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ABSTRACT 

Tirzepatide (LY3298176) is a dual GIP and GLP-1 receptor agonist under development for the treatment 

of type 2 diabetes mellitus (T2DM), obesity, and non-alcoholic steatohepatitis. Early phase trials in 

T2DM indicate that tirzepatide improves clinical outcomes beyond those achieved by a selective GLP-1 

receptor agonist. Therefore, we hypothesized that the integrated potency and signaling properties of 

tirzepatide provide a unique pharmacological profile tailored for improving broad metabolic control. 

Here, we establish methodology for calculating occupancy of each receptor for clinically efficacious 

doses of the drug. This analysis reveals a greater degree of engagement of tirzepatide for the GIP 

receptor (GIPR) than the GLP-1 receptor (GLP-1R), corroborating an imbalanced mechanism of action. 

Pharmacologically, signaling studies demonstrate that tirzepatide mimics the actions of native GIP at the 

GIPR but show bias at the GLP-1R to favor cAMP generation over β-arrestin recruitment, coincident with 

a weaker ability to drive GLP-1R internalization compared with GLP-1. Experiments in primary islets 

reveal β-arrestin1 limits the insulin response to GLP-1, but not GIP or tirzepatide, suggesting the biased 

agonism of tirzepatide enhances insulin secretion. Imbalance toward GIPR, combined with distinct 

signaling properties at the GLP-1R, together may account for the promising efficacy of this new 

investigational agent.  
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INTRODUCTION 

Treatments that intervene at more than one regulatory pathway are used to combat a variety of 

complex diseases, including psychiatric disorders, infectious diseases, many cancers, hypertension, and 

metabolic conditions such as obesity and type 2 diabetes mellitus (T2DM) (1-6). These approaches are 

intended to enhance efficacy by synergistic responses that result from engaging complementary 

mechanisms and typically require poly-pharmacologic regimens where multiple drugs are administered. 

Peptide engineering is further advancing this concept by creating single agents possessing activity at 

more than one pharmacologic target. Many of these are designed to activate G protein-coupled 

receptors (GPCRs) that control glucose homeostasis and energy balance. Several of these multi-receptor 

agonists have now entered clinical development for the treatment of T2DM, obesity, or non-alcoholic 

steatohepatitis (7, 8). The most advanced of these agents is the dual glucose-dependent insulinotropic 

polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) receptor agonist, tirzepatide (LY3298176).  

The initial clinical investigation of tirzepatide shows unprecedented efficacy for glucose lowering and 

weight loss in T2DM as ~30% of patients receiving the 15 mg dose reached normoglycemia (HbA1C 

<5.7% per the ADA definition) and one in four subjects lost ≥15% of their body weight in a 26-week 

phase 2b trial (9). In addition, tirzepatide treatment has shown a strong effect on lowering fasting 

concentrations of circulating triglycerides (9), and HOMA2-IR analysis points to an improvement in 

insulin sensitivity that is only partly accounted for by the weight loss (10). This broad improvement in 

metabolic health is in-line with the hypothesis that adding GIP pharmacology to GLP-1 therapy improves 

glycemic control by dual actions on pancreatic β-cells to enhance insulin secretion, GIP-driven 

improvements in white adipose tissue function, and a strong anorexigenic effect from integrating the 

activation signals of both receptor pathways in the brain (11). Importantly, while the actions of dual GIP 

and GLP-1 receptor agonism are tailored to improve glycemic control and reduce body weight, distinct 

pharmacological characteristics at both receptors may be central to tirzepatide achieving the degree of 

efficacy observed. 

Tirzepatide was discovered by engineering GLP-1 activity into the GIP sequence (12). It is an imbalanced 

dual agonist in favor of GIP receptor (GIPR) over GLP-1 receptor (GLP-1R) activity as the molecule shows 

equal affinity for the GIPR compared to native GIP but binds the GLP-1R with approximately five-fold 

weaker affinity than native GLP-1. The imbalanced nature of tirzepatide may be critical to maximizing 

the efficacy of a dual agonist because dose-tolerance for GLP-1R activation can be limited by 

gastrointestinal effects such as nausea and vomiting (13), while GIPR engagement is not known to be 
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associated with similar events. As a consequence, a pharmacological profile favoring potency at the GIPR 

offers an opportunity to fully engage this pathway while minimizing GLP-1 related tolerability issues. In 

addition to a potency ratio toward GIPR activity, tirzepatide contains a C20 unsaturated di-acid acyl 

chain to affect albumin binding, and the overall properties of the molecule enable once-weekly dosing 

(12). Beyond convenience, this pharmacokinetic feature may confer pharmacodynamic benefit, as high 

and sustained concentrations of selective GLP-1R agonists have enhanced clinical efficacy (14, 15). 

Despite the compelling effects of tirzepatide on glucose and body weight regulation in preclinical and 

clinical studies (9, 12), there remain significant gaps in understanding its mechanism of action. In the 

study presented here, the activation of important signaling pathways downstream of the GIP and GLP-1 

receptors by tirzepatide was investigated. These studies are supported by ex vivo experiments using 

pancreatic islets isolated from genetic mouse models. Further, the influence of human albumin on the 

potency differential of tirzepatide for activating both the GIP and GLP-1 receptors is used to determine 

free drug concentrations, allowing estimates of receptor occupancy for tirzepatide at clinically 

efficacious drug levels. Together, these data point to a unique pharmacologic profile underlying the 

potent actions of this multi-receptor agonist. 
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RESULTS 

Tirzepatide is an imbalanced agonist of the GIPR and GLP-1R and shows biased signaling at the GLP-1R  

A thorough understanding of the pharmacological properties of multi-receptor agonists is essential for 

predicting the characteristics of drugs that are required for clinical efficacy. To date, the majority of such 

agents being developed to treat metabolic diseases possess activity at the GLP-1R as the anchor 

pharmacophore but are also agonists for either the GIPR, the glucagon receptor, or both (7, 8). 

