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A B S T R A C T

Recently, a unimolecular tri-agonist with activity at glucagon-like peptide 1 receptor (GLP-1R), glucose dependent
insulinotropic receptor, and the glucagon receptor was reported to improve glycemic control in mice. Here, we defined
the underlying molecular mechanisms of enhanced insulin secretion in murine pancreatic islets for a specific tri-agonist.
The tri-agonist induced an increase in insulin secretion from murine islets compared to the respective mono-agonists.
GLP-1R mainly signals via activation of the Gαs pathway, but inhibition of protein kinase A (H89) and exchange protein
activation by cAMP (EPAC) (ESI-09) could not completely block insulin release induced by tri-agonist.
Electrophysiological observations identified a strong increase of intracellular Ca2+ concentration and whole-cell cur-
rents induced by tri-agonist via transient receptor potential channels (TRPs). Although, EPAC activation mobilizes
intracellular Ca2+ via TRPs, the TRPs blockers (La3+ and Ruthenium Red) had a larger inhibitory impact than ESI-09
on tri-agonist stimulatory effects. To test for other potential mechanisms, we blocked PLC activity (U73122) which
reduced the superior effect of tri-agonist to induce insulin secretion, and partially inhibited the induced Ca2+ influx.
This result suggests that the relative effect of tri-agonist on insulin secretion caused by GLP-1R agonism is mediated
mainly via Gαs signaling and partially by activation of PLC. Therefore, the large portion of the increased intracellular
Ca2+ concentration and the enhanced whole-cell currents induced by tri-agonist might be attributable to TRP channel
activation resulting from signaling through multiple G-proteins. Here, we suggest that broadened intracellular signaling
may account for the superior in vivo effects observed with tri-agonism.
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1. Introduction

G protein-coupled receptors (GPCRs) are essential elements in the
regulation of physiological processes and as such constitute high
priority targets for drug discovery [1]. Incretin receptors are class B
GPCRs [2] and targeting these receptors is a proven approach to
manage type 2 diabetes (T2D), and lower body weight [3, 4]. Up to
60% of the insulin secretory response to food consumption is due to the
insulinotropic effects of incretins and especially glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) [5].
Due to the essential role of incretins in mediating insulin secretion,
therapeutic strategies based on activating GLP-1R and GIPR on β-cells
are being developed [6, 7]. To potentiate the therapeutic effect, si-
multaneous modulation of these incretin receptors, either by co-ad-
ministration of individual agonists or by unimolecular multi-agonists, is
being advanced as novel treatments of obesity and T2D [8–12]. The
pharmacological rationale relates to addition of the thermogenic and
lipolytic activities of glucagon, with the insulinotropic and insulin
sensitizing properties of GIP to well-established GLP-1 based biology
[10, 13]. As a proof of concept, multi-agonist administration to obese
mice was shown to improve their metabolic dysfunction more than that
achieved by the respective mono-agonists [10]. However, the under-
lying molecular mechanism that results in greater efficacy with multi-
agonist treatment relative to mono-agonists or co-administration of
several compounds remains undefined. A plausible approach to address
this question is the study of the molecular mechanism of insulin se-
cretion induced by the tri-agonist in pancreatic islets. The cells are a
primary target for incretin action, and incretin receptors as well as the
glucagon receptor are known to be functionally present.

It is well established that GLP-1R and GIPR signal via activation of
the Gαs/adenylyl cyclase (AC) pathway in pancreatic β-cells [14–16],
which leads to activation of protein kinase A (PKA) and exchange
protein activation by cAMP (EPAC). In high glucose condition, PKA
activation facilitates the closure of ATP-sensitive K+ channels (KATP

channels), membrane depolarization and influx of Ca2+ through vol-
tage-dependent Ca2+ channels (VDCCs). The subsequent increases of
[Ca2+]i triggers insulin exocytosis [15, 17, 18]. There is mounting
evidence that GLP-1R is capable of signaling through additional G-
protein subtypes, such as Gαi/o and Gαq/11 proteins [19, 20]. Activation
of Gαq/11 results in downstream signaling through phospholipase C
(PLC) and subsequently protein kinase C (PKC) activation. Nonetheless,
several studies have demonstrated that cAMP is the main mediator of
GLP-1 action on acute molecular events associated with insulin secre-
tion [18, 21, 22].

KATP channels are known to act downstream of G-protein activation
and their closure is crucial for insulin exocytosis in pancreatic β-cells.
However, electrophysiological studies have demonstrated that it is not
sufficient to shift the membrane potential towards a threshold level to
suggest that additional ion channels such as transient receptor potential
channels (TRPs) might facilitate depolarization after KATP channel
closure [23–25]. It has also been reported that GLP-1 is capable of
depolarizing β cells in the presence of a VDCCs blocker, implying the
involvement of other cation-conducting channels [25]. Recent studies
demonstrated that GLP-1 receptor stimulation induces oscillations of
cAMP which potentiate [Ca2+]i transient amplification through acti-
vation of the cAMP/EPAC/transient receptor potential melastatin 2
(TRPM2) signaling pathway [26, 27]. Moreover, PKC activation med-
iates membrane depolarization due to activation of Na+-permeable
TRPM4 and TRPM5 channels. Finally, increased action potential firing
rates lead to Ca2+ influx and stimulation of insulin exocytosis [18, 25].
In this study we observed an elaborate G-protein signaling network and
subsequent ion channel activation that results in down-stream signal
amplification induced by a specific tri-agonist. These results may ex-
plain the additional therapeutic benefit inherent to simultaneous cel-
lular activation through multiple signaling pathways.

