2, A and B), indicating that
acute activation of Rq signaling in hepatocytes strongly
promotes HGP in vivo. The stimulatory effect of CNO on
blood glucose levels plateaued at 1 mg/kg (Figure 2, A and
B). CNO treatment (10 mg/kg ip) of WT mice caused only
very minor elevations in blood glucose levels, similar to
those observed with saline-injected Hep-Rq mice (Figure
2A), probably resulting from the injection stress.

To examine whether CNO treatment of Hep-Rq mice
affected in vivo insulin release, we monitored serum insu-
lin levels in Hep-Rq mice and WT littermates after ip in-
jection of a high dose of CNO (10 mg/kg) or saline (mice
were fasted for 5 hours before injection). CNO- or saline-
treated mice showed only minor changes in serum insulin

levels that were not significantly different between the two
genotypes (Figure 2C).

CNO-treated Hep-Rq mice show impaired glucose
tolerance, unchanged insulin sensitivity, and
increased gluconeogenesis in vivo

To examine CNO effects on glucose tolerance, we in-
jected Hep-Rq mice and WT littermates with glucose (2
mg/g ip), either alone or in combination with CNO (10
mg/kg ip). We found that CNO-treated Hep-Rq mice
showed significantly impaired glucose tolerance, as com-
pared with the 3 control groups (saline-treated transgenic
and WT mice and CNO-treated WT mice; Figure 3A).

In parallel, we also measured serum insulin levels in the
glucose- (or glucose plus CNO)-injected animals. As
shown in Figure 3B, all 4 groups of mice (CNO- or saline-
injected Hep-Rq and WT mice) showed comparable in-
creases in serum insulin levels. Basal insulin levels (prein-
jection values) did not differ significantly between Hep-Rq
mice and WT littermates (WT, 1.01 � 0.15 ng/mL; Hep-
Rq, 0.80 � 0.12 ng/mL; n � 6).

Moreover, after injection of a single dose of insulin
(0.75 U/kg), all 4 groups of mice (CNO- or saline-injected
Hep-Rq and WT mice) showed similar reductions in blood
glucose levels (Figure 3C), indicating that CNO-mediated

Figure 3. Physiological analysis of Hep-Rq mice and WT littermates. A, Glucose tolerance test. Hep-Rq mice and WT littermates were injected
with either glucose alone (2 mg/g ip) (�CNO) or together with CNO (10 mg/kg ip). Blood glucose levels were measured at the indicated time
points. B, Glucose-induced insulin release. Serum insulin levels were measured at the indicated time points, after treatment of Hep-Rq mice and
WT littermates with either glucose alone (2 mg/g ip) (�CNO) or in combination with CNO (10 mg/kg ip). Basal (preinjection) serum insulin levels
were set equal to 100%. Actual basal serum insulin levels were as follows: WT, 0.80 � 0.12 ng/mL (n � 12); Hep-Rq, 1.01 � 0.15 ng/mL (n �
12). C, Insulin tolerance test. Hep-Rq mice and WT littermates were injected with either insulin alone (0.75 U/kg ip) (�CNO) or together with CNO
(10 mg/kg ip), and blood glucose levels were measured at the indicated time points. *, P � .05, as compared with the other 3 groups of mice. D,
Pyruvate challenge test. Hep-Rq mice and WT littermates received a single ip injection of sodium pyruvate (2 mg/g) either alone or in combination
with CNO (10 mg/kg). Blood glucose levels were measured at the indicated time points. All experiments were carried out with 8- to 10-week-old
male mice. Data are given as means � SEM (n � 6 per group). *, P � .05; **, P � .01, as compared with the other 3 groups of mice.
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activation of Rq in Hep-Rq mice had no significant effect
on overall insulin sensitivity.

Finally, we treated Hep-Rq mice and WT littermates
with a single ip injection of the gluconeogenic substrate
sodium pyruvate (2 mg/g), either alone or in combination
with CNO (10 mg/kg) (pyruvate challenge test; Figure
3D). We found that pyruvate-induced increases in blood
glucose levels were significantly greater in CNO-treated
Hep-Rq mice, as compared with the other 3 groups of mice
(Figure 3D), suggesting that activation of hepatic Rq re-
ceptors stimulates gluconeogenesis in vivo.