Ultimately, an optimal mix of properties, including distinct receptor potencies and an ability to stimulate 

certain intracellular signaling pathways, along with a pharmacokinetic profile for allowing desirable 

receptor occupancy, should advance efficacy beyond that observed for selective GLP-1R agonists. Since 

tirzepatide is the first multi-receptor agonist to enter a phase 3 program, evaluating its pharmacological 

attributes in the context of the efficacy findings from the phase 2 studies establishes a benchmark for 

comparing future molecules of the class. 

Characterizing the activation of GIP and GLP-1 receptors by tirzepatide and connecting these actions 

with biological activity is fundamental to understanding its pharmacology. The study of GPCRs is often 

confounded by the multi-dimensional nature of receptor activation and the differential sensitivities of 

assay systems (16, 17). GPCR agonists are typically tested in heterologous cell lines that express 

unphysiologically high receptor densities. These systems have spare receptors and the resultant 

amplification of signaling facilitates high-sensitivity pharmacology but hampers translation of in vitro to 

in vivo pharmacology (17, 18). To determine unambiguously the in vitro pharmacologic properties of 

tirzepatide, we constructed HEK293 cell lines expressing defined levels of the human GIP and GLP-1 

receptors (Table S1). As the Gαs/cAMP second messenger pathway is the principal insulinotropic 

signaling network activated by GIPR and GLP-1R (19), these low receptor density assays represent 

systems with minimal signal amplification that can be used to understand the intrinsic pharmacology of 

GIPR and GLP-1R agonists. 

The acyl chain of tirzepatide contributes to albumin binding and half-life extension in vivo (12) (Figure 

S1). Therefore, to determine the intrinsic pharmacology of tirzepatide relative to the native ligands 

GIP(1-42)NH2 (GIP) and GLP-1(7-36)NH2 (GLP-1), it was necessary to use albumin-free in vitro assays 

(Figure 1, Table S1). Tirzepatide showed a comparable affinity with GIP in competition binding and 

displayed equipotency compared to the native ligand in low receptor density cAMP assays, along with 

full agonist activity on the GIPR (Figure 1A). By contrast, at the GLP-1R, tirzepatide demonstrated a five-
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fold lower affinity in competition binding and 20-fold lower potency in cAMP accumulation (Figure 1B). 

A consistent 20-fold rightward shift in tirzepatide potency relative to GLP-1 was observed at all densities 

of GLP-1R expression (Table S1). To investigate the biological impact of acylation on tirzepatide 

pharmacology, we measured the potency for cAMP accumulation in the presence of 1% (w/v) human 

serum albumin (HSA) to simulate the in vivo effect of albumin. A substantial decrease in potency for 

both GIPR and GLP-1R activation was observed in the presence of HSA, consistent with the formation of 

a non-signaling HSA-tirzepatide complex (Figure 1A, B). As anticipated, there was no effect of HSA on 

potency for the native ligands (Figure 1A, B; Table 1), while the GLP-1R agonist semaglutide (C18 di-acid 

conjugated) (20) was also substantially right-shifted (Table 1). We calculated the dissociation constant 

for tirzepatide interaction with HSA as 1.86 µM using modified Schild regression analysis and 

extrapolated this to determine the predicted free drug concentrations based on measured total values 

from clinical studies (Table 1). Based on the assumption that GLP-1R agonist pharmacology in the low 

expression density cells best represent receptor affinity in vivo, the calculated free drug exposure values 

were used to generate predicted receptor occupancy (pRO) values (Table 1). Consistent with the 

imbalanced potency ratio of tirzepatide, the pRO estimates of engagement for the GIPR are higher than 

those for the GLP-1R (Table 1).  

The kinetics of cAMP modulation by tirzepatide in the low expression cell lines were investigated using a 

luminescence biosensor in the absence of phosphodiesterase inhibitors (21). Relative to GIP, tirzepatide 

showed a similar kinetic profile for cAMP production and fade at the GIPR (Figure 1C, E). By contrast, 

GLP-1 displayed a complex profile for modulation of cAMP levels with high ligand concentrations giving 

a bi-phasic response (Figure 1D). Distinct from GLP-1, tirzepatide exhibited a mono-phasic profile for 

GLP-1R stimulated cAMP production (Figure 1F). To further understand the differential pharmacology of 

tirzepatide at the GLP-1R, agonist induced GTPγS binding was measured in cell membranes (Figure 1G, 

H). In this system, we observed that tirzepatide is a potent, partial agonist (51% efficacious) at the GLP-

1R, while retaining full agonism at the GIPR.  

Given the surprising divergent pharmacology for Gαs activation and adenylyl cyclase modulation, we 

characterized other aspects of tirzepatide signal transduction, including non-G protein mediated 

signaling pathways (22). Agonist induced recruitment of β-arrestin2 (ARRB2) to the GIPR and GLP-1R was 

quantified using β-galactosidase based enzyme fragment complementation (23). Tirzepatide displayed 

full agonism and close to equipotency with GIP for arrestin recruitment at the GIPR (Figure 1I). At the 

GLP-1R, however, tirzepatide exhibited a low efficacy (<10 % EMAX), partial agonist profile for arrestin 
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recruitment (Figure 1J). To exclude possible anomalous pharmacology by the artificial nature of the 

complementation assay, additional independent techniques were used and showed an equivalent 

pharmacological profile for tirzepatide recruitment of β-arrestin1 and β-arrestin2 at both the human 

and mouse GLP-1R (Figure S2). These findings are generally consistent with results recently reported by 

Yuliantie et al. (24). In our studies, despite exhibiting low efficacy, the relative potency of tirzepatide for 

arrestin recruitment correlates well with binding affinity (Table S1). Our data thus indicate that 

tirzepatide has a propensity toward partial agonism and this ultimately reflects in signaling bias toward 

the cAMP pathway versus β-arrestin recruitment.  

