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Given the global epidemic in type 2 diabetes, novel antidiabetic
drugs with increased efficacy and reduced side effects are urgently
needed. Previous work has shown that M3 muscarinic acetylcho-
line (ACh) receptors (M3Rs) expressed by pancreatic β cells play
key roles in stimulating insulin secretion and maintaining physio-
logical blood glucose levels. In the present study, we tested the
hypothesis that a positive allosteric modulator (PAM) of M3R func-
tion can improve glucose homeostasis in mice by promoting insu-
lin release. One major advantage of this approach is that allosteric
agents respect the ACh-dependent spatiotemporal control of M3R
activity. In this study, we first demonstrated that VU0119498, a
drug known to act as a PAM at M3Rs, significantly augmented
ACh-induced insulin release from cultured β cells and mouse and
human pancreatic islets. This stimulatory effect was absent in is-
lets prepared from mice lacking M3Rs, indicative of the involve-
ment of M3Rs. VU0119498 treatment of wild-type mice caused a
significant increase in plasma insulin levels, accompanied by a
striking improvement in glucose tolerance. These effects were me-
diated by β-cell M3Rs, since they were absent in mutant mice se-
lectively lacking M3Rs in β cells. Moreover, acute VU0119498
treatment of obese, glucose-intolerant mice triggered enhanced
insulin release and restored normal glucose tolerance. Interest-
ingly, doses of VU0119498 that led to pronounced improvements
in glucose homeostasis did not cause any significant side effects
due to activation of M3Rs expressed by other peripheral cell types.
Taken together, the data from this proof-of-concept study
strongly suggest that M3R PAMs may become clinically useful as
novel antidiabetic agents.
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Gprotein-coupled receptors (GPCRs) play key roles in regu-
lating the function of pancreatic β cells, including the re-

lease of insulin (1, 2). For this reason, various β-cell GPCRs are
considered attractive targets to stimulate insulin secretion from
pancreatic β cells for the treatment of type 2 diabetes (T2D) (1, 2).
However, the only GPCR-based drugs in current clinical use as
antidiabetic drugs are glucagon-like peptide-1 (GLP-1) receptor
agonists, such as exendin-4, and dipeptidyl peptidase-4 inhibitors,
which slow the breakdown of endogenous GLP-1 (3, 4).
Like GLP-1, the neurotransmitter acetylcholine (ACh) greatly

facilitates insulin secretion when blood glucose levels are ele-
vated in both experimental animals and humans (5, 6). Following
its release from parasympathetic nerve terminals, ACh stimu-
lates β-cell M3 muscarinic ACh receptors (M3Rs), which in turn
leads to the activation of Gq-type G proteins (Gq/11) (7–9).
Stimulation of Gq/11 triggers the activation of PKC and raises

intracellular calcium levels, resulting in enhanced insulin release
from β cells in the presence of high glucose concentrations (5, 6).
We previously showed that deletion of β-cell M3Rs causes

severe impairments in glucose tolerance and insulin secretion in
mice, while in contrast, overexpression of M3Rs in β cells leads to
improved glucose tolerance and enhanced insulin release in lean
and obese mice (8, 10). These observations suggest that β-cell
M3Rs may represent a potential drug target for the treat-
ment of T2D.
M3Rs are expressed not only by pancreatic β cells, but also by

various other peripheral cell types, including smooth muscle and
glandular cells. It is well known that activation of these receptors
triggers smooth muscle contraction and stimulates glandular
secretion (11). For this reason, it is likely that the potential use
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of orthosteric M3R agonists (which do not currently exist) as
insulinomimetics would cause severe side effects.
During the past 10 to 15 y, novel drugs have been developed

that can modulate the function of the M3R and other muscarinic
ACh receptor (mAChR) subtypes by binding to a receptor site
distinct from the conventional (orthosteric) ACh-binding site
(12–15). This so-called “allosteric site” is located on the extra-
cellular receptor surface and shows significant sequence varia-
tion among the 5 mAChR subtypes (16, 17).
Over the past few years, considerable progress has been made

in developing subtype-selective mAChR modulators (12–15).
Interestingly, these efforts have led to the identification of