CNO and glucagon treatment of Hep-Rq mice
increases blood glucose levels to a similar degree

Glucagon, the major counterregulatory hormone of in-
sulin, plays a key role in maintaining physiological blood
glucose levels, primarily by promoting HGP via activation
of hepatocyte glucagon receptors. Thus, our next goal was
to compare the hyperglycemic effects that CNO induced in
Hep-Rq mice with those observed after treatment of mice
with glucagon. Specifically, we injected Hep-Rq mice and
WT littermates with ip saline (control), glucagon (16
�g/kg ip), or CNO (10 mg/kg ip) (mice were fasted for 5
hours before injections). As shown in Figure 4, glucagon
triggered robust increases in blood glucose levels that did
not differ significantly between the two genotypes. Injec-
tion of a higher dose of glucagon (300 �g/kg instead of 16
�g/kg) did not lead to greater hyperglycemic effects (in
fact, the higher dose resulted in smaller increases in blood
glucose levels; data not shown). Strikingly, CNO treat-
ment of Hep-Rq mice led to hyperglycemic effects that
were similar in magnitude to those observed with gluca-
gon-injected Hep-Rq or WT mice (Figure 4).

Hepatic gluconeogenesis and glycogenolysis
Our next goal was to examine to which extent hepatic

gluconeogenesis and glycogenolysis contributed to the
Rq-mediated increases in blood glucose levels in Hep-Rq
mice. To address this issue, we carried out isotope labeling
studies using chronically catheterized conscious Hep-Rq
mice, as described in Materials and Methods (22–27). The
contribution of gluconeogenesis to the rate of glucose ap-
pearance was estimated from the specific activities of 14C-
labeled hepatic UDPG (this is assumed to reflect the spe-
cific activity of hepatic glucose 6-phosphate) and hepatic
PEP after the infusion of [U-14C]alanine. [3-3H]Glucose
was used to measure the rate of glucose appearance (see
Materials and Methods for details).

Using this strategy, Hep-Rq mice were injected with an
ip bolus of either saline (vehicle) or CNO (200 �g; �10 mg
CNO/kg) after a 5-hour fast (for details, see Materials and
Methods). CNO treatment of Hep-Rq mice increased ar-
terial glucose concentrations and the rate of glucose ap-
pearance to a significantly greater extent than vehicle (sa-
line) alone (Figure 5A). The CNO-mediated increase in the
rate of glucose appearance (ie, HGP) was due to a com-
bined increase in the rates of both gluconeogenesis and
glycogenolysis (Figure 5B). Arterial plasma insulin con-
centrations were similar in both groups (1.2 � 0.2 vs 1.3 �
0.1 ng/mL, vehicle vs CNO; n � 6 per group).

It should be noted that the saline-injected mice also
showed significant increases in the rate of glucose appear-
ance (Figure 5A), most likely as a result of the stress re-
sponse associated with the ip injection. However, as
shown in Figure 5B, the rates of hepatic glycogenolysis and
gluconeogenesis were significantly greater in CNO-
treated than in saline-injected Hep-Rq mice.

Effects of CNO treatment of Hep-Rq mice on liver
gene expression levels

We used real-time qRT-PCR analysis to examine
whether acute CNO treatment of Hep-Rq mice affected
the expression levels of a series of genes important for
hepatic glucose and lipid metabolism. Hep-Rq mice that
had free access to food received 2 ip injections of CNO (10
mg/kg) or saline (injections were given 2 hours apart).
Because we had demonstrated previously that the CNO
plasma half-life is rather short (�1 hour) (16), we decided
to inject CNO repeatedly to maintain high CNO plasma
levels for a longer period of time, thus facilitating the de-
tection of changes in gene expression levels. Six hours after
the first injection, total hepatic RNA was prepared and
subjected to real-time qRT-PCR analysis (Figure 6). Using
this strategy, we identified several genes that showed
CNO-dependent changes in hepatic expression levels (Fig-
ure 6). Interestingly, the genes that displayed the most

Figure 4. Comparison of the effects of CNO and glucagon on blood
glucose levels in WT and Hep-Rq mice. Hep-Rq mice and WT
littermates received a single ip injection of saline (control), glucagon
(16 �g/kg), or CNO (10 mg/kg) (mice were fasted for 5 hours before
injections). Blood glucose levels were determined at the indicated time
points. All experiments were carried out with 8-week-old males. Data
are given as means � SEM (n � 6 per group).
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pronounced increases in expression levels were genes cod-
ing for proteins involved in fatty acids synthesis, including
ATP citrate lyase (ACLY), acetyl-CoA carboxylase 1
(ACC1), and fatty acid synthase (FAS). On the other hand,
CNO treatment resulted in significantly reduced hepatic
expression levels of stearoyl-CoA desaturase 1 (SCD1).
The transcript levels of PEP carboxykinase (PEPCK), one
of the rate-limiting enzymes of gluconeogenesis, were also
significantly increased in CNO-treated mice (�1.7-fold;
Figure 6).

