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The glucagon-like peptide-1 receptor (GLP-1R) is a G-protein-coupled receptor (GPCR)
whose activation results in suppression of food intake and improvement of glucose
metabolism. Several receptor interacting proteins regulate the signaling of GLP-1R such
as G protein-coupled receptor kinases (GRK) and b-arrestins. Here we evaluated the
physiological and pharmacological impact of GRK inhibition on GLP-1R activity leveraging
small molecule inhibitors of GRK2 and GRK3. We demonstrated that inhibition of
GRK: i) inhibited GLP-1-mediated b-arrestin recruitment, ii) enhanced GLP-1-induced
insulin secretion in isolated islets and iii) has additive effect with dipeptidyl peptidase 4 in
mediating suppression of glucose excursion in mice. These findings highlight the
importance of GRK to modulate GLP-1R function in vitro and in vivo. GRK inhibition is
a potential therapeutic approach to enhance endogenous and pharmacologically
stimulated GLP-1R signaling.

Keywords: GRK2 = G protein–coupled receptor kinase 2, GLP-1, diabetes, obesity, NASH, insulin secretion,
CKD - chronic kidney disease
INTRODUCTION

Glucagon-like peptide 1 receptor agonists (GLP-1 RAs) are an important therapy for patients with
type 2 diabetes (T2D) given their ability to improve glucose metabolism and their associated weight
loss, low risk for hypoglycemia and positive effects on cardiovascular outcomes (1, 2). Recent data
also highlights the potential of this pathway in non-alcoholic steatohepatitis (3, 4), diabetic kidney
disease (5, 6) and Alzheimer’s disease (7, 8). As a result, strategies that activate GLP-1R or stabilize
active GLP-1 with pharmacological agonists or with Dipeptidyl Peptidase-4 Inhibitors (DPP-4i), are
the subject of an intensive drug discovery effort (1, 9–11).

Another potential approach to potentiate and prolongate GLP-1R activation is by inhibiting
proteins involved in termination of the receptor signaling. GLP-1R belongs to the Class B G-
protein-coupled receptors (GPCRs) and GLP-1R stimulation leads to cAMP production, Ca2+

mobilization, and phosphorylation of ERK1/2 (pERK1/2) (1, 9, 12–14). For most GPCRs,
homologous desensitization is thought to involve phosphorylation by G protein-coupled receptor
kinases that results in recruitment of b-arrestins (15). In recombinant systems, GRK2 and b-arrestin
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has been reported to interact with GLP-1R in response to
stimulation by GLP-1 (16, 17) and recently Arcones et al.
demonstrated that GRK2 modulates GLP-1R (18). In this
report, we leverage small molecule dual GRK2/3 (GRK)
inhibitors (19) to evaluate whether pharmacological inhibition
of G protein-coupled receptor kinases potentiates the
physiological and pharmacological actions of GLP-1.
MATERIALS AND METHODS

Reagents and Cell Lines
Human GLP-1 (7-36) amide used for activation of GLP-1R was
obtained from Bachem (Torrance, CA). Fatty acid-free BSA was
from SIGMA (St. Louis, MO). HBSS with calcium and
magnesium without phenol red was purchased from Mediatech
(Manassas, VA). The GRK2/3 (GRK compounds A and B) small
molecule inhibitors used [compounds 8g and 8h described i (19)]
were synthesized at Janssen Research & Development, LLC.
PathHunter® eXpress GLP-1R CHO-K1 b-Arrestin cells were
obtained from Eurofins DiscoverX Corporation (Fremont, CA).
F-12 and RPMI 1640 medium were from Gibco, a division of
Thermo Fisher Scientific.