Tirzepatide differentially induces internalization of the GIPR versus the GLP-1R  

Agonist-dependent GPCR internalization is commonly mediated by arrestin recruitment of endosomal 

trafficking machinery (25) and is implicated in the differential pharmacology of class B GPCR agonists 

(26-28). We therefore quantified tirzepatide induced receptor internalization using three independent 

techniques. Both GIP and tirzepatide induced internalization of N-terminally SNAP-tagged GIPR in a time 

and concentration dependent manner (Figure 2A, C). The potencies and maximum internalization was 

comparable for both ligands. By contrast, there were clear differences between GLP-1 and tirzepatide 

induced internalization of SNAP-tagged GLP-1R (Figure 2B, D). Tirzepatide was less effective at 

internalizing GLP-1R relative to GLP-1 (< 40% efficacy) (Figure 2D). To corroborate these findings, 

internalization was measured by detecting cell surface expression of the GIPR and GLP-1R utilizing an 

on-cell western. HEK293 cells expressing GIPR with an N-terminal HA-epitope tag and a C-terminal EGFP 

fusion were used (29). Consistent with other reports, saturating amounts of GIP induced a low fraction 

of total GIPR internalization (35%) (28, 29). Plasma membrane GIPR was detected, and the potencies 

and extent of internalization by GIP and tirzepatide were found to be equivalent (Figure 2E). Identical 

studies were performed with the GLP-1R, and saturating GLP-1 induced a loss of the majority of plasma 

membrane receptor, in-line with other reported data (30). The ability of tirzepatide to induce 

internalization was much weaker, resulting in a maximum effect of only 40% of that observed with GLP-

1 (Figure 2F). The low efficacy of tirzepatide to induce GLP-1R internalization is consistent with its 

limited ability to recruit β-arrestin (Figure 1J and S2). Finally, confocal imaging was utilized to visualize 

trafficking of these receptors in HEK293 cells expressing the HA- and -EGFP dual-tagged receptors. In 

response to treatment with GIP or tirzepatide, minimal changes in membrane-associated GIPR were 

observed (Figure 2G). Increased intracellular puncta were detected in the perinuclear region of GIPR 

cells treated with either ligand (Figure 2G), indicative of equivalent levels of agonist induced receptor 
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internalization (31). However, GLP-1 treatment induced nearly complete loss of annular cell surface 

staining for the GLP-1R (Figure 2H), and an increase in punctate localization of GLP-1R to the 

cytoplasmic/perinuclear region was observed. By contrast, treatment with tirzepatide resulted in a 

minimal reduction in cell surface labeling and only a small increase in punctate localization of receptor 

to the cytoplasmic/perinuclear region (Figure 2H). Collectively these data illustrate tirzepatide, relative 

to native GLP-1, has low efficacy for internalization of the GLP-1R, while it is a full agonist for GIPR 

internalization. Together, these findings are reminiscent of profiles reported for an analogue of exendin-

4 and a small molecule agonist, where both show reduced β-arrestin recruitment (26, 32) and the 

exenatide derivative has weak GLP-1R endocytosis (26). 

Lack of β-arrestin1 in pancreatic β-cells enhances GLP-1R activated insulin secretion 

To determine the effects of biased GLP-1R signaling on function in primary cells, insulin secretion was 

measured in islets from wild-type mice and a line with β-cell deletion of β-arrestin1 (Arrb1βcell-/-) using 

perifusion. In this system, addition of tirzepatide caused a concentration-dependent increase in glucose 

stimulated insulin secretion (GSIS) in normal islets (Figure S3A); the magnitude of this response was 

generally comparable to results with either GIP or GLP-1, although direct comparisons were not made. 

GSIS was elevated in Arrb1βcell-/- compared with control islets (Figure 3A), an effect that was abrogated 

by treatment with the GLP-1R antagonist exendin-4(9-39) (Ex9; Figure 3C). Absence of Arrb1βcell-/- increased 

the insulin response to GLP-1 (Figure 3B), supporting a role for β-arrestin1 to restrain GLP-1R activity. 

However, this was not the case for GIP (Figure 3C, S3B) or tirzepatide (Figure 3D) stimulation, since 

insulin secretion was similar in wild-type and Arrb1βcell-/- islets. These findings are in keeping with the β-

arrestin recruitment data in HEK293 cells (Figures 1J and S2). To determine whether tirzepatide activity 

at the GIPR could mask effects of β-arrestin at the GLP-1R, perifusions of normal and Arrb1βcell-/- islets 

(Figure S3C) were repeated in the presence of a GIPR antagonist (33, 34). With GIPR activity blocked, 

tirzepatide was functionally a single receptor agonist in the perifusion system. Even so, the insulin 

secretory response to tirzepatide was the same in both genotypes (Figure S3D), indicating that β-

arrestin1 does not mute tirzepatide activity at the GLP-1R as it does with GLP-1. These findings in 

primary β-cells with a functional readout are compatible with the data obtained in heterologous cell 

systems and support a distinct profile of signaling properties for tirzepatide at the GLP-1R. The 

translational relevance of these findings is subject to investigation in a clinical study directly examining 

tirzepatide pharmacology (ClinicalTrials.gov Identifier: NCT03951753).  
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DISCUSSION 

The analyses in this report provide a pharmacological basis for the efficacy of tirzepatide, and there are 

three key implications of the findings relevant to the broader class of multi-receptor agonists. First, the 

pRO method presented here experimentally determines the fraction of unbound drug and then applies 

the total concentration of measured drug at steady state to correlate efficacious doses of tirzepatide 

with corresponding estimates of target engagement. This is an underappreciated aspect of incretin 

receptor biology as there is often a lack of understanding target engagement. For drug discovery, this is 

especially challenging for acylated peptides because it is difficult to determine circulating concentrations 

of free drug. We found that the pRO values for GLP-1R are substantially lower than for GIPR (Table 1). 