To rule out the possibility that the changes in gene ex-
pression levels observed with CNO-treated Hep-Rq mice

were caused by nonspecific effects of CNO, we carried out
analogous experiments with WT mice, focusing on the
genes that showed significantly changed expression levels
after CNO treatment of Hep-Rq mice. This analysis
showed that CNO had no significant effect on hepatic
transcript levels in WT mice, as compared with the cor-
responding levels observed with saline-injected WT mice
(Supplemental Figure 2).

The ob/ob mice show a striking increase in V1b

vasopressin receptor expression levels in the liver
Enhanced HGP represents a key factor contributing to

fasting hyperglycemia in T2D (1, 2). The ob/ob mouse
diabetes model mimics many of the key pathophysiolog-
ical features of T2D including increased HGP (28).
Prompted by the finding that CNO-mediated activation of
Rq in Hep-Rq mice promoted HGP, we next examined
whether the hepatic expression of endogenous GPCRs
linked to Gq-type G proteins (Supplemental Table 2) was
altered in ob/ob mice. We prepared total RNA from livers
of ob/ob and WT control mice (4- to 5-month-old males)
and then carried out real-time qRT-PCR analysis to de-
termine the hepatic expression levels of these receptor
genes. We identified several Gq-linked receptors, includ-
ing the AT1a angiotensin II, �1b-adrenergic, S1P2 lyso-
phospholipid, and V1b vasopressin receptor subtypes, that
were expressed at significantly higher levels in livers from
ob/ob mice, as compared with their WT littermates (Figure
7). Most strikingly, the hepatic expression of the V1b va-
sopressin receptor was �6-fold higher in ob/ob mice than
in WT control mice (Figure 7). In contrast, the hepatic
expression of the V1a vasopressin receptor was signifi-
cantly reduced (by �50%) in ob/ob mice.

Treatment of ob/ob mice with a selective V1b

vasopressin receptor antagonist leads to reduced
glucose excursions in a pyruvate challenge test

To test the contribution of V1b receptor signaling to
elevated HGP in ob/ob mice in vivo, we subjected ob/ob
mice and their WT littermates to a pyruvate challenge test
(13, 21), either in the absence or the presence of a selective
V1b vasopressin receptor antagonist. We injected mice
with the gluconeogenic substrate pyruvate (1.5 mg/g, ip)
and monitored changes in blood glucose levels over a 60-
minute period. We found that pyruvate-injected ob/ob
mice showed significantly more pronounced increases in
blood glucose levels than pyruvate-injected WT mice (Fig-
ure 8A), confirming that HGP is enhanced in ob/ob mice
(28). Strikingly, co-injection of ob/ob mice with pyruvate
and SSR149415 (20 mg/kg ip), a selective V1b vasopressin
receptor antagonist (29, 30), resulted in considerably
smaller increases in blood glucose levels (Figure 8A). In

Figure 5. Effect of CNO on hepatic glucose fluxes in conscious Hep-
Rq mice in vivo. The time course of arterial blood glucose
concentrations and the rate of glucose appearance (A) and the rates of
gluconeogenesis and glycogenolysis (B) were determined as described
in detail in Materials and Methods. At time 0, chronically catheterized
conscious Hep-Rq mice (4-month-old females) that had been fasted for
5 hours were injected with an ip bolus of CNO (200 �g per mouse) or
saline (control). Data are given as means � SEM (n � 6 per group). *,
P � 05 vs saline.
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fact, the blood glucose excursions observed with the co-in-
jected ob/ob mice were similar to those observed with the 2
WT control groups, either injected with pyruvate alone or
co-injected with pyruvate and SSR149415 (Figure 8A).
These data suggest that V1b receptor signaling makes a crit-
ical contribution to the elevated HGP in ob/ob mice.