GLP-1 Mediated b-Arrestin
Recruitment Assay
PathHunter® eXpress GLP1R CHO-K1 b-Arrestin cells were
plated at 6000 cells/well in a 384-well, PDL, white and opaque
plate in F12 medium containing 10% FBS, 0.3 mg/ml
hygromycin, and 0.8 mg/ml G418. The plate was incubated for
two days in a humidified incubator at 37°C and 5% CO2 prior to
the experiment. On the day of the exeperiment, the cells were
washed once with the Assay Buffer (HBSS with calcium and
magnesium, 20 mM Hepes, and 0.1% fatty-acid free BSA)
followed by a 10 minute preincubation with GRK inhibitors or
vehicle (DMSO) at the indicated concentrations. The final
DMSO concentration was 0.1%. GLP-1 was added to the
indicated concentrations, and incubation was continued for an
additional 90 minutes at 37°C. The detection reagent was then
added the cells, followed by a 60 minute incubation at the room
temperature. The plate was read on MicroBeta LumiJet
(PerkinElmer, Waltham, MA). In this cellular system, the
GLP-1 receptor is fused in frame with the small enzyme
fragment of ProLinkTM and co-expressed in cells expressing a
fusion of the larger deletion mutant of b-gal, also called enzyme
acceptor. Activation of GLP-1 receptor stimulates the binding of
b-arrestin to the ProLinkTM tagged GLP-1 receptor and forces
complementation of the two enzyme fragments, resulting in the
formation of an active b-gal enzyme. The cellular b-gal enzyme
activity is measured using chemiluminescent detection reagents.

GLP-1 Mediated Insulin Secretion in INS-1
832/13 Cells
INS-1 832/13 cells were cultured in medium composed of
RPMI 1640 medium supplemented with 10% fetal bovine
serum, 50 IU/mL penicillin, 50 mg/L streptomycin, 10 mM
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HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, and 50 µM
beta-mercaptoethanol. Cells were split twice a week, grown in a
37°C incubator under a humidified atmosphere containing 5%
CO2 and plated at (60,000 cells/well) in a 96-well plate, two days
prior to the experiment. Cells were washed twice with glucose-free
Krebs-Ringer Bicarbonate buffer (KRB) (116 mM NaCl, 1.8 mM
CaCl2, 0.8 mM MgSO4, 5.4 mM KCl, 1 mM NaH2PO4, 26 mM
NaHCO3, and 0.2% fatty-acid free BSA, pH 7.4) followed by
preincubation for 1 h at 37°C in glucose-free KRB and the
indicated concentration of GRK compounds or vehicle (DMSO)
were added. The final DMSO concentration was 0.1%. After
30 min incubation at 37°C, 2 mM or 5 mM glucose and 10 nM
GLP-1 were added to the wells for a final volume of 200 mL. After
further incubation for 1 hour at 37°C, 20 mL of the culture
supernatant was diluted 1:15 in the Dilution Buffer provided in
the Insulin High Range Assay HTRF Kit (Cisbio, Bedford, MA).
Insulin was detected using the Insulin High Range Assay HTRF
Kit according to the manufacturer’s instructions (Cisbio, Bedford,
MA). All results were obtained in 5 replicates.

Glucose Stimulated Insulin Secretion
(GSIS) in Isolated Mouse Pancreatic Islets
Islets were isolated from mouse pancreas by collagenase
digestion (20). The collagenase was dissolved in Hanks’
balanced salt solution (Invitrogen, Carlsbad, CA) containing
10 g/ml DNase I (Roche Diagnostics, Indianapolis, IN) and
0.2% BSA, and was subsequently injected into the common
bile duct. The pancreas was removed and incubated at 37°C
for 20 min and washed three times with Hanks’ balanced salt
solution and islets were collected under a microscope. Purified
islets were used after an overnight incubation in RPMI 1640
medium containing 5.5 mmol/l glucose and 10% fetal bovine
serum in a humidified atmosphere containing 5% CO2/95% air at
37°C. A group of 7 islets was preincubated in Krebs Ringer
bicarbonate buffer (KRBH) containing 0.2% BSA and 2 mM
glucose for 40 min at 37°C. The indicated concentration of GRK
compounds or vehicle (DMSO) were added. The final DMSO
concentration was 0.1%. After 30 min incubation at 37°C, 2 mM
or 10 mM glucose along with 20 nM GLP-1 were added to wells.
After further incubation for 1 hour at 37°C with shaking, culture
supernatant was collected, and insulin was detected using the
Insulin High Range Assay HTRF Kit according to the
manufacturer’s instructions (Cisbio, Bedford, MA).