VU0119498, a positive allosteric modulator (PAM) that facili-
tates ACh signaling through M3Rs expressed by cultured CHO
cells (18, 19). VU0119498 also enhances ACh-dependent sig-
naling through the Gq-coupled M1 and M5 mAChRs, but it has
no activity at the Gi/o-coupled M2 and M4 mAChRs (18, 19).
In this proof-of-concept study, we examined whether a PAM

that can act on β-cell M3Rs has therapeutic potential for the
treatment of T2D. We found that VU0119498 treatment of wild-
type (WT) mice led to enhanced glucose-stimulated insulin se-
cretion (GSIS) and greatly improved glucose tolerance in lean and
obese glucose-intolerant mice. These effects were mediated by
β-cell M3Rs, as studied in mutant mice lacking M3Rs selectively in

Fig. 1. VU0119498 (PAM) promotes ACh-mediated insulin secretion and intracellular calcium mobilization in MIN6-K8 cells. (A and B) Insulin secretion and
calcium assays. ACh, but not PAM, causes concentration-dependent increases in insulin release (A) and intracellular calcium ([Ca2+]i) levels (B). (C and D) ACh-
induced insulin secretion in the presence of PAM. While 3 μM PAM had no significant effect on ACh-stimulated insulin release (C), the presence of 20 μM PAM
augmented ACh-induced insulin secretion (D). (E) Enhancement of ACh-mediated increases in [Ca2+]i in the presence of 20 μM PAM. Changes in [Ca2+]i were
determined via FLIPR (AU, arbitrary units). Data are given as mean ± SEM of at least 3 independent experiments. *P < 0.05; **P < 0.01 (C and D, 2-way ANOVA
followed by Bonferroni’s post hoc test; E, 2-way ANOVA followed by Tukey’s post hoc test).

Zhu et al. PNAS | September 10, 2019 | vol. 116 | no. 37 | 18685

PH
A
RM

A
CO

LO
G
Y



their β cells. VU0119498 also significantly potentiated ACh-
induced insulin secretion from human islets. Our data support
the concept that selective M3R PAMs may prove beneficial as
novel antidiabetic agents.

Results
VU0119498 Augments ACh-Mediated Increases in Insulin Secretion and
Intracellular Calcium Levels in MIN6-K8 Cells. To test the hypothesis
that the PAM VU0119498 can promote M3R-mediated insulin
secretion, we initially carried out in vitro studies using the MIN6-K8
cell line derived from mouse β cells (20). We previously demon-
strated that MIN6 cells predominantly express the M3R subtype
(21). As shown in Fig. 1 A and B, ACh treatment of MIN6 cells
caused concentration-dependent increases in insulin secretion and
intracellular calcium levels ([Ca2+]i). In contrast, PAM treatment
alone had no effect on insulin release and [Ca2+]i levels (Fig. 1 A
and B). We next treated MIN6-K8 cells with increasing concen-
trations of ACh in the presence of 2 different concentrations of
PAM, 3 and 20 μM. While 3 μM PAM did not affect ACh-induced
insulin release (Fig. 1C), treatment with 20 μM PAM led to a sig-
nificant augmentation of ACh-induced insulin secretion (Fig. 1D).
Consistent with this observation, ACh-mediated increases in [Ca2+]i
were also significantly elevated in the presence of 20 μM PAM
(Fig. 1E).

VU0119498 Enhances ACh-Induced Insulin Release in Mouse and Human
Pancreatic Islets. Mouse pancreatic islets virtually exclusively ex-
press the M3R subtype (7). ACh and other orthosteric muscarinic
agonists are known to greatly increase insulin secretion in the
presence of elevated glucose concentrations (7–9). As expected,
this effect has been shown to be mediated by β-cell M3Rs (8, 9).
Studies with pancreatic islets prepared from male WT mice con-
firmed that ACh stimulated insulin secretion in a concentration-
dependent fashion (glucose concentration in the incubation mix-
ture, 16.7 mM; Fig. 2A). This response was absent in pancreatic
islets prepared from mice lacking M3Rs (M3R KO mice) (22),
indicative of the involvement of M3Rs. In agreement with the
results obtained with cultured MIN6 cells, ACh (0.05 and 0.3 μM)-
induced insulin secretion responses were significantly enhanced
in the presence of 20 μM PAM (Fig. 2A). VU0119498 alone had
no significant effect on insulin release in either WT or M3R KO
islets (Fig. 2A).