2. Materials and methods

2.1. Isolation of mouse islets and determination of insulin secretion

Isolation of islets was performed by a modified protocol of Gotoh
et al. (1990) from C57BL/6 mice [28]. The pancreas was perfused by
injection of 3mM Collagenase-P (Roche, Mannheim, Germany)
(0.3 mg/ml) in Hank's buffered salt solution (HBSS) containing 25mM
HEPES and 0.5% (w/v) BSA into the common bile duct. Isolated islets
were recovered for 2 days in RPMI 1640 (PAA, Laborbedarf, Austria) in
humidified 5% CO2, 95% air at 37 °C.

Before determination of insulin secretion, islets were equilibrated
for 1 h in KRBH-Buffer (115mM NaCl, 4.5mM KCl, 1.2 mM KH2PO4,
2.6 mM CaCl2, 10mM HEPES, 20mM NaHCO3, 0.2% (w/v) BSA,
pH 7.4) with 2.8mM glucose. Determination of insulin secretion from
the islets was performed in 24-well plates containing 300 μl KRBH (10
islets/well, 3–4 independent experiments performed in duplicate). First,
islets were incubated for 1 h in KRBH with 2.8mM glucose followed by
1 h incubation in 20mM glucose both supplemented with mono- or
multi-agonist. 10 μM H89 (PKA inhibitor), 10 μM ESI-09 (EPAC in-
hibitor), 10 μM nifedipine (VDCCs blocker), 100 μM lanthanum-III-
chloride (La3+) (TRPs blocker) and 1 μMU73122 (PLC blocker) (Sigma-
Aldrich, Taufkirchen, Germany) were used as specific inhibitors. These
specific blockers of signaling were applied in concentrations of max-
imum inhibitory strength [29–34]. Islets were incubated in the presence
of mono- or multi-agonists, all at a maximum stimulatory concentra-
tion, with or without aforementioned inhibitors. Released insulin was
measured in the supernatant using an insulin ELISA kit (ALPCO, Salem,
US) and normalized to the DNA content of the islets as determined by
an DNA assay kit (Quant-iTPicoGreen dsDNA Assay Kit, Thermo Fisher
Scientific, Waltham, US).

2.2. Cell culture

1.1B4 cells (European collection of cell cultures, UK) were grown in
RPMI 1640 supplemented with 10% fetal calf serum (FCS) and 1%
penicillin/streptomycin in a humidified 5% CO2 incubator at 37 °C.

2.3. Determination of Gαs/adenylyl cyclase activation by alpha screen
technology

For determination of Gαs signaling, cAMP accumulation in 1.1B4
cells was measured. Cells were stimulated for 45min with GLP-1 or tri-
agonist (decade concentration response curves starting from 1 μM) in
stimulation buffer containing 20mM glucose (high glucose condition)
and 1mM 3-isobutyl-1-methylxanthine (IBMX, Sigma Aldrich, St. Louis,
MO). Accumulation of cAMP was determined by AlphaScreen tech-
nology (Perkin Elmer, Life Science, Zaventem, Belgium). Stimulation
and measurements of down-stream signaling were performed as pre-
viously described [35].

2.4. Determination of intracellular Ca2+ concentration

To monitor time-dependent changes in intracellular free Ca2+ levels
([Ca2+]i) in single-cells, fura-2 fluorescence measurements were per-
formed. In brief, the 1.1B4 cells were cultivated on 15mm diameter
glass cover slips placed in a culture plate until they reached a semi
confluent stage (≈70%). Cells were pre-incubated with 2 μM fura-2/
AM for 30min, at 37 °C. Loading was stopped with the extracellular
Ringer-like solution contained: 150mM NaCl, 6 mM CsCl, 1.5 mM
CaCl2, 1 mM MgCl2, 10 mM HEPES acid and 20mM glucose (pH of 7.4
and osmolality of 320 mOsM). After rinsing the cells with this solution,
fluorescence measurements were performed for 250–450 s at room
temperature (21–23 °C) on the stage of an inverted microscope
(Olympus BW50WI) and a camera (Olympus XM-10) in connection with
a LED-Hub (Omikron, Rodgau-Dudenhoven, Germany). Fura-2
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fluorescence was alternately excited at 340 and 380 nm and emission
was detected every 4 s at 510 nm. The fluorescence ratio (f340 nm/f380
nm) is a relative index of changes in ([Ca2+]i). When using a blocker,
pre-incubation was performed 30m before the measurement. The re-
sults are mean traces of f340 nm/f380 nm ± SEM.

2.5. Planar patch-clamp recordings

For electrophysiological recordings, the semi-automated planar
patch-clamp technique was used, as previously described [36]. The
internal solution contained 50mM CsCl, 10mM NaCl, 2 mM MgCl2,
60 mM CsF, 20mM EGTA and 10mM HEPES, (pH 7.2 and osmolarity
288 mOsM). The cesium in the internal solution blocks potassium
channel activity. A single cell suspension was added to an external
solution whose composition was 140mM NaCl, 4 mM KCl, 1 mMMgCl2,
2 mM CaCl2F, 20 mM D-glucose monohydrate and 10mM HEPES,
(pH 7.4 and osmolality 298 mOsM). The recordings were performed at
room temperature (21–23 °C). Whole-cell currents were recorded using
ramp protocol ranging between −60 to +130mV for 500ms. The
mean membrane capacitance of 1.1B4 cells was 18 pF ± 1 pF (n=16).
Mean access resistance was 7 ± 1MΩ (n= 16). The holding potential
(HP) was set to 0mV to eliminate any possible contribution of VDCCs.