On the other hand, treatment of ob/ob mice with
SSR149415 (20 mg/kg ip) had no significant effect on

blood glucose levels in an ip glucose
tolerance test (Figure 8B).

V1b vasopressin receptor
expression levels are unchanged
in islets from ob/ob mice

Besides their presence in the liver,
V1b receptors are expressed in several
other tissues including pancreatic is-
lets where these receptors promote the
release of insulin (31, 32). Real-time
qRT-PCRstudiesusing isletRNApre-
pared from ob/ob mice and lean litter-
mates (3-month-old males) showed
that islet V1b receptor transcript levels
were not significantly different be-
tween the two groups of mice (Supple-
mental Figure 3), excluding the possi-
bility that changes in islet V1b receptor
expression levels contributed to the

beneficial metabolic effects observed with SSR149415-
treated ob/ob mice (see previous paragraph).

Discussion

In this study, we generated a transgenic mouse line that
expressed a Gq-coupled designer receptor (Rq) (16) selec-

tively in hepatocytes. Due to 2 point
mutations, the Rq receptor can no
longer bind endogenous ligands such
as acetylcholine (Rq is derived from
the M3 muscarinic receptor) but can
be efficiently activated by CNO, a
synthetic drug that is pharmacolog-
ically inert (14, 16). Thus, CNO
treatment of Hep-Rq mice provided
us with the unique opportunity to
study the in vivo metabolic conse-
quences of activating a Gq-coupled
receptor selectively in hepatocytes.
In the present study, we focused on
acute effects on HGP and glucose ho-
meostasis in general.

We first demonstrated that he-
patic Rq receptors were expressed at
physiological levels in Hep-Rq mice
and that CNO stimulation of
Hep-Rq hepatocytes led to pro-
nounced increases in intracellular
calcium levels. The expression data
suggested that the Rq receptor was

Figure 6. Effects of CNO treatment of Hep-Rq mice on liver gene expression levels. Hep-Rq mice
(freely fed 5-month-old males) received 2 ip injections of CNO (10 mg/kg) or saline that were
given 2 hours apart. Livers were harvested for the preparation of total RNA 6 hours after the first
injection. Gene expression was studied by real-time qRT-PCR using total hepatic RNA as a
template. Data were normalized relative to the expression of cyclophilin A RNA (internal control)
and are presented as fold change in gene expression in CNO-treated vs saline-treated Hep-Rq
mice. CNO had no significant effect on the expression of cyclophilin A. Data are given as
means � SEM (n � 4 for all genes except PEPCK [n � 8]). *, P � .05; **, P � .01 vs saline-
treated Hep-Rq mice. Full gene names are given in Supplemental Table 1.

Figure 7. The ob/ob mice show a pronounced increase in V1b vasopressin receptor expression in
the liver. Total hepatic RNA was prepared from livers of ob/ob and WT lean control mice (4- to
5-month-old males). The expression of GPCRs linked to Gq-type G proteins expressed in mouse
liver was studied by real-time qRT-PCR using total hepatic RNA as a template. Primers specific for
the following receptors were used (for primer sequences, see Supplemental Table 2): GPR91
(succinate receptor 1), AT1a angiotensin II receptor (AT1a), V1a and V1b vasopressin receptors (V1a

and V1b), �1b-adrenergic receptor (�1b), PAR1 thrombin receptor (PAR1), S1P2 lysophospholipid
receptor (S1P2), and M3 muscarinic receptor (M3). Data were normalized relative to the
expression of 18S RNA (internal control) and are presented as fold change in gene expression in
ob/ob vs WT mice. Ct values for 18S RNA expression were not significantly different between
ob/ob mice and control (lean) littermates. Data are given as means � SEM (n � 4 per group). *,
P � .05; **, P � .01; ***, P � .01 vs WT.
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expressed at comparable or lower levels, as compared with
Gq-coupled receptors endogenously expressed by mouse
hepatocytes.

A single ip injection of CNO into Hep-Rq mice
caused pronounced, dose-dependent increases in blood
glucose levels. CNO treatment of Hep-Rq mice did not
lead to any significant changes in serum insulin levels,
consistent with a direct action of CNO on hepatic Rq
receptors. Moreover, CNO-injected Hep-Rq mice
showed impaired glucose tolerance and significantly in-
creased glucose excursions in a pyruvate challenge test,
most likely due to the ability of activated Rq to facilitate
HGP (see below). Hep-Rq mice, however, displayed

normal glucose-induced insulin release and normal in-
sulin sensitivity in vivo.