We also studied ACh-mediated insulin release using pancreatic
islets prepared from female WT mice. As observed with islets
from male WT mice, ACh (0.3 μM)-induced insulin secretion
was significantly enhanced in the presence of 20 μM PAM (SI
Appendix, Fig. S1). This effect was not observed when the ACh
concentration was reduced to 0.05 μM (SI Appendix, Fig. S1),
perhaps due to lower M3R numbers or less efficient M3R-
stimulus coupling in β-cells from female mice.
We next examined whether similar results could be obtained

with human islets. We perifused human islets with increasing
concentrations of glucose (4 and 8 mM) in either the absence or
presence of PAM (5 μM). VU0119498 alone had no significant
effect on the increases in insulin secretion caused by 4 and 8 mM
glucose (Fig. 2B). During the perifusion period with 8 mM
glucose, we exposed islets to increasing concentrations of ACh
(0 to 1 μM) in the presence of neostigmine (10 μM), a cholin-
esterase inhibitor. Fig. 2B shows that ACh treatment caused a
significant increase in insulin secretion; ACh was present dur-
ing the 80- to 120-min perifusion period. This effect declined
over time, possibly due to desensitization of the M3R and/or
downstream signaling molecules and the depletion of the
readily releasable insulin granule pool (6). Strikingly, ACh-
stimulated insulin release was greatly augmented in the pres-
ence of 5 μM PAM (Fig. 2B). This observation clearly indicates
that VU0119498 also promotes signaling throughM3Rs expressed
by human β cells (note that human β-cells almost exclusively ex-
press the M3R subtype) (23).

VU0119498 Improves Glucose Tolerance and Insulin Secretion in Mice
in a β-Cell M3R-Dependent Fashion. We next examined whether
VU0119498 treatment of WT mice affected glucose tolerance.
After an overnight fast, we injected WT mice with either vehicle
or PAM (0.1, 0.5, or 2 mg/kg i.p). Thirty minutes later, the mice
received a bolus of glucose via oral gavage (2 g/kg), followed by
monitoring of blood glucose levels. It is well known that oral
administration of glucose stimulates the activity of cholinergic,
parasympathetic nerves and ultimately promotes the release
of ACh in pancreatic islets (5, 6). The lowest PAM dose used
(0.1 mg/kg i.p.) had no significant effect in this oral glucose tol-
erance test (OGTT) (SI Appendix, Fig. S2). In contrast, a 5-fold
higher PAM dose (0.5 mg/kg i.p.) caused a significant improvement
in glucose tolerance (Fig. 3A). The same PAM dose also signif-
icantly augmented GSIS (Fig. 3B). The highest PAM dose used

Fig. 2. VU0119498 (PAM) promotes ACh-stimulated insulin secretion in isolated mouse and human islets in an M3R-dependent fashion. (A) Insulin secretion
studies with isolated islets from WT mice and whole-body M3R KO mice. All assays were carried out in the presence of 16.7 mM glucose. ACh-induced in-
creases in insulin release were studied in the absence or presence of 20 μM PAM. The amount of insulin secreted into the medium during the 1-h incubation
period was normalized to the total insulin content of each well (islets plus medium). Data are given as mean ± SEM of at least 3 independent experiments,
each carried out in duplicate or triplicate. **P < 0.01, 2-way ANOVA followed by Tukey’s post hoc test. (B) Insulin release studies with perifused human islets.
Perifused human islets were incubated with of 4 mM and 8 mM glucose (G4 and G8, respectively) in either the absence or presence of 5 μM PAM. During the
8G perifusion period, islets were incubated with increasing concentrations of ACh (0 to 1 μM). The bar diagram to the right demonstrates the stimulatory
effect of PAM on ACh-induced insulin release at 8G (AUC, area under the curve). Experimental details are provided in SI Appendix, Methods. Each curve
represents the mean ± SEM of 3 independent perfusion experiments (180 human islets per group and perifusion). **P < 0.001, 2-tailed Student’s t test.
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(2 mg/kg i.p.) caused similar improvements in the OGTT and
GSIS (SI Appendix, Fig. S3 A and B).
To examine whether the PAM-dependent improvements in