2.6. Homology modeling of a structural complex between the tri-agonist and
GLP-1R

Homology modeling of a tri-agonist/GLP-1R complex was based on
the recently published cryo-EM structure of the activated GLPR with
GLP-1 in complex with G-protein as a structural template (PDB entry
5VAI) [2]. All structure model preparations were performed with the
software Sybyl X2.0 (Certara, NJ, US). The AMBER F99 force field [3]
was used for energy minimization and dynamic simulations. Amino
acids of the bound ligand (GLP-1) were substituted by the sequence of
the tri-agonist (amino acids 7H-P37) followed by conjugate gradient
minimization of side chains until converging at a termination gradient
of 0.1 kcal/mol*Å, with constraint backbone atoms of the protein
complex. Based on the initial assumption that the principle spatial

localization and adjustment of the tri-agonist is comparable to GLP-1 in
a bound state, this preliminary model was refined by molecular dy-
namics simulations (300 K, 2 ns) of side chains and loops with con-
straint backbone atoms, followed by energy minimization of the entire
model until converging at a termination gradient of 0.05 kcal/mol*Å.

2.7. Data evaluation and statistics

Data are shown as means± SEM of independent experiments.
Statistical calculations were carried out using one-way ANOVA or stu-
dent's t-test. In the figure legends the number of experiments and the
nature of comparison are given. For non-paired data, student's t-test for
unpaired data was used, after passing a normality test. Welch's cor-
rection was applied if data variance of the two groups was not at the
same level. GraphPad Prism 6.0 (GraphPad software, San Diego, Calif.,
USA) was chosen for data analysis.

3. Results

3.1. Tri-agonist augments insulin release from murine pancreatic islets as
compared to mono-agonists

Previous studies demonstrated that diet-induced obesity and dia-
betes can be improved in mouse models by co-administration of GLP-1,
GIP and glucagon analogs than by their single administration.
Comparable improvements in body weight and glycemic control can be
achieved at lower doses of a tri-agonist relative to the physical com-
bination of the individual mono-agonists [10]. In this study, we ex-
plored tri-agonist-induced ex vivo insulin secretion as compared to
mono-agonists. Murine pancreatic islets are considered a suitable cel-
lular system to explore the relative pharmacology of the mono- and tri-
agonist. Here, we demonstrate that stimulation of islets isolated from
C57BL/6 mice with 20mM glucose caused a significant increase in
insulin secretion as compared to 2.8 mM glucose (from 0.199 to
0.914 μg/l/ng DNA, n=10) (p≤ 0.01). This indicates that the islets
were functionally intact (Fig. 1). Next, we compared the insulin release
elicited by either mono- or multi-agonists in low or high glucose

Fig. 1. Stimulatory effect of tri-agonists compared to mono-agonists or co-administration of mono-agonists on insulin secretion in isolated C57BL/6 mice islets. (A)
GLP-1, GIP, glucagon and tri-agonist (1 μM each) enhanced insulin secretion in the high glucose level (20mM) of murine islets. (B) Tri-agonist (1 μM) enhanced
insulin secretion comparing to co-administration of mono-agonists (1 μM each) in the high glucose level (20 mM) from murine islets. Insulin secretion was normalized
to the DNA content for the murine islets. Control is basal insulin release in low and high glucose condition without ligand stimulation. One-way ANOVA was
performed to compare the statistical significance between low and high glucose condition with and without agonists as well as to compare the basal condition against
agonist-induced insulin secretion in high glucose condition. Unpaired t-test with Welch's correction was performed to compare the statistical significance between tri-
agonist and co-administration of GLP-1, GIP and glucagon. Data are the mean ± SEM of at least 5 independent experiments performed in duplicate. Each individual
value stands for insulin secretion from 10 islets/well. Asterisks (*) indicate statistically significant difference of insulin release; * p≤ 0.05, ** p≤ 0.01, ***
p≤ 0.001, **** p≤ 0.0001.
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conditions. All mono- and tri-agonist peptides augmented insulin re-
lease in high glucose when compared to the vehicle control. Each of the
peptides at a maximal stimulatory concentration of 1 μM increased in-
sulin secretion. GLP-1 increased it from 0.914 to 1.598 (p≤ 0.01), GIP
from 0.914 to 0.156 (p≤ 0.05), glucagon from 0.914 to 0.157
(p≤ 0.05) and the tri-agonist from 0.914 to 2.58 μg/l/ng DNA
(p≤ 0.0001). Glucose-stimulated insulin secretion induced by the tri-
agonist was 62% greater than the level induced by GLP-1 (from 1.598 to
2.585 μg/l/ng DNA (p≤ 0.01) and up to 64% more than the level in-
duced by GIP or glucagon (from 1.567 to 2.585 and from 1.574 to
2.585 μg/l/ng DNA, respectively) (p≤ 0.05) (Fig. 1a). Moreover, in
high glucose insulin secretion induced by the tri-agonist was increased
by 40% relative to that induced by co-administration of mono-agonists
(Fig. 1b). To ascertain the underlying mechanism that results in greater
efficacy with the tri-agonist relative to GLP-1 we focus attention in
murine and human pancreatic cell lines.