Real-Time PCR Assay of mRNA
Abundance of GRK1-6 in Mouse
Pancreatic Islets
Total RNA was extracted from the isolated islets using Trizol
(Thermo Fisher Scientific) and chloroform, followed by the steps
according to the RNeasy Mini kit (Qiagen). The purity and
concentration of RNA was determined by measuring the
absorbance at 260 nm and 280 nm with the NanoDrop
Spectrophotometer. cDNA was synthesized using the Superscript
IV VILO Reverse Transcriptase Kit (Thermo Fisher Scientific).
Quantitative real-time PCR data was generated using the ViiA7
Real-time PCR System (Thermo Fisher Scientific). Samples were
May 2021 | Volume 12 | Article 652628
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run in duplicate. Cyclophilin A (PPIA) was used as a housekeeping
gene, and quantification of the data was generated using the 2DDCt
method. The primers used were purchased from Thermo Fisher
Scientific, and their catalog numbers were as follows: PPIA
(Cat#Mm02342430_g1), Grk1 (Cat#Mm01220712_m1), Adrbk1
(G r k 2 , C a t #Mm00 8 0 4 7 7 8 _m1 ) , Ad r b k 2 (G r k 3 ,
Cat#Mm00622042_m1), Grk4 (Cat#Mm01213690_m1), Grk5
(Cat#Mm00517039_m1), Grk6 (Cat#00442425_m1).

Oral Glucose Tolerance Test (OGTT) in
C57BL/6J Mice
Three-month old male C57BL/6J mice with free access to water
were fasted overnight. After baseline weight and glucose were
collected, mice were randomized into groups with equal weight.
GRK inhibitors along with DPP4i formulated in 20% 2-
Hydroxypropyl)-b-cyclodextrin (HPBCD, Sigma-Aldrich) or
vehicle 20% HPBCD were provided by oral administration 60
minutes prior to an oral glucose challenge. Mice received oral
gavage of glucose (2 g/kg; 20% glucose, 10 ml/kg). Blood samples
were collected at time 0 (just before glucose load), 15, 30, 60,
and 120 minutes after glucose administration. Six mice per group
and data point were used. Plasma was obtained by centrifugation
and stored at -20C for further analysis. The Institutional Animal
Care and Use Committee (IACUC) of Janssen Research &
Development, LLC. approved all animal procedures.

Biochemical Analysis
Insulin was measured by ELISA (Linco/Millipore). Free fatty
acids (FFA) and ketone bodies were measured using
commercially available enzyme-coupled spectrophotometric
assays (Wako Chemicals, Richmond, VA). Blood glucose levels
were measured using a OneTouch glucometer (LifeScan,
Milpitas, CA).

Statistical Analysis
All data are presented as means ± SE. Comparisons among groups
were made using 1-way ANOVA, 2-way ANOVA or unpaired
Student’s t-test using GraphPad Prism statistical software.

P < 0.05 was regarded as statistically significant.
RESULTS

GRK Inhibition Reduces GLP-1 Mediated
b-Arrestin Recruitment
To confirm that GLP-1 can induce the recruitment of GRK2 and
b-arrestin to the GLP-1 receptor we used two small molecule
GRK2/3 (GRK) inhibitors (Cpd A and B) with good selectivity
and permeability (19). Both compounds displayed >300-fold
selectivity against GRK1, GRK4, GRK5, GRK6, and GRK7 (19)
and similar inhibition of GRK3, a member of the G protein-
coupled receptor kinases highly homologous to GRK2 (Table 1).
In CHO-K1 cell line stably expressing human GLP-1 receptor
and b-arrestin, the addition of GLP1(7-36) led to a dose-
dependent increase of cellular b-gal enzyme activity (Figure
1A). The EC80 value for human GLP1(7-36) was approximately
Frontiers in Endocrinology | www.frontiersin.org 3
100 nM. Pre-incubation of Cpd A and B at 1 or 10 mM with
CHO-K1/b-arrestin/GLP-1R cells reduced GLP1(7-36)-
stimulated cellular b-gal enzyme activity (Figures 1A, B). The
IC50 value for Cpd A and Cpd B to inhibit 100 nM human GLP1
(7-36)-stimulated b-arrestin recruitment to the GLP-1R was 1.9
and 2.3 mM respectively (Figure 1C).

GRK Inhibition Potentiates GLP-1
Mediated Insulin Secretion in INS-1
832/13 Cells
We then tested whether GRK is involved in GLP-1 mediated
insulin secretion in INS-1 832/13 cells. GLP-1 at 10 nM
stimulated insulin secretion in the presence of 5 mM glucose
(Figure 2A) and pre-incubation with GRK inhibitors potentiated
insulin secretion stimulated by GLP-1 while GRK inhibition
alone had no effect (Figures 2B, C).