glucose tolerance and GSIS observed with WT mice in vivo were
due to PAM’s action on β-cell M3Rs, we used a conditional gene
deletion strategy to selectively inactivate the M3R gene in β cells
of adult mice. Previous work has demonstrated that tamoxifen
(TMX) induces Cre activity in Pdx1-Cre-ER transgenic mice se-
lectively in pancreatic β cells (24, 25). Therefore, we crossed Pdx1-
Cre-ER mice with homozygous floxed M3R mice (8). Subsequent
matings led to the generation of fl/fl M3R-Pdx1-Cre-ER mice.
TMX treatment of fl/fl M3R-Pdx1-Cre-ER resulted in the selective
reduction ofM3R expression in islets/β cells (SI Appendix, Fig. S4).
In what follows, we refer to the TMX-treated fl/fl M3R-Pdx1-Cre-
ER mice as “β-M3R-KO mice.”

We subjected β-M3R-KO mice to the same in vivo metabolic
tests as WTmice (i.e., OGTT and GSIS). In contrast to the striking
metabolic improvements that we observed with WT mice, PAM
treatment (0.5 mg/kg i.p.) of β-M3R-KO mice had no significant
effect on OGTT and GSIS results (Fig. 3 C and D). Taken to-
gether, these findings strongly suggest that the beneficial metabolic
effects observed after PAM treatment of WT mice are caused by
the ability of VU0119498 to promote signaling via β-cell M3Rs.

VU0119498 Improves Glucose Tolerance and Insulin Secretion in Obese,
Glucose-Intolerant Mice. To explore the potential usefulness of
VU0119498 or compounds with similar pharmacologic properties
as antidiabetic drugs, we maintained male WT mice on a high-fat
diet (HFD) for at least 8 wk. This calorie-rich diet caused signif-
icant weight gain (obesity) and glucose intolerance (Fig. 4A), a key
feature of T2D. Strikingly, PAM treatment (0.5 mg/kg i.p.) of the

Fig. 3. VU0119498 (PAM)-dependent improvements in glucose tolerance and insulin secretion in WT mice requires the presence of β-cell M3Rs. Male WTmice
maintained on regular chow were fasted overnight and then injected with PAM (0.5 mg/kg i.p) or vehicle. Thirty minutes later, the mice received glucose via
oral gavage (2 g/kg). (A) OGTT. (B) GSIS after oral glucose administration. (C) OGTT with mice lacking M3Rs selectively in pancreatic β cells (β-M3R-KO mice).
(D) GSIS with β-M3R-KO mice. Note that the beneficial metabolic effects displayed by PAM-treated WT mice were absent in PAM-treated β-M3R-KO mice.
Blood samples were collected from the tail vein. All experiments were carried out with 10- to 20-wk-old male littermates. Data are given as mean ± SEM (n =
5–8 per group). *P < 0.05, **P < 0.01, 2-way ANOVA followed by Bonferroni’s post hoc test.

Fig. 4. VU0119498 (PAM) improves glucose tolerance and insulin secretion in obese, glucose-intolerant WT mice. Male WTmice that had been maintained on
an HFD for 8 to 10 wk were fasted overnight and then injected with PAM (0.5 mg/kg i.p.) or vehicle. Thirty minutes later, the mice received glucose via oral
gavage (1 g/kg). (A) OGTT. (B) GSIS after oral glucose administration. Blood samples were collected from the tail vein. All experiments were carried out with 10- to
20-wk-old male littermates. Data are given as mean ± SEM (n = 6 per group). *P < 0.05, **P < 0.01, 2-way ANOVA followed by Bonferroni’s post hoc test.
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HFD WT mice resulted in significantly improved glucose toler-
ance and GSIS (Fig. 4 A and B), indicative of the therapeutic
potential of M3R PAMs.