3.2. Gαs/adenylyl cyclase pathway is the main mediator of tri-agonist-
induced insulin secretion

PKA is known as a key component in cAMP mediated responses and
is involved in the regulation of insulin secretion [37]. The role of PKA
activation in mediating tri-agonist-induced insulin secretion in 20mM
glucose was evaluated by measuring the effect of the PKA inhibitor,
H89 (10 μM), on insulin release. We confirmed previous studies [18,
38] that H89 only fractionally reduces at ~1/3 the stimulatory effect of
GLP-1 (from 1.442 to 0.961 μg/l/ngDNA, n=6). Similarly, the tri-
agonist-induced insulin secretion was fractionally decreased by H89 at
a slightly lesser magnitude of ~1/4, (from 2.477 to 1.875 μg/l/ngDNA,
n=6) (Fig. 2). Collectively, the stimulatory effects of GLP-1 and tri-
agonist on insulin secretion appear similarly mediated by mechanisms
that are partially PKA-dependent and we can conclude that both pep-
tides partially stimulate insulin secretion by a cAMP/PKA-dependent
mechanism.

3.3. Tri-agonist strongly stimulates insulin secretion by a cAMP/EPAC-
dependent mechanism

The prior results demonstrated that cAMP/PKA-dependent signaling
is not the sole regulator of insulin secretion. EPAC is a member of a
large family of related non-kinase effectors and is involved in insulin
secretion [39]. In 20mM glucose, the specific EPAC inhibitor ESI-09
(10 μM), inhibited GLP-1-stimulated insulin secretion up to 53% (from
1.442 to 0.665 μg/l/ngDNA, n=6, p≤ 0.05). The magnitude of insulin
secretion by tri-agonist was also abolished by ESI-09, up to 57% (from
2.477 to 1.042 μg/l/ngDNA, n=6, p≤ 0.01) (Fig. 2). In a similar
fashion to what was determined for signaling through cAMP/PKA, the
cAMP/EPAC pathway appears to be partially involved in the GLP-1 and
tri-agonist stimulatory effect on insulin secretion. However, the relative
magnitude of cAMP/EPAC appears to be more pronounced than the
cAMP/PKA signaling axis.

3.4. Evaluation of tri-agonist-induced signaling profile in a human
pancreatic β-cell line

To further characterize the in vitro signaling properties of the two
peptides and to validate the superior maximal effect identified in
murine islets, we studied a human pancreatic β-cell line (1.1B4) [40].
Here, we measured the expression levels of cognate receptors in 1.1B4
cells. GLP-1 receptor expression was higher than that of glucagon and
GIP receptors (Supplementary Fig. 1a). A comparable expression profile
was detected by RNA sequencing of murine islets. Here, GLP-1R also
had the highest expression level with a FPKM (Fragments per Kilobase
of Exon per Million Fragments Mapped) value of 96 ± 48 whereas
GIPR expression (FPKM 15 ± 8) and GcgR expression (FPKM 8 ± 3)
were lower. We concluded that the 1.1B4 cell line is consistent across

species and a suitable experimental model for exploring consistency in
multi-agonist function. No significant inhibition of proliferation was
detected in this cell line in the presence of inhibitors as determined by
cell proliferation and cytotoxicity assays (Supplementary Fig. 1b).

As a first step of in vitro study, we confirmed the superior efficacy of
the tri-agonist relative to GLP-1 on Gαs/AC activity as previously re-
ported in engineered HEK293 cells [10] (Fig. 3a). It is known that ac-
tivation of Gαs/AC leads to downstream increases in [Ca2+]i. Single-
cell measurements of [Ca2+]i using 1.1B4 cells identified GLP-1 ex-
posure after 250 s of measurement to increase the f340nm/f380nm ratio
from 0.318 to 0.375 (n=35). It is noteworthy that in untreated con-
trols, this ratio remained relatively constant at 0.307 ± 0.05 during
this period of study, (n= 23), (Fig. 3b and Supplementary Fig. 2a).
Both GIP and glucagon slightly increased the f340nm/f380nm ratio in
1.1B4 cells (data not shown). When similarly assessed the tri-agonist
increased the f340nm/f380nm ratio from 0.309 to 0.526 (n=32) (Fig. 3b
and Supplementary Fig. 2a).

3.5. Insulin release and Ca2+ increase induced by tri-agonist are modulated
via multiple Ca2+ channels

Involvement of VDCCs and TRP channel in mediating GLP-1 and tri-
agonist-induced insulin release was investigated by comparing the in-
dividual inhibitory effects of 10 μM nifedipine and 100 μM La3+ on the
stimulatory response in murine islets. In 20mM glucose, nifedipine
significantly suppressed insulin secretion induced by GLP-1 and the tri-
agonist (from 1.87 to 0.80 and from 2.84 to 1.06 μg/l/ng DNA, n=6,
p≤ 0.05, respectively). A strong inhibitory effect was also observed for
La3+ on tri-agonist-induced insulin release, up to an 88% reduction
(from 2.84 to 0.33 μg/l/ng DNA, n=6, p≤ 0.01) (Fig. 4). Surprisingly,