This is consistent with the imbalanced design of tirzepatide favoring GIP over GLP-1R affinity. Further, 

new insights are offered when comparing the pRO of tirzepatide versus semaglutide for the GLP-1R, as 

tirzepatide requires lower GLP-1R engagement than semaglutide to deliver equivalent glucose and 

weight control efficacy (9, 35); i.e. comparison of 5 mg tirzepatide (pRO 3%) with 1 mg semaglutide (pRO 

6%) (Table 1). Similarly, dose escalation of tirzepatide, that may match (10 mg, pRO 7%) or exceed (15 

mg, pRO 10%) the occupancy of GLP-1R of 1 mg semaglutide, is accompanied by superior efficacy than 

observed with this selective GLP-1R agonist (9, 35). Although the field awaits head-to-head study of 

these agents (ClinicalTrials.gov Identifier: NCT03987919), the estimates of comparative GLP-1R 

occupancy support a role of GIPR agonism in tirzepatide for enhancing the efficacy of its GLP-1R 

pharmacology (11). More broadly, estimating target engagement using the approach taken here may 

help designing other multi-receptor agonists, especially those incorporating glucagon signaling where 

threshold limits in certain tissues are likely.  

We recognize that calculating pRO values has caveats (see Methods) and propose its use mainly for 

generating hypotheses and as a tool to probe mechanistic biology. For perspective though, when 

examining the pRO values of other ligands, we observe that GLP-1R occupancy is also relatively low 

(circa 10%). Based on established data, this makes sense in terms of the in vivo sensitivity of the GLP-1R 

system. For instance, exendin-4 efficacy for rodents in acute glucose challenge experiments occurs at a 

pRO of 13% (36) (in vivo EC50= 40 pM, in vitro EC50= 260 pM). In humans, active GLP-1 and GIP released 

following nutrient ingestion provides pRO in the general range of 1-4% for GLP-1R and 4-20% for GIPR 

(Table 1) (37, 38). This is likely due to spare receptors, in that the threshold of occupancy for a maximal 

physiological response of a full agonist requires considerably less than 100% occupancy. It can also be 

hypothesized that the GLP-1:GLP-1R system is inherently more sensitive than the GIP:GIPR system as 
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both pairings have similar interaction affinities, yet the biological levels of GIP are higher (e.g. after 

feeding) (39, 40). To further validate the pRO method, it will be crucial to extend the approach to 

measuring target engagement using advanced tracer approaches that ultimately may offer insights into 

pRO across tissues. There is progress in this area with the recent description of both GLP-1 and glucagon 

receptor PET ligands (41, 42).  

A second important implication of this report is in the design of poly-pharmacological drugs possessing 

GLP-1 activity. Here, GLP-1R potency must be carefully considered because dose escalation of selective 

GLP-1R agonists induces undesirable gastrointestinal effects (13). Such effects have not been described 

for GIP, even in an infusion study where the concentration of GIP reached the estimated free drug levels 

of the higher tirzepatide doses (Table 1) (40); in turn, this is not surprising given the reported anti-

emetic effects of GIP analogues (43). Thus, a dual agonist with imbalanced potency favoring GIP over 

GLP-1 is hypothesized to allow dosing schemes that maximize GIP effects while simultaneously achieving 

a GLP-1 response that is efficacious and tolerable. Tirzepatide has the same affinity and potency 

properties as native GIP but is comparatively weaker at the GLP-1R. Although it is unclear whether the 

degree of imbalance for tirzepatide is fully optimal, its efficacy in early trials is more robust than that 

reported for NNC00902746, a balanced dual agonist (Figure S4) (44, 45).  

Lastly, and arguably the most intriguing consideration of the work herein, is that of biased agonism and 

its influence in optimizing the observed metabolic efficacy of GLP-1R agonists. In this regard, the 

observation that tirzepatide selectively engages cAMP signaling over β-arrestin recruitment at the GLP-

1R may be of fundamental importance that beneficially impacts GLP-1R trafficking, thus augmenting 

cellular response. Indeed, others have reported that GLP-1R agonists possessing similar signaling bias 

are more effective than matched, unbiased agonists at controlling glucose and body weight in mice (26, 

46). The apparent benefit of biased GLP-1R agonism, combined with strong GIPR induced glucose 

lowering shown in mechanistic studies of Glp1r null mice (12), may provide tirzepatide the ability to 

improve metabolic control across a spectrum of patients where responsiveness to either incretin varies. 

Together, tirzepatide displays pharmacology unique to any multi-incretin agonist evaluated to date in 

the clinic. It may be described as an “imbalanced” agonist both in terms of its stronger affinity and 

potency at the GIPR versus the GLP-1R but also owing to its biased agonism of the GLP-1R compared 

with its pleiotropic activity at the GIPR. This mix of properties establishes an important benchmark and 

thereby merits investigating biased pharmacology for other emerging agonists. For tirzepatide, the full 
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realization of its integrated dual receptor engagement and signaling properties awaits readout of 

ongoing phase 3 registration and clinical mechanism of action trials. 
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METHODS 

GLP-1(7-36)NH2, GIP(1-42)NH2, NNC00902746, semaglutide, and tirzepatide were either synthesized and 

purified to >95% purity at Eli Lilly and Company or obtained from Caslo (Copenhagen, Denmark). The 

GIPR antagonist is the anti-GIPR antibody encoded by the sequences 3161/3162-2.63.1 previously 

reported (33, 34). All other reagents were of the highest purity available from ThermoFisher (Waltham, 

MA), unless otherwise described. 

 

cDNA constructs  

Cell line generation and in vitro pharmacology experiments were performed with pcDNA3.1 mammalian 

expression constructs encoding wild-type or modified human GIPR (NP_000155), human GLP-1R 

(NP_002053), or mouse GLP-1R (NP_067307). Human GLP-1R-HaloTag and NanoLuc-ARRB2 fusion 

constructs were used for the measurement of β-arrestin recruitment with NanoBRET technology (47). 

For NanoLuc enzyme complementation, mouse or human GLP-1R-LgBiT and β-arrestin1 (ARRB1) or β-

arrestin2 (ARRB2)-SmBiT fusion constructs were generated (48). For receptor internalization studies, 

DNA encoding human GIPR and GLP-1R with N-terminal 3X-HA epitope tags and C-terminal EGFP tags 

was constructed in pcDNA3.1. For the real-time internalization assay, the N-terminally SNAP-tagged 

GIPR was synthesized by Cisbio (Codolet, France) and inserted into pcDNA3.1. Mammalian expression 

DNA encoding an N-terminally SNAP-tagged GLP-1R was received as a kind gift from Professor Hans 

Bräuner-Osborne (Copenhagen, Denmark) (49). 