Glucagon plays a central role in maintaining blood glu-
cose levels in a physiological range, primarily by activating
hepatic glucagon receptors that are coupled to the stimu-
latory G protein Gs (6, 7). Activated Gs, via a series of
cellular events that includes the generation of cAMP and
the activation of protein kinase A, then triggers enhanced
HGP by stimulating both glycogenolysis and gluconeo-
genesis (6, 7). To directly compare the magnitudes of the
hyperglycemic effects induced by glucagon with those
caused by ligand activation of a Gq-coupled receptor, we
injected Hep-Rq mice with maximally effective doses of
glucagon and CNO, respectively. Strikingly, we found
that CNO treatment of Hep-Rq mice resulted in increases
in blood glucose levels that were similar in magnitude to
those observed after glucagon administration. This obser-
vation clearly indicates that hepatocyte GPCRs that signal
through Gq-type G proteins are likely to play important
roles in regulating blood glucose levels. These data may
also be of potential pathophysiological relevance, because
enhanced HGP is one of the hallmarks of T2D.

To determine to which extent hepatic gluconeogenesis
and glycogenolysis contributed to the Rq-mediated hy-
perglycemic effects in Hep-Rq mice, we carried out isotope
labeling experiments using chronically catheterized con-
scious Hep-Rq mice. These studies demonstrated that the
CNO-dependent increase in blood glucose levels were due
to the stimulation of both gluconeogenesis and
glycogenolysis.

Gene expression analysis demonstrated that CNO-me-
diated activation of Rq in Hep-Rq mice led to a significant
increase in the expression levels of PEPCK, one of the
rate-limiting enzymes of gluconeogenesis. Similarly, the
hepatic expression of several genes coding for proteins
involved in fatty acid synthesis, including ACLY, ACC1,
and FAS, was strongly increased, suggesting that Gq sig-
naling pathways may play a role in the regulation of he-
patic lipid metabolism. However, the physiological rele-
vance of these findings remains to be explored in future
studies. It should also be noted that the lack of CNO-
induced changes in hepatic gene expression levels in
Hep-Rq mice needs to be interpreted with caution because
the activity of many key metabolic enzymes is also regu-
lated at the posttranslational level.

Using GPCR array technology, we demonstrated that
mouse hepatocytes express various Gq-coupled receptors
including GPR91 (succinate receptor 1), the AT1a angio-
tensin II receptor, the V1a and V1b vasopressin receptor
subtypes, and the �1b-adrenergic, PAR1 thrombin, S1P2

lysophospholipid, and M3 muscarinic receptors. The he-

Figure 8. A selective V1b vasopressin receptor antagonist reduces
glucose excursions in ob/ob mice in a pyruvate challenge test. A,
Pyruvate challenge test. The ob/ob and WT lean control mice (12-
week-old males) received an ip injection of 1.5 mg/g sodium pyruvate,
either alone or in combination with SSR149415 (20 mg/kg ip), a
selective V1b vasopressin receptor antagonist. Blood glucose levels
were measured at the indicated time points. Data are given as
means � SEM (n � 4 per group). *, P � .05; **, P � .01 vs the other
3 groups of mice. B, Glucose tolerance test. The ob/ob mice and WT
lean littermates (16-week-old males) received an ip injection of glucose
(2 mg/g), either alone or in combination with SSR149415 (20 mg/kg
ip). Blood glucose levels were measured at the indicated time points.
Data are given as means � SEM (n � 4 per group).
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patic expression of some of these receptors, including dif-
ferent �1-adrenergic, angiotensin II, and V1 vasopressin
receptor subtypes (11) and the M3 muscarinic receptor
(13), has been reported previously. It is well documented
that the activation of Gq-coupled receptors leads to the
generation of IP3, which triggers the release of Ca2� from
intracellular stores (10). Previous studies have demon-
strated that activation of hepatocyte GPCRs that cause
increases in intracellular Ca2� concentrations, including
different �1-adrenergic, angiotensin II, and vasopressin
receptor subtypes, stimulates hepatic glycogenolysis via
Ca2�-dependent allosteric activation of phosphorylase ki-
nase (11, 33, 34). It is therefore highly likely that the stim-
ulatory effect of CNO on glycogenolysis in Hep-Rq mice
involves a similar mechanism. However, little is known
about the potential mechanisms through which Gq-cou-
pled receptors can stimulate hepatic gluconeogenesis.