VU0119498 Has Little or No Effect on Smooth Muscle Activity or Salivary
Secretion In Vivo. M3Rs not only are expressed by pancreatic β
cells, but are also present in several other peripheral tissues, in-
cluding smooth muscle and exocrine glands (11). Systemic treatment
of experimental animals with orthosteric muscarinic agonists was
found to stimulate insulin release (21, 26, 27) but to also cause other,
unwanted M3R-mediated effects. such as enhanced smooth muscle
activity and salivary secretion (11). For this reason, we examined
whether VU0119498 treatment of WTmice led to enhanced smooth

muscle activity and increased salivary secretion (potential side
effects).
Studies withM3RKOmice have shown that M3Rs play a key role

in mediating ACh-induced salivation (28). Treatment of male WT
mice with increasing doses of VU0119498 (0.1, 0.5, and 2 mg/kg i.p.)
had no effect on salivary secretion over the 30-min observation pe-
riod (Fig. 5A). In contrast, administration of pilocarpine (1 mg/kg i.p.),
an orthosteric muscarinic agonist, triggered copious salivary se-
cretion in all experimental animals (Fig. 5A).
Since activation of M3Rs in smooth muscles of the eye causes

pupillary constriction (28), we carried out a series of pupil con-
striction tests. We injected WT mice with either vehicle or in-
creasing doses of VU0119498 (0.1, 0.5, and 2 mg/kg i.p.) and

Fig. 5. VU0119498 (PAM) treatment has little or no effect on salivation and pupil diameter in WT mice. (A) Saliva secretion test. WT mice (10-wk-old males)
were treated i.p. with either vehicle or with increasing doses of PAM (0.1, 0.5, and 2 mg/kg). Note that the PAM was inactive at all doses tested. In contrast,
pilocarpine (Pilo; 1 mg/kg i.p.), an orthosteric muscarinic agonist, consistently stimulated salivary section in all mice and all experiments (positive control) (n =
3 or 4 per group). (B) Pupil constriction test. WT mice were treated with either vehicle or increasing doses of VU0119498 (0.1, 0.5, and 2 mg/kg i.p.). Carbachol
(1 to 2 μL of a 100 μM solution) was applied topically to 1 eye as a positive control. (Carbachol is an orthosteric muscarinic agonist.) Saliva secretion and pupil
constriction tests were performed as described in SI Appendix, Methods. Data are given as mean ± SEM (n = 9 or 10 per group). **P < 0.01 vs. vehicle, 2-way
ANOVA followed by Tukey’s post hoc test.
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then monitored pupil size over a 60-min period using video
analysis software. In general, PAM treatment had little or no
effect on pupil diameter (Fig. 5B). Only the highest PAM dose
used (2 mg/kg) caused a significant reduction in pupil size at the
45-min time point (Fig. 5B). Topical application of carbachol eye
drops (1 to 2 μL of a 100 μM solution) caused maximum pupillary
constriction in all mice in which it was applied (Fig. 5B).

Discussion
Given the worldwide diabetes epidemic, there is an urgent need
to develop novel classes of antidiabetic agents endowed with
increased long-term efficacy and reduced side effects. Several
studies have shown that activation of β-cell M3Rs by muscarinic
agonists results in striking increases in insulin release in both
human and mouse islets (7–9). Since this effect is only observed
in the presence of high glucose concentrations, β-cell M3Rs
represent an attractive target to stimulate insulin release for
therapeutic purposes. Since the amino acids lining the orthosteric
binding pocket of the different mAChR subtypes are nearly
identical (15, 29), attempts to develop M3R-selective orthosteric
muscarinic agonists have been unsuccessful thus far.
Over the past decade, considerable attention has been focused

on the development of novel classes of drugs that can regulate
GPCR activity by binding to allosteric receptor sites that are
generally less well conserved. As has been discussed in detail
elsewhere, the potential clinical use of either negative or positive
allosteric modulators of GPCR function (NAMs and PAMs,
respectively) offers several advantages over orthosteric GPCR
agonists (30, 31). Most importantly, the potential therapeutic use
of allosteric agents respects the spatiotemporal control of receptor
signaling; that is, NAMs or PAMs modulate receptor activity only
in the presence of an endogenous agonist.
Interestingly, recent attempts to develop novel mAChR