 

Generation of clonal cell lines and determination of receptor density 

We constructed HEK293 cell lines with defined GIPR and GLP-1R levels that we classify as low (≈ 2000 

receptors/cell), medium (≈ 10,000 receptors/cell), and high (≈ 100,000 receptors/cells) receptor 

densities (See Table S1). HEK293T cells were obtained from ATCC (CRL-3216, Manassas, VA) and cultured 

using standard methods and media as described (50). Stable cell lines were generated by the transient 

transfection of 150 cm2 flasks of cells  with pCDNA3.1 expression vectors using 15 µg DNA complexed 

with 60 µl Fugene-6  (Promega, Madison, WI), according to manufacturer’s directions. Cells were 

clonally selected by antibiotic resistance to G418 (400-800 µg/ml; Cellgro, Corning, NY) or Zeocin (100 

µg/ml; Invitrogen, Carlsbad, CA). Individual cell clones were generated by single cell dilution plating. Cell 
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clones were expanded and screened by assaying the potency of cAMP accumulation in response to 

native ligands and then the receptor density of selected clones was determined by radioligand binding. 

Receptor number and pharmacology were unambiguously determined using respective native ligands 

GIP(1-42) and GLP-1(7-36) and iodinated analogues. The respective affinities of GIP(1-42) and GLP-1(7-

36) as determined by radioligand binding were 200 pM and 700 pM, consistent with the literature (51, 

52). In line with the expected pharmacology, we observed that GIP(1-42) and GLP-1(7-36) potency for 

cAMP accumulation was dependent on receptor density and ranged from low pM at high expression 

levels to potency values approaching nM at low expression levels (Table S1) (18). The number of 

receptors per cell was calculated based on radioligand binding BMAX values and the experimentally 

determined number of cells/mg of cell membrane protein. 

 

[125I]GLP-1(7-36)NH2 and [125I]GIP(1-42)OH binding 

Membranes from HEK293 cells expressing the cloned human GLP-1R or human GIPR were prepared as 

described previously (50).  Receptor expression density was determined using homologous competition 

and Ki values were determined using competition binding.  Incubations were performed in a total 

volume of 200 µL in a 96 well plate (Corning, Corning, NY). [125I]GLP-1(7-36)NH2 or [125I]GIP(1-42)OH 

(2200 Ci/mmol, ≥ 95 % purity, final assay concentrations ~0.12-0.20 nM, PerkinElmer, Waltham, MA) in 

assay buffer (2.5 mM MgCl2 (Sigma, St Louis, MO), 1.0 mM CaCl2 (Sigma), 0.1% w/v fraction V fatty acid 

free bovine serum albumin (82-002-4, Millipore, Burlington, MA), 0.1% w/v bacitracin (11805, 

Affymetrix, St Clara, MA) in 25 mM HEPES (Fisher), pH 7.4, final concentrations) was added to peptide in 

assay buffer (concentration-response curves in DMSO, 3-fold acoustic direct dilution (Echo555, Labcyte, 

San Jose, CA), final DMSO concentration in the assay was 0.96%). Assay buffer, 100 µL, containing GLP-

1R or GIPR membranes that had been preincubated at room temperature with WGA-PVT SPA beads 

(PerkinElmer) for 2 hours was added. The amount of membrane protein and WGA-SPA bead depended 

on the expression density and was 0.5-1.0 µg protein with 0.25 mg bead for the high, 1.5-7.5 µg protein 

with 0.25-0.5 mg bead for the medium, and 5.0-20 µg protein with 0.25-0.75 mg bead for the low 

expressing cell lines.  The plates were covered with sealing tape, mixed, and incubated for an additional 

18 hours at room temperature.  The plates were centrifuged at ~200 x g for 5 min at room temperature. 

Bound ligand was determined using a MicroBeta® Trilux Scintillation Counter (PerkinElmer). Competition 

binding with human GLP-1(7-36)NH2, GIP(1-42), Tirzepatide and Semaglutide was performed essentially 

as described for homologous competition except that the assay buffer was 1.0 mM MgCl2, 2.5 mM CaCl2, 
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0.003% w/v Tween-20, 0.1% w/v bacitracin in 25 mM HEPES, pH 7.4, final concentrations with one 

Complete EDTA free protease inhibitor tablet added per 50 mL of buffer. Using GraphPad Prism 7 

software (GraphPad, San Diego, CA) Bmax values for [125I]GLP-1(7-36)NH2 or [125I]GIP(1-42) binding to GLP-

1R and GIPR  membranes were determined by non-linear regression analysis using the amount bound 

vs. the concentration of competing homologous peptide added.  The Bmax was used to calculate the 

number of receptors per cell. For competing peptides, Ki values were determined by non-linear 

regression analysis using the amount of [125I]GLP-1(7-36)NH2 or [125I]GIP(1-42) bound vs the 

concentration of peptide added.   

 

cAMP accumulation assays  

Clonal HEK293 cells stably expressing either untagged human GIPR or human GLP-1R at various levels of 

receptor density were used for measurement of cAMP accumulation using the Gs Dynamic Assay and 

homogenous time-resolved fluorescence (62AM4PEJ, PerkinElmer). Corning 3570 white microtiter plates 

were used to collect 10 ul assay medium (DMEM, 31053, Gibco) 2mM Glutamax (35050, Gibco), 20 mM 

HEPES, 0.1% w/v bovine casein (4765, Sigma), 250 µM isobutylmethylxanthine (IBMX) 

phosphodiesterase inhibitor) from a Multidrop Combi dispenser (Fisher). For assays containing albumin 

from human serum, assay medium contained an additional 1% w/v fatty acid free human serum albumin 

(A3782, Sigma). To create concentration response curves, theses plates was used as destination vessels 

for 100 nl direct dilution using an Echo 555 acoustic liquid handler and DMSO as a ligand diluent. 