Fig. 2. EPAC inhibitor blocks tri-agonist-induced insulin release from murine
islets. PKA and EPAC, two downstream signaling component of cAMP are in-
volved in insulin secretion via GLP-1. H89 as PKA inhibitor and ESI-09 as EPAC
inhibitor were used in this study. Pre-incubation with 10 μM H89 reduced sti-
mulatory effect of tri-agonist and GLP-1 on insulin secretion in the high glucose
level (20mM). This effect was not statistically significant. 10 μM ESI-09 sig-
nificantly inhibited the GLP-1- and tri-agonist-stimulated insulin secretion.
One-way ANOVA was used to compare significance of GLP-1 or tri-agonist-in-
duced effect against PKA and EPAC blockers. Data are the mean ± SEM of 3
independent experiments performed in duplicate. Asterisks (*) indicate differ-
ences of insulin release with and without blockers in high glucose condition; *
p≤ 0.05, ** p≤ 0.01, ns not significant.
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the inhibitory effect of the TRP blocker was much stronger than that
obtained with an EPAC inhibitor (see Fig. 2), when each inhibitor was
used at their maximal inhibitory concentration [30, 33].

To further characterize this difference and attempt to translate these
findings to a human setting, we compared EPAC and TRP channel
contribution to agonist-induced Ca2+ increase in 1.1B4 cells. The
f340nm/f380nm ratio was recorded in the presence of 10 μM ESI-09. When
studied similar to what was reported for murine cells, this inhibitor
partially suppressed the signal induced by 1 μM tri-agonist, with the
ratio decreased from 0.525 to 0.404 (n=25). However, 100 μM La3+

had a greater inhibitory effect than ESI-09 and reduced the intracellular
Ca2+ concentration induced by tri-agonist from 0.524 to 0.327
(n=25), p≤ 0.0001 (Fig. 5 and Supplementary Fig. 3b). To confirm
this observation we checked the inhibitory effect of Ruthenium Red
(RuR) on tri-agonist-induced Ca2+ response and for an extended period
of 450 s. This blocker is recognized to be a noncompetitive antagonist
that can function as a TRP channels blocker. Here, we showed that 5 μM
RuR significantly suppressed the tri-agonist-induced increase of Ca2+

concentration from 0.572 to 0.344, n=22, p≤ 0.001. The sheer
magnitude of this inhibitory effect strongly suggests that insulin se-
cretion induced by the tri-agonist is dependent on activation of multiple
signaling pathways, which subsequently lead to activation of both
VDCCs and TRP channels.

3.6. Tri-agonist stimulates insulin secretion by a PLC-dependent mechanism

Several studies indicate involvement of a PKC/PLC-dependent
pathway in GLP-1 actions [25, 41]. Here we show that GLP-1 stimu-
lated insulin secretion is unaltered by the PLC inhibitor U73122 (1 μM).
However, in notable contrast U73122 had a significant inhibitory effect
on tri-agonist-induced insulin secretion (from 2.73 to 1.82 μg/l/ngDNA,
n=8, p≤ 0.05) (33%) (Fig. 6a). Unexpectedly, U73122 attenuated the
tri-agonist-induced insulin secretion to the level of GLP-1.

Our in vitro observations in 1.1B4 cells demonstrated that GLP-1
and tri-agonist both increased IP1 formation. However, the IP1 accu-
mulation induced by tri-agonist was significantly greater than that in-
duced by GLP-1 (from 4.147 to 25.068 nM, p≤ 0.01) (Supplementary
Fig. 3a). Due to technical limitations, efficient transfection of 1.1B4
cells was not feasible. Therefore, we used GLP-1R transfected HEK293
cells and monitored stimulatory effect of GLP-1 and tri-agonist on PLC
activation via NFAT reporter gene assay. Our result demonstrated that
only the tri-agonist and not GLP-1 activated PLC activation, via NFAT
signaling (Supplementary Fig. 3b).

Previous studies reported that GLP-1-induced activation of PLC via
Gαs-independent mechanisms leads to an elevation of diacylglycerol
and increased Ca2+ increase [25, 42]. To investigate the possible in-
volvement of PLC activation in tri-agonist-induced Ca2+ influx, we
monitored the effects of U73122 on this response in 1.1B4 cells. This
blocker significantly prevented the rise in f340nm/f380nm ratio induced
by 1 μM tri-agonist from 0.529 to 0.409, n=30, p≤ 0.05 (Fig. 6B).

Fig. 3. GLP-1 and tri-agonist induce cAMP accumu-
lation and Ca2+ influx in 1.1B4 cells. (A) cAMP ac-
cumulation was measured with the AlphaScreen
technology. 1 μM tri-agonist significantly increased
cAMP accumulation with the better efficacy to
compare with 1 μM GLP-1. One-way ANOVA was
performed to compare basal condition against GLP-1
and tri-agonist. Data are the mean ± SEM of 4 in-
dependent experiments performed in triplicate; *
p≤ 0.05, ** p≤ 0.01, *** p≤ 0.001, ****
p≤ 0.0001. (B) Changes in cytosolic free Ca2+ are
depicted as the ratio of the fluorescence induced by
the excitation wavelength at 340 and 380 nm. 1 μM
GLP-1 induces an increase on intracellular Ca2+

concentration in 1.1B4 cells (n= 35) (blue filled
circle). However, 1 μM tri-agonist induces a sig-
nificantly larger increase in intracellular Ca2+