GRK Inhibition Potentiates GLP-1
Mediated Glucose-Stimulated Insulin
Secretion (GSIS) in Mouse Isolated Islets
We first confirmed that all G protein receptor Kinases isoforms
are expressed in mouse islets with GRK2 showing the highest
mRNA expression (Figure 3) (21). Next, we investigated the
effect of GRK inhibition on GLP-1 mediated GSIS in mouse
isolated islets. GLP-1 and GLP-1+ Cpd A or Cpd B did not
stimulate insulin secretion when incubated with 2 mM glucose
(Figures 4A, B). At 10 mM glucose, Cpd A and Cpd B dose-
dependently potentiated GLP-1 mediated GSIS (Figures 4A, B).
Pre-incubation of Cpd A alone up to 20 mM did not affect GSIS
while Cpd B resulted in a small but significant increase in GSIS
(Figures 4A, B).

GRK Inhibition and DPP-4i-Mediated
Suppression of Glucose Excursion in Mice
Overnight fasted mice were administrated a GRK inhibitor,
DPP4i, or DPP4i with a GRK inhibitor 60 min prior to a
glucose challenge. In the presence of plasma concentrations
required for GRK inhibition (Table 2), Cpd A and Cpd B
TABLE 1 | Kinase activity profile of Compound A and B against GRK2, GRK1,
GRK3, GRK4, GRK5, GRK6, GRK7, and other kinases.

Kinases Compound A Compound B

GRK2 19 10
GRK1 >10000 >10000
GRK3* 6 3
GRK4* >3000 >3000
GRK5 >10000 4497
GRK6 >10000 3270
GRK7 >10000 9137
PKA 4880 855
PKBa >10000 1449
PKCa >10000 >10000
PKCb1 >10000 9068
CaMKIIb >10000 3846
ROCK-1 1271 246
Aurora-A 137 11
Rsk1 3151 483
May 2021 | Volume 12 |
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alone had no effect on glucose excursion (Figures 5A, B). Cpd A
administration with DPP4i resulted in a significant glucose
lowering versus Cpd A at 15, 30 and 60 min after the glucose
challenge (Figure 5A) resulting in significant reduction of the
Frontiers in Endocrinology | www.frontiersin.org 4
overall area under the curve (AUC) (Figure 5C). In a similar
study, Cpd B administration with DPP-4i significantly lowered
plasma glucose at 15, 30 and 60 min (Figure 5D), with a trend to
reduce the overall glucose excursion (p=0.06) (Figure 5D).
FIGURE 2 | GLP-1 mediated insulin secretion in INS-1 832/13 cells. (A) GLP-1 mediated insulin secretion; (B) Effect of Cpd A on 10 nM GLP-1 mediated insulin
secretion at 5 mM glucose; (C) Effect of Cpd B on 10 nM GLP-1 mediated insulin secretion at 5 mM glucose. Values represent the mean of five replicates ± SEM.
Statistical comparison for more than 2 datasets are assessed by one-way ANOVA with Dunnett’s multiple comparisons test. *P = 0.01-0.1, **P = 0.001-0.01,
****P < 0.0001; ns, not significant. Unpaired t-test was performed for 2 datasets.
FIGURE 1 | GLP-1-stimulated recruitment of b-arrestin in PathHunter® eXpress GLP1R CHO-K1 b-arrestin cells. (A) Inhibition of GLP-1-stimulated recruitment of
b-arrestin by Cpd A; (B) Inhibition of GLP-1-stimulated recruitment of b-arrestin by Cpd B; (C) IC50 determination of Cpd A and Cpd B Values represent the mean of
three data points ± SEM. For (A, B) Statistical comparison are assessed by one-way ANOVA with Dunnett’s multiple comparisons test. ****P < 0.0001; ns, not significant.
May 2021 | Volume 12 | Article 652628
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DISCUSSION

G protein receptor kinases is a family of seven serine/threonine
protein kinases that specifically recognize and phosphorylate
activated GPCRs. Receptor phosphorylation triggers the binding
of b-arrestin potentially contributing to decrease the response of
the receptor to the respective agonist. In addition to these
phosphorylation-dependent processes, GRKs may also
modulate cellular responses in a phosphorylation-independent
manner due to their ability to interact with a variety of proteins
involved in signaling and trafficking such as Gaq and Gs
subunits, PI3K, clathrin, caveolin, MEK, and AKT (22, 23).