Treatment plates were warmed to 37°C prior to cell addition. Vials of assay-ready cells were rapidly 

thawed from cryopreservation on the day of the assay. The freezing medium was removed, and cells 

were resuspended in the appropriate assay medium lacking IBMX and placed at 37°C for 60 min. 

Following recovery, an equal volume of cell suspension was added to the prewarmed treatment plates 

and allowed to accumulate cAMP at 37°C for an additional 30 min. The cells were lysed by sequential 

addition of d2 competitor and cryptate-conjugated detection antibody for 1 h at room temperature. 

Time-resolved fluorescence was quantitated with a Pherastar FSX multilabel reader (BMG Labtech, 

Ortenberg, Germany). Fluorescent data were analyzed by the ratio method, calibrated to external 

standards in a parallel processed plate, and reported as percent activation compared to vehicle MIN and 

native peptide MAX control wells. Normalized percent values were fit to the four-parameter logistic 

model in Genedata Screener or GraphPad Prism 7 software. 
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Kinetic cAMP assays 

Kinetic cAMP assays were performed in low density GIPR and GLP-1R cell clones transfected with the 

Glosensor 22F vector (Promega) (53). Adherent cells were transiently transfected with Glosensor at 7.5 

µg DNA:30 µl Fugene-6 per 150 cm2 flask, according to manufacturer’s directions. After 48 hours cells 

were removed from flasks using enzyme-free dissociation buffer (13151014, Gibco), followed by 

trituration, brief centrifugation (500 x g, 5 minutes) and filtration (40 µm cell strainer, Fisher). Cell 

viability was quantified with a ViCell (Beckman Coulter) and was typically >85%. Cell were resuspended 

at ambient temperature in CO2-free media (18045088, Gibco) containing 0.1 %(v/v) casein (C4765, 

Sigma) and 2%(w/v) Glosensor detection reagent (Promega). 18,000 cells per well were plated in 180 µl 

in solid bottom, white 96 well plates (3917, Corning). Luminescence was quantified in kinetic mode using 

a temperature controlled (22°C) EnVision (PerkinElmer) using standard luminescence settings. Cells 

were equilibrated for 5-20 minutes then 20 µl of 10X ligand was added and a luminescence time course 

was collected. 10X ligand titrations were constructed by manual serial dilution in DMSO followed by 

step-down into assay buffer. 

 

GTPγS recruitment 

The potency of ligands to stimulate receptor-dependent elevation of GTPγS-bound Gs-alpha subunit was 

determined using membrane preparations previously described from the low receptor density human 

GIPR and GLP-1R clonal cell lines. GTP recruitment reactions contained 2.5 μg of membrane in 20 mM 

HEPES pH 7.4, 10 mM NaCl, 5 mM MgCl2, 0.004% w/v saponin (47036, Sigma), 0.1% bacitracin (11702, 

Sigma), and 500 pM [35S]guanosine 5′-(gamma-thio)triphosphate (PerkinElmer). Formulated ligands 

were diluted to 100X working stocks in DMSO prior to being diluted in aqueous assay buffer to a final 

concentration of 1X. Reactions were incubated for 30 min at room temperature in white clear-bottom 

microtiter plates. To terminate reactions and to allow for antibody capture, 0.2% NP40 detergent and 

moderate vortexing were used to solubilize receptor/G protein complexes. During detergent addition, a 

custom rabbit anti-Gαs/olf polyclonal antibody and 0.25 mg of anti-rabbit IgG polyvinyltoluene scintillant 

beads (PerkinElmer) were also added. The detection mixtures were developed for 30 min, centrifuged at 

80 x g for 10 min to collect SPA beads at the bottom of microtiter wells, and photons were counted in 

normal mode for 1 min/well using a MicroBeta TriLux instrument (PerkinElmer). Experimental 

observations were generated on separate days. Percent of the maximal response was calculated using 
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control wells containing saturating amounts of native GIP or GLP-1. Relative EC50 value was derived by 

non-linear regression analysis using the percent response versus the concentration of ligand and fitted 

to a four-parameter logistic equation using GraphPad Prism 7 software. 

β-arrestin recruitment assays  

ARRB2 recruitment to human GIPR and GLP-1R was quantified in CHO-K1 PathHunter cells expressing C-

terminally fused ProLink1 receptors and Enzyme Acceptor fused ARRB2 from DiscoverX (Eurofins, 

Fremont, CA). Corning 3570 microtiter plates were used to collect 10 µL assay medium (McCoy's 5A 

medium Hyclone SH30200, 1x penicillin-streptomycin, 0.1% bovine casein) and 100 nl ligand via acoustic 

direct dilution, as mentioned above, prior to pre-warming at 37°C . Cell vials were thawed and added at 

equal volume in respective assay medium as previously stated. Recruitment of ARRB2 to activated 

receptors occurred at 37°C for 90 min followed by cell lysis by the addition of 10 ul detection mixture 

containing β-galactosidase 93-0001 substrate to quantitate functional enzyme fragment 

complementation. Chemiluminescent signal was developed for 60 min at room temperature and 

quantifed using an EnVision plate reader. Raw data were normalized to percent activation compared to 

control wells, and the curves were fit to the four-parameter logistic model in Genedata Screener. As an 

alternative approach to measure β-arrestin recruitment, bioluminescent resonance energy transfer 

(BRET) was performed. The NanoBRET method system (Promega) was used to measure the interaction 

of NanoLuc-ARRB1/2 and human GLP-1R-HaloTag proteins (47). Freestyle HEK cells (R79007, 

ThermoFisher) were transfected in antibiotic-free media using Fugene-6 complexed in optiMEM (Gibco). 