(n=32) (red filled circles). Without compound ap-
plication, no changes in Ca2+ influx could be ob-
served (n= 23) (control Ca2+ baseline; black filled

circles). Compounds were added to cells at the time points indicated by the arrow and n indicates number of the single cells. Experiments were performed in 250 s.
The total number of cells was collected in five independent experiments. Values represent mean ± SEM. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Insulin release induced by tri-agonist is mainly mediated via TRPs VDCC
and TRPs are known to be involved in Ca2+ transport in pancreatic β-cells.
Involvement of these channels in mediating GLP-1 and tri-agonist-induced in-
sulin release was investigated by comparing the effects of 10 μM nifedipine and
100 μM La3+ on this response in murine islets in the high glucose level
(20mM). Nifedipine significantly suppressed insulin secretion induced by GLP-
1 and tri-agonist. La3+ showed the stronger inhibitory effect on tri-agonist-
induced insulin release. One-way ANOVA was used to compare significance of
GLP-1 or tri-agonist-induced effect against VDCCs and TRPs blockers. Data are
the mean ± SEM of 3 independent duplicate experiments. Asterisks (*) in-
dicate differences of insulin release with and without blockers in high glucose
condition; * p≤ 0.05, ** p≤ 0.01, ns not significant.
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Moreover, U73343, the inactive analog of U73122 showed no effect on
tri-agonist-induced Ca2+ increase (Supplementary Fig. 4). Furthermore,
1 μMU73122 had no significant inhibitory effect on GLP-1-induced
Ca2+ influx (Fig. 6C).

Therefore, the PLC pathway at least partially plays a role in the
stimulation of insulin secretion by tri-agonist and might serve a fun-
damental role for the superior effect of the tri-agonist. These in vitro
data in cells that only express GLP-1R also suggests differential sig-
naling capability of the tri-agonist when compared to GLP-1, particu-
larly when focused on GLP-1R-dependent signaling by PLC activation.
These immortalized β cells, also express GIPR and GcgR at relatively
low levels, and as such their independent involvement in tri-agonist-

induced PLC activation remains to be assessed.

3.7. Tri-agonist increases whole-cell channel currents via TRP channels

Insulin secretion is secondary to pancreatic β-cell electrical activity.
Therefore, we evaluated tri-agonist effect on whole-cell currents in
1.1B4 cells to determine if such increases might underlie rises in plasma
membrane Ca2+ influx. To determine if TRP channel activation re-
sulting from membrane voltage depolarization contributes to the rise in
current induced by tri-agonist, we evaluated the effect of La3+ and RuR
on the increases in outward current compared to controls (Fig. 7a, b).
At −60mV, 1 μM tri-agonist increased inward currents from

Fig. 5. TRPs strongly mediate tri-agonist-induced Ca2+ response (A) Cells were pre-incubated with inhibitors (10 μM ESI-09 or 100 μM La3+) 30min before the
measurement. Stimulation was performed with 1 μM tri-agonist and Ca2+ influxes were measured (n=23–28) with and without the inhibitors. Tri-agonist increased
Ca2+ influx and pre-incubation with ESI-09 significantly suppressed this effect. La3+ showed the stronger inhibitory effect on tri-agonist-induced Ca2+ influx.
Experiments were performed in 250 s. (B) To confirm the stronger inhibitory effect of TRP channel blocker, cells were pre-incubated with 5 μM RuR and stimulation
was performed with 1 μM tri-agonist and Ca2+ influxes were measured (n= 22) for a longer period (450 s). Similar to La3+, RuR showed the strong inhibitory effect
on tri-agonist-induced Ca2+ influx. Compounds were added to cells at the time points indicated by the arrow and n indicates number of the single cells. The total
number of cells was collected in 5 independent experiments. Values represent mean ± SEM.

Fig. 6. U73122 inhibits tri-agonist-induced insulin release and Ca2+ influx. Activation of Gαq/11 results in downstream signaling through PLC activation and is
known to be involved in insulin secretion. (A) Unlike GLP-1, tri-agonist-induced insulin secretion was significantly blunted in the presence of 1 μM PLC inhibitor
(U73122). Unpaired t-test with Welch's correction was performed to compare the statistical significance with and without blocker. Data are the mean ± SEM of 4
independent experiments performed in duplicate. Asterisks (*) indicate statistically significant differences of insulin release with and without blockers; * p≤ 0.05, ns
not significant. (B-C) Cells were pre-incubated with inhibitors 30min before the measurement. 1 μM Tri-agonist or 1 μM GLP-1 were added to cells at the time points
indicated by the arrow. 1 μMU73122 significantly suppressed Ca2+ influx induced by tri-agonist (n=30). This blocker showed no inhibitory effect on GLP-1-
induced Ca2+ response (n= 15). Compounds were added to cells at the time points indicated by the arrow and n indicates number of the single cells. The total
number of cells was collected in five independent experiments. Values represent mean ± SEM.
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−4.75 ± 1.11 pA/pF to −20.77 ± 5.18, which are attributable to
Ca2+ influx because of the internal Ca2+ free solution. Interestingly,
1 μM GLP-1 caused a slight increase in inward current to
−6.538 ± 0.45 pA/pF (Supplementary Fig. 5), which is notably lesser
in magnitude than that induced by the tri-agonist. At +130mV, out-
ward rectifying currents strongly increased from 58.09 ± 9.26 pA/pF
to 123.44 ± 43.42 pA/pF in the presence of tri-agonist (Fig. 7a). In
contrast, in the presence of 100 μM La3+ in the external solution, in-
ward currents decreased to−4.87 ± 2.14 pA/pF and outward currents
decreased to 52.37 ± 6.31 pA/pF (Fig. 7a, c). In the presence of 5 μM
RuR, inward currents decreased to −6.37 ± 8.14 pA/pF and outward
currents decreased to 58.55 ± 18.72 (Fig. 7b, c) pA/pF. Inward and
outward currents induced by GLP-1 showed no significant sensitivity to
the TRP channel blocker (Supplementary Fig. 5). In summary, there is
evidence to support the tri-agonist-induced increases in La3+ and RuR-
sensitive whole-cell currents may reflect TRP channel activity.