subtype-selective allosteric agents have led to the identification
of VU0119498, a PAM that facilitates ACh-mediated activation
of M3Rs stably expressed in CHO cells (18, 19). In this proof-of-
concept study, we provide convincing evidence that VU0119498
greatly augments ACh-dependent, M3R-mediated insulin release
from cultured pancreatic β cells as well as mouse and human
pancreatic islets (Figs. 1 and 2). Moreover, systemic administra-
tion of the PAM also led to a robust stimulation of GSIS and
improved glucose homeostasis in vivo (Figs. 3 and 4). These
beneficial metabolic effects were absent in mice selectively lacking
M3Rs in β cells (Fig. 3), providing clear evidence that VU0119498
acts on β-cell M3Rs. Moreover, acute treatment of obese, glucose-
intolerant mice with a single dose of the PAM (0.5 m/kg i.p.) led to
greatly improved glucose tolerance and enhanced GSIS (Fig. 4),
indicative of the potential clinical usefulness of M3R PAMs.
VU0119498 not only acts as a PAM at M3Rs, but also en-

hances ACh-dependent signaling through M1 and M5 mAChRs,
which share considerable sequence homology with M3Rs (18,
19). In contrast to M3Rs, the M1 and M5 mAChRs are pre-
dominantly expressed in the central nervous system, where they
regulate various behavioral processes (11). For this reason,
muscarinic PAMs that have a similar pharmacologic profile as
VU0119498 but do not penetrate the blood-brain barrier are
unlikely to cause significant central nervous system side effects.

At present, muscarinic PAMs that selectively facilitate ACh
signaling through M3Rs are not available; however, given the
rapid advances in the structural analysis of PAM/GPCR com-
plexes (32), it is likely that such agents will be identified in the
not-so-distant future via structure-guided drug design.
As discussed above, VU0119498 augmented the ability of ACh

to stimulate insulin secretion by enhancing the action of ACh at
β-cell M3Rs. Since M3Rs are widely expressed by smooth muscle
tissues and various exocrine and endocrine glands, we anticipated
that VU0119498 would also affect other peripheral functions
regulated by the activity of M3Rs. For example, phenotypic
analysis of M3R KO mice has shown that M3Rs play key roles in
promoting salivary secretion and smooth muscle contractility (28,
33). As a result, M3R KO mice exhibit reduced muscarinic
agonist-induced salivary secretion and impaired pupillary con-
striction, among other deficits (28, 33). To our surprise, acute
VU0119498 treatment had no significant effect on salivary secre-
tion and pupil diameter at doses that caused pronounced increases
in insulin secretion in vivo in WT mice (Fig. 5). One possible ex-
planation for this observation is that PAM activity depends on the
actual concentrations of ACh in the different M3R-expressing
tissues. It is also possible that the efficacy of M3R-response cou-
pling differs between tissues and may be responsible for the ability
of VU0119498 to selectively enhance ACh signaling in β cells.
Finally, VU0119498, due to its specific physicochemical and phar-
macokinetic properties, may become enriched in islets and most
likely in other tissues as well. Clearly, more detailed studies are
needed to distinguish between these different possibilities.
It should also be noted that muscarinic antagonists with prefer-

ence for M3Rs are used in the treatment of chronic obstruc-
tive lung disease and overactive bladder (11). Clearly, more
detailed studies are required to explore potential adverse effects
of VU0119498 on airway resistance and bladder function, as well
as other physiological processes in which M3Rs are involved.
In conclusion, our data suggest a new strategy for the devel-

opment of novel antidiabetic drugs. Since most GPCRs are pre-
dicted to feature allosteric binding sites, the approach described
here also may be applicable to other classes of GPCRs that reg-
ulate β-cell function (1, 2).

Methods
All animal experiments were conducted in accordance with US National In-
stitutes of Health Guidelines for Animal Research and were approved by the
National Institute of Diabetes and Digestive and Kidney Diseases Institutional
Animal Care and Use Committee. Detailed information on the materials and
methods used in this study, including in vitro and in vivo insulin release studies
usingMIN6 cells as well as mouse and human pancreatic islets, the generation
of mutant mice lacking M3Rs selectively in pancreatic β cells, calcium
measurements, and various in vivo metabolic tests, is provided in SI
Appendix, Methods.
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