Following 48 hours shaking, cells were pelleted and resuspended in assay buffer (1x PBS, 0.1% w/v 

bovine casein). BRET was performed with the Nano-Glo substrate (N1662) as donor and NanoBRET 618 

ligand as acceptor.  Emission was measured at 460 nm (donor) and 610 nm (acceptor) wavelengths. The 

BRET ratio was calculated as acceptor emission divided by donor emission. Similar methods were used 

to measure β-arrestin recruitment to the mouse GLP-1R ortholog using NanoLuc enzyme 

complementation system. Transient transfection, as above, was used to deliver DNA encoding mouse 

GLP-1R-LgBiT and ARRB1/2-SmBiT fusion proteins. Agonist stimulated protein-protein interaction of two 

fusion molecules were detected with Nano-Glo substrate and standard luminescent detection. Data 

analysis was using GraphPad Prism 7 software. 
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Real-time internalization assay 

HEK293 cells were seeded in white 384 well plates the day before transfection at a density of 20,000 

cells/well. The cells were transfected with the calcium phosphate precipitation method for SNAP-GIPR 

and with Lipofectamine 2000 (Invitrogen) for SNAP-GLP-1R. The following day, the media was removed 

and the tagged receptors were labeled with 100 nM Tag-Lite SNAP-Lumi4-Tb (donor, Cisbio), in 

OptiMEM for 75 min at 37°C. Afterwards, the cells were washed with internalization buffer (HBBS 

supplemented with 1 mM CaCl2, 2.5 mM MgCl2, 20 mM HEPES and 0.1% Pluronic F-68, pH 7.4) followed 

by addition of 100 µM pre-heated fluorescein-O’ acetic acid (acceptor, Sigma-Aldrich).  The plate was 

placed in a 37°C incubator for 5 min prior to ligand addition to adjust the temperature. Then the cells 

were stimulated with 37°C pre-heated ligand and internalization was measured every 3 min for 60 min 

at 37°C by EnVision plate reader. Data were normalized to maximum concentrations of GLP-1 or GIP 

(100%) and no ligand (0%) and plotted using GraphPad Prism 7 software. 

 

On-cell western assay  

HEK293 cells stably expressing GLP-1R (low expressing clonal line), HA-GIPR-EFGP, or HA-GLP-1R-EFGP 

clones were plated into poly-D-lysine coated 96-well microplates and cultured until cells reached 80-

90% confluency. On the day of assay, growth media was removed, and cells were rinsed once with pre-

warmed starvation media (growth media without serum or antibiotics, supplemented with 0.1% casein), 

and equilibrated with fresh media for 1 hour at 37°C, 5% CO2. Concentration response curves of GLP-1, 

GIP, and tirzepatide were prepared in pre-warmed starvation media, added to cells for designated 

times, and incubated at 37°C. At the end of study, media was removed, cells were placed on ice, and 

fixed with Prefer fixative (Anatech, Battle Creek, MI) for 10 min. Fixative was removed, cells were 

washed in PBS, and blocked with Odyssey blocking buffer (Licor, Lincoln, NE) for 1 hour. For the GLP-1R 

low expressing clonal line, cells were incubated with anti-GLP-1R antibody (Mab7F38, Developmental 

Hybridoma Studies Bank, University of Iowa, Iowa City, IA. (54)) (1:30) for 2 hours at room temperature 

and then washed in PBS-T (PBS + 0.1% Tween-20). Cells were incubated with goat anti-mouse 

IgG2a/IRDye800 antibody (1:250) (Licor) for 1 hour at room temperature followed by washes with PBS-

T. For the HA-GIPR-EFGP and HA-GLP-1R-EFGP experiments, cells were incubated with anti-

HA/DyLight800 antibody (1:700) (Rockland Immunochemicals, Pottstown, PA) for 1 hour followed by 

washes with PBS-T. Plates were scanned using a Licor Clx scanner with the 800 nm channel laser to 
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capture fluorescent signal in each well. Data were normalized to maximum concentrations of GLP-1 or 

GIP (100%) and no ligand (0%) and analyzed by non-linear regression (sigmoidal concentration-response) 

and plotted using GraphPad Prism 7 software. 

Confocal imaging.  

Cells were plated into poly-D-lysine coated 96-well cyclic olefin imaging microplates (PerkinElmer). 

Internalization assays were performed as described above. At the end of study, cells were fixed with 4% 

paraformaldehyde for 10 min, washed in PBS, and blocked in PBS plus 2% BSA for 45 min. For the GLP-

1R low expressing clonal line, cells were incubated with anti-GLP-1R antibody (1:60) for 2 hours at room 

temperature, washed, and incubated with goat anti-mouse IgG2a/Alexa488 antibody (3 µg/mL) 

(ThermoFisher). For GIPR, internalization was performed as described above, and cells were then fixed 

with 4% paraformaldehyde and washed with PBS. Nuclear staining was performed by incubation with 

Hoechst 33342 stain (0.5 µg/mL) in PBS for 5 min. Cells were imaged using the Opera Phenix system 

(PerkinElmer) by spinning-disk confocal fluorescent imaging with a water-immersion 20x objective and 

appropriate channels for GFP (excitation = 499 nm, fluorescence = 520 nm) and Hoechst (excitation = 

350 nm, fluorescence = 461 nm). 

Animals  

Arrb1βcell-/- mice were generated by crossing Arrb1flox/flox mice (55) with MIP-CreERT mice (56). Control 

(Arrb1flox/flox) and Arrb1βcell-/- mice were treated with tamoxifen at 8 weeks of age (4 mg q.d., orally, 5 

consecutive days) and then sacrificed for islet isolation at 15-18 weeks of age. Breeders were maintained 

on standard breeder chow (Lab Diet 5058), all other mice received standard rodent chow (Research 

Diets, 5053).    