4. Discussion

Recently, a monomeric peptide (tri-agonist) with balanced and full
agonism at GLP-1R, GIPR and GcgR was reported to improve glycemic
control and body weight in rodent models of metabolic disease. Such
unimolecular “triple-agonism” proved superior to the most effective
therapeutic approaches tested so far [10, 43]. Here, we studied the
effects of the tri-agonist in murine pancreatic islets and characterized

the underlying mechanisms in receptor-induced cell signaling activa-
tion relative to GLP-1 monoagonism. The enhanced activity established
in vivo for the multi-agonists on insulin secretion [10] could be re-
plicated in our ex vivo and in vitro systems. The tri-agonist had a su-
perior maximal effect in murine islets on glucose-induced insulin se-
cretion when compared with GLP-1, or co-administration of mono-
agonists.

Both incretin and glucagon receptors are known to induce Gαs/AC
activation [18]. Although Gαs/AC signaling is the major GLP-1R
downstream signaling event involved in insulin secretion, there is evi-
dence that additional G-proteins might be involved [19, 20]. To eluci-
date the key entities in insulin secretion we monitored agonist-induced
insulin release in murine islets employing specific signaling inhibitors.
PKA is one of the two components in the cAMP signaling cascade which
serves a role in mediating insulin secretion [38]. In our study exposure
to a PKA inhibitor only slightly inhibited the mono- and multi-agonists-
induced insulin release. This observation is in agreement with previous
studies demonstrating that PKA is only partially involved in insulin
release induced by GLP-1 [18]. There is additional evidence that in-
dicating PKA inhibitors do not fully prevent the GLP-1-induced current
in pancreatic β-cells [27]. This suggests the contribution of EPAC as a
parallel pathway to the regulation of insulin secretion [18]. Here, we
confirmed the proportionally enhanced importance of EPAC relative to
the PKA pathway in GLP-1 and tri-agonist-induced insulin secretion.

EPAC activation has been reported to induce intracellular Ca2+

Fig. 7. Tri-agonist induces increase of whole-cell current in 1.1B4 cells. (A) Effect of tri-agonist (1 μM) and La3+ (100 μM) on whole-cell currents. Time course of
whole-cell currents at −60mV (lower trace) and+ 130mV (upper trace) showing the current activation by 1 μM tri-agonist (left). The currents were normalized to
capacitance to obtain current density (pA/pF). Original traces of tri-agonist activated current responses to voltage ramps from−60mV up to +130mV (380ms, with
leak current subtraction) in the whole-cell configuration of the planar patch-clamp technique (right). Currents are shown before application (labeled as 1), during
application of 1 μM tri-agonist (labeled as 2) and in the presence of 100 μM La3+ (labeled as 3). (B) Effect of tri-agonist (1 μM) and RuR (5 μM) on whole-cell currents.
Time course of whole-cell currents at −60mV (lower trace) and+130mV (upper trace) showing the current activation by 1 μM tri-agonist (left). Original traces of
tri-agonist activated current responses to voltage ramps from −60mV up to +130mV (380ms, with leak current subtraction) in the whole-cell configuration of the
planar patch-clamp technique (right). Currents are shown before application (labeled as 1), during application of 1 μM tri-agonist (labeled as 2) and in the presence of
5 μM RuR (labeled as 3). (C) 1 μM tri-agonist strongly increased inward and outward whole-cell channel currents in 1.1B4 cells and this effect was strongly suppressed
in the presence of 100 μM La3+ or 5 μM RuR. Currents are shown before application (control) (n= 11), during application of 1 μM tri-agonist (n=10) and in the
presence of 100 μM La3+ (n= 8) or 5 μM RuR (n=8). Whole-cell currents were recorded using step and ramp protocols involving voltage steps of 10mV ranging
between −60 to +130mV for 400ms. The currents were normalized to capacitance to obtain current density (pA/pF). Statistical significance was determined by
one-way ANOVA, comparing the basal current density (pA/pF) against tri-agonist and La3+ or RuR. Data are the mean ± SEM of at least 8 independent experiments;
* p≤ 0.05, ** p≤ 0.01.
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increase via TRPM2 [26, 27]. GLP-1 fails to increase insulin secretion
from the islets of TRPM2 knock-out mice [44, 45]. However, here we
show that TRP inhibitors had a larger inhibitory impact than that
evoked by EPAC inhibition on tri-agonist stimulatory effects. Therefore,
we conclude that the effect of TRPs on insulin release is attributable not
only to EPAC downstream signaling but also to additional pathways
that might contribute to TRPs activation.