Increased HGP plays a key role in the pathophysiology
of T2D (1–3). In T2D, �90% of the increase in HGP
above basal is predicted to be caused by an enhanced rate
of gluconeogenesis (35). This metabolic deficit can also be
observed in animal models of diabetes, including the ob/ob
mouse (28). In the present study, we demonstrated that the
hepatic expression of several Gq-coupled receptors was
elevated in ob/ob mice. Most notably, the V1b vasopressin
receptor gene was expressed at �6-fold higher levels in
ob/ob mice than in WT littermates. We therefore specu-
lated that enhanced signaling through the V1b vasopressin
receptor and other Gq-coupled receptors might contribute
to maintaining enhanced HGP in this mouse diabetes
model. To test this hypothesis, we examined whether
treatment of ob/ob mice with a selective V1b vasopressin
receptor antagonist (SSR149415) (29, 30) affected in vivo
gluconeogenesis in a pyruvate challenge test. When mice
were injected with the gluconeogenic substrate pyruvate
alone, ob/ob mice showed significantly more robust in-
creases in blood glucose levels than WT littermates, con-
firming that gluconeogenesis is enhanced in the mutant
animals (28). In contrast, when mice were treated with
pyruvate in combination with SSR149415, ob/ob mice
showed significantly smaller blood glucose excursions
that were similar in magnitude to those observed with WT
mice. This finding raises the possibility that pharmaco-
logical blockade of V1b vasopressin receptors may repre-
sent a novel approach to reduce HGP in T2D. A key issue
that needs to be addressed in future studies is whether
human T2D involves similar changes in GPCR expression
levels.

In the body periphery, V1b receptors are expressed not
only by hepatocytes but also by other tissues and cell types
including pancreatic islets (31, 32). In the central nervous

system, pituitary V1b receptors act as important modula-
tors of the physiological stress response by promoting the
release of ACTH (32). Thus, the potential use of V1b re-
ceptor antagonists for the suppression of HGP would ben-
efit from the development of agents that do not cross the
blood-brain barrier and are therefore devoid of central
side effects.

Although the Rq construct, like the M3 muscarinic re-
ceptor, preferentially activates G proteins of the Gq family
(14, 16), it can also activate additional signaling cascades
including arrestin-dependent pathways (36, 37). Thus, it
remains to be explored whether non–Gq-dependent sig-
naling molecules also contribute to the metabolic pheno-
types displayed by the Hep-Rq mice. Moreover, endoge-
nous GPCRs are known to form GPCR signaling
complexes that are often restricted to distinct membrane
subdomains, including lipid rafts and caveolae (38). Thus,
it remains to be demonstrated to which extent designer
GPCRs expressed from a transgene show a similar sub-
cellular distribution pattern as native GPCRs.

Although the Hep-Rq mice analyzed in the present
study showed striking, CNO-dependent metabolic phe-
notypes, transgenic mice overexpressing the M3 musca-
rinic receptor in hepatocytes did not display any obvious
metabolic changes (13). One possible explanation for this
observation is that CNO treatment of Hep-Rq mice leads
to a continuous stimulation of hepatic Rq receptors. In
contrast, in transgenic mice overexpressing M3 receptors
in hepatocytes, receptor activation depends on the endog-
enous release of acetylcholine, which is likely to cause a
different temporal pattern of receptor activation (com-
pared with CNO-stimulated Rq receptors).

In the present study, we exclusively focused on the acute
metabolic effects caused by activation of a Gq-coupled
receptor selectively expressed in hepatocytes. In future
studies, we are planning to explore how chronic treatment
of Hep-Rq mice with CNO affects liver glucose fluxes and
whole-body glucose homeostasis. Such studies should
help address the question of whether enhanced signaling
through Gq-coupled receptors contributes to the patho-
physiology of T2D.

In conclusion, the development and phenotypic analy-
sis of a novel mouse model (Hep-Rq mice) allowed us to
explore the in vivo metabolic consequences after drug-
induced activation of a Gq-coupled receptor selectively
expressed in hepatocytes. Given the critical role of in-
creased HGP in the pathophysiology of T2D, our findings
may lead to new avenues to modulate liver glucose fluxes
for therapeutic purposes.
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