GLP-1R activation has been shown to lead to b-arrestin and
GRK2 recruitment (16, 17). In the present report, we confirmed that
GLP-1 dose-dependently stimulated the interaction between GLP-
1R and b-arrestin (Figure 1A) and that pharmacological inhibition
of GRK enhanced the effect of GLP-1 while the interaction between
b-arrestin and GLP-1R is reduced. These data support the notion
that GRK inhibition attenuate the recruitment of b-arrestin to GLP-
1R via phosphorylation of the C-terminal of GLP-1R.

GLP-1-mediated activation of GLP-1R, leading to Gas-mediated
intracellular cAMP production, Ca2+ mobilization, and ERK1/2
phosphorylation has been shown to stimulate insulin secretion (12,
14). Leveraging small molecules recently discovered (19) we showed
that inhibition of GRK2/3 results in potentiation of GLP-1
stimulated insulin secretion in INS832/13 and in mouse islets.
Lastly, following stimulation of endogenous incretin secretion by
an oral glucose tolerance test, we demonstrated for the first time that
inhibition of GRK and DPP-4i resulted in additive suppression of
glucose excursion in mice, while GRK2 inhibition alone had no
Frontiers in Endocrinology | www.frontiersin.org 5
effect. In our study the effect of DPP-4 on glucose tolerance was not
significantly potentiated by GRK inhibition. Because GRK2 levels
and activity have been reported to be enhanced in obesity and
insulin resistance (24), in future studies it will be important to
evaluate whether GRK inhibition enhances the effect of DPP-4.
Recently, Arcones et al. demonstrated that reduced GRK2 levels
potentiate insulin release in mice in response to the GLP-1R agonist
Exendin-4 supporting the notion that GRK2 is an important
negative modulator of GLP-1R action (18).

Given that several DPP4i and GLP-1RA have been approved
or in clinical development for diabetes and other obesity-related
metabolic complications (1, 3–6, 25), in future studies it will be
important to confirm that selective pharmacological inhibition of
GRK2 mediates the overall actions of GLP-1.

A potential role for GRK2/beta-arrestin-1 system in
modulating GIP actions is still controversial (25–27). It is
possible that in addition to GLP-1R activation, GIP-R may
contribute to the additive glucose-lowering effect observed in
our study with DPP-4i and GRK inhibition. Recently,
Tirzepatide, a dual GIP/GLP-1 receptor agonist demonstrated
superior glucose and body-weight lowering properties to GLP-1
receptor agonism (GLP-1RA) in T2D subjects and (28) so it will
be important to assess whether GIP-R is involved in the effect of
GRK inhibition. Future studies will need to consider potential
biased agonism by different GLP-1 agonists which could
differentially impact GRK-mediated b-arrestin recruitment (14,
16, 29–31) and result in differential pharmacological effects and
FIGURE 4 | GLP-1 mediated insulin secretion in mouse pancreatic islets. (A)
Effect of Cpd A on 20 nM GLP-1 mediated insulin secretion at 2 mM glucose
or 10 mM glucose; (B) Effect of Cpd B on 20 nM GLP-1 mediated insulin
secretion at 2 mM glucose or 10 mM glucose. Values represent the mean of
eight replicates ± SEM. Statistical comparison for more than 2 datasets are
assessed by one-way ANOVA with Dunnett’s multiple comparisons test. **P
= 0.001–0.01, ***P < 0.001; ns, not significant. An unpaired t-test is
performed for 2 datasets.
FIGURE 3 | Real-time PCR assay of mRNA abundance of GRK1-6 in mouse
pancreatic islets. Cyclophilin A (PPIA) was used as a housekeeping gene, and
quantifications were conducted using the 2DDCt method. Samples were run
in duplicates.
TABLE 2 | Plasma GRK2 inhibitors concentration at the end of the OGTT study.

Group Cpd A DPP4i + Cpd
A

Cpd B DPP4i + Cpd
B

Plasma Concentration
(mM)

4.25 ±
0.87

5.79 ± 0.64 4.82 ±
0.095

5.00 ± 0.080
May 2021 |
 Volume 12 |
Data expressed as mean (6 mice) ± S.D.
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evaluate the role of GRK inhibition in models with impaired
glucose tolerance (24).

GRK inhibition is a new potential approach to potentiate the
physiological and pharmacological actions of GLP-1 and can be
leveraged alone or in fixed-dosed combinations with DPP4i or
GLP1-RA.
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