Several reports have shown involvement in pancreatic β-cells of
other TRPs such as the Na+-permeable TRPM4 and TRPM5 down-
stream of the GLP-1-stimulated PLC/PKC-dependent pathway. These
channels increase the action potential firing rates which lead to an in-
crease in intracellular Ca2+ through VDCCs resulting to insulin exo-
cytosis. The GLP-1 induced-membrane polarization and insulin secre-
tion were strongly suppressed in TRPM4 and TRPM5 knock-out mice
[25, 42]. Nevertheless, there is also some evidence showing a direct link
between PLC- and VDCC channel-mediated pathways in rat pancreatic
islets [46].

Here, we observed that unlike GLP-1, tri-agonist-induced insulin
secretion from murine islets was significantly blunted by a PLC blocker.
In 1.1B4 cells, the tri-agonist slightly but significantly activated PLC
and led to IP1 formation. Moreover, tri-agonist-stimulated intracellular
Ca2+ influx was partially abolished by PLC inhibition. Nevertheless, we
could not detect any stimulatory effect of GLP-1 on Gαq/11/PLC acti-
vation. This observation is in agreement with previous reports de-
monstrating that GLP-1-induced insulin secretion is unaffected by PLC
inhibition [47]. Although, our results suggest a large fraction of Ca2+

influx and increased whole-cell current induced by the tri-agonist might
be the consequence of PLC-induced TRPs activation, the contribution of
VDCCs in this response remains unclear. The data of this study are not

able to precisely discriminate between a direct effect of PLC on VDCCs,
from an indirect effect resulting from TRPM4- and TRPM5-mediated
membrane depolarization.

Collectively, we suggest Gαq/11 is partially responsible for the su-
perior effect of the tri-agonist on insulin secretion in pancreatic β-cell
studied. The attenuation of tri-agonist-induced insulin secretion to the
level of GLP-1 by PLC inhibition strongly suggests a substantial role of
Gαq/11 signaling as a basis of this superior effect observed with the tri-
agonist. However, further study is still necessary to elucidate the Gαq/

11/PLC downstream cascade involved in Ca2+ regulation.
We independently addressed the structural question of what might

be the basis for the binding interaction of the tri-agonist to the GLP-1-R.
We assumed, that the observed differences in functional effects should
be related to significant differences in the complexes based on the in-
dividual amino acid sequences. Our GLP-1R/tri-agonist homology
model (Fig. 8) suggests differences in the binding contacts compared to
GLP-1 ligand binding (Supplementary table 1, for details see supple-
mental results). Essential sequence deviations between the tri-agonist
(amino acids of the tri-agonist: e.g. Q9, K16, R23) and GLP-1 are lo-
cated cumulatively at one side of the helical ligand structure, which are
directed towards TMH1 and TMH2 (e.g. to Y145 (TMH1), D198
(TMH2), E139 (TMH1)) in a ligand-bound state of the receptor (Fig. 8).
This feature should also have impact on spatial adjustments of other
receptor elements during activation, such as ECL3-TMH7 transition
which is in agreement to a recently published observation made on a
cryo-EM structure of a GLP-1R/biased GLP-1 mimetic peptide exendin-
P5 complex [48]. Moreover, conserved ligand-receptor interactions to
the ECL2 are observed which are essential for both GLP-1 and the tri-
agonist (e.g. at amino acids T298, R299). This is in accordance to the

Fig. 8. The GLP-1R in interaction with GLP-1 and the tri-agonist. (A) GLP-1 and Gαs are bound to the active state conformation of GLP-1R in the recently determined
cryo-EM structure. (B) The homology model between the tri-agonist (red backbone cartoon) and GLP-1R (light brown backbone cartoon) provides insights into the
putative binding mode of the peptide agonists used in this study. A comparative interaction map of GLP-1 and the tri-agonist with the GLP-1R (supplemental table 1),
highlight a few potential contacts (hydrogen-bonds as dotted yellow lines) in particular towards TMH1 and TMH2 that may be different between each ligand (cyan
sticks). Of note, at the bottom of both ligand binding pockets an intramolecular interaction network (hydrogen-bonds) between residues in TMH2 (R190), TMH6
(Y241) and in TMH7 (S392) stabilizes the helical interfaces, and adjusts the micro-environment. Moreover, the ECL2 of GLP-1R is essentially involved in ligand-
receptor interactions as residues T298-R300 are directly contacting both agonists, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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general observation for many GPCRs that the ECL2 is involved in ligand
binding and signaling [49, 50]. However, the suggested specific tri-
agonist-receptor interactions at the TMH1/TMH2 interface (Supple-
mentary table 1) may give an indication of the unique functional ligand
properties. The conclusions of our biochemical studies are in general
agreement to recent observations that a biased signaling by other GLP-
1R ligands are related to the specific intermolecular contacts at the
receptor surface and the transmembrane domain [51].

Collectively, the results of this study suggest that both Gαs- and
Gαq/11- mediated activation by the tri-agonist constructively add to the
net effect on insulin secretion. The subsequent activation of multiple
TRPs results in greater depolarization at the plasma membrane which
enhances insulin exocytosis. These observations argue for a more
complex G-protein signalosome which likely contributes to the en-
hanced insulin secretion induced by tri-agonist at pancreatic islets. It
sets the stage for exploring the stimulatory effect of this multi-func-
tional peptide after islet transplantation in T1D mice. Additionally,
whether these islet-specific results similarly translate to other tissues
that largely pertain to body weight regulation, such as the hypotha-
lamus is an additional question worthy of study.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2018.07.006.
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