Pancreatic islet isolation 

Islets were isolated by inflating the pancreas with collagenase type V (0.8 mg/ml) in HBSS injected 

retrograde through the pancreatic duct, as previously described (57). Briefly, digestion occurred at 37C 

and was stopped with application of ice-cold RMPI (2 mM L-glutamine, 0.25% BSA). Islets were 

separated from pancreatic tissue using a histopaque gradient and allowed to recover in RMPI (11.1 mM 

glucose, 10% FBS, 1% pen/strep) overnight before experiments were performed. 
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Pancreatic islet perifusion 

For islet perifusion, 75 islets were handpicked and loaded into 0.275 ml chambers containing KRPH (140 

mM NaCl, 4.7 mM KCl, 1.5 mM CaCl2, 1 mM NaH2PO4 , 1 mM MgSO4, 5 mM HEPES, 2 mM NaHCO3, 1% 

fatty acid-free BSA) in 2.7 mM glucose. Upon initiation of the perifusion experiment, KRPH with 2.7 mM 

glucose + 1% BSA was perifused at a rate of 200 ul/min for 24 min, followed by KRPH with 2.7 mM 

glucose +0.1% BSA, to provide an equilibration period for the islets. Following equilibration, 

experimental conditions were applied and perifusate was collected each minute. GLP-1 and GIP were 

diluted in KRPH prior to experiment. Perifusate insulin concentrations were measured with AlphaLISA 

(PerkinElmer). The following concentrations were used for each reagent: GLP-1 – 300 pM, GIP – 3 nM, 

tirzepatide – 1 nM, GIPR antagonist – 300 nM, exendin-4(9-39) (Ex9) – 1 µM.  

 

Determination of ligand affinity for albumin using albumin-shift assays 

Methods to quantify and predict the effect of albumin binding on biological activity in enzyme assays, 

receptor binding assays, and cell-based assays exist but they are not currently widely employed (58-60). 

The general approach involves performing a bioassay in an albumin free-system and quantifying the 

effect of systematic titrations of albumin into the system. Pharmacologic models can then be used to 

calculate the albumin affinity of the test compound. Theoretical considerations of this methodology are 

described (58-60). Briefly, consider the equilibrium system: 

  [A]
KA⇔  [L]  

KR⇔  [R]      (1) 

Where R is receptor (e.g. GIPR  or GLP-1R), A is albumin, and L is a ligand that can bind to both the 

receptor and albumin (e.g. acylated GIPR/GLP-1R agonist). A direct mathematical solution for the 

concentrations of various components given initial conditions and equilibrium constants does exist but is 

not straightforward (58). Moreover, this method is impractical for in vivo or cell assays where the 

receptor concentration is typically unknown. Various standard mathematical expressions for the system 

can be derived: 

KA =  [A][L]
[AL]

      (2) 

KR =  [R][L]
[RL]

      (3) 
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[A]T = [A] + [AL]     (4) 

[R]T = [R] + [RL]     (5) 

[L]T = [L] + [AL] + [RL]    (6) 

 

Equations 2 and 3 describe the equilibrium constants for the system and equations 4, 5, and 6 express 

the conservation of mass ([A]T, [R]T, and [L]T are total concentrations). These can be used to derive a 

Schild-syle type relationship as described (60, 61). Given that experiments will be conducted in the 

presence of different concentrations of albumin, ligand quantities can be considered LT1 for [A]=0 and LT2 

for [A]>0 that give an equiactive response. 

Thus, in the presence of albumin, [A]>0. 

[RL]
RT

= LT2KA
KRKA+KA[R]+KR[A]+LT2KA

    (7) 

In the absence of albumin, [A]=0, then  

[RL]
RT

= LT1KA
KRKA+KA[R]+LT1KA

    (8) 

Equiactive Dose Ratio (DR) = LT2
LT1

= KRKA+KA[R]+KR[A]+LT2KA
KRKA+KA[R]+LT1KA

   (9) 

(DR− 1) = [A]
KA
∗ KR

(KR+[R])    (10) 

We note the R species containing term in Equation 10 will approximate 1 for values of R<<KR. For all 

reasonably constructed in vitro and in vivo assays KR/(KR+[R])≈1. For example, in the present study [R] in 

GIPR and GLP-1R low expression density assays are 300 fM and 200 fM, respectively. Therefore, for the 

most potent peptides used in this study, [R] is approximately 1000-fold below the KR values (Table S1). 

Thus, the equation can be simplified and converted to the logarithmic form: 

log(𝐷𝐷𝐷𝐷 − 1) = log[A] − logKA    (11) 

This can be used to fit a titration series and determine an accurate value of KA by Schild regression or 

analgously determine an estimate of KA from a single concentration shift: 

KA = [A]
(DR−1)

     (12) 
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We determined KA values for a number of acylated GPCR agonist ligands using the allbumin-shift 

approach. The cell assay buffer contained 0.1% casein to prevent non-specific ligand adsorption, and we 

varied the assay albumin concentration. Matched pairs of acylated and un-acylated ligands 

demonstrated the expected pharmacology with large rightward potency shifts for acylated peptides and 

the potency of un-acylated peptides was independent of albumin concentrations. The KA values 

calculated for known acylated peptides matched reasonably well with literature values for unbound 

fraction, e.g. we determined semaglutide to have a KA of 460 nM and a predicted unbound fraction of 

0.00072  at 640 µM albumin, consistent with the highly albumin-bound nature of this molecule (20, 62). 

 

Calculation of predicted unbound drug concentration in plasma 

For calculating free-drug levels, we assume that the impact of receptors is negligible based on relative 

concentrations at steady state ([R]T (low pM levels at maximum)  << [L]T (nM levels for peptide ligands) 

<< [A]T≈600 µM). Thus, one can consider the system at equilibrium: 

A + L 
KA⇔  AL       (13) 

The total concentrations of species, [A]T and [L]T are given by, 

[A]T = [A] + [AL]      (14) 

[L]T = [L] + [AL]      (15) 

The concentration of the AL complex is given by, 

[AL] = KA+[A]T+[L]T− �(KA+ [A]T+ [L]T)2−4([A]T[L]T) 
2

  (16) 

Therefore, the concentration of free L is given by, 

[L] = [L]T −  KA+[A]T+[L]T− �(KA+ [A]T+ [L]T)2−4([A]T[L]T) 
2

  (17) 

As [L]T and [A]T and KA are measured quantities, [L] can be determined by calculation. We used 640 µM 

as the [A]T value, as it is the midpoint of the albumin reference interval (63). In parallel, we confirmed 

results using the cubic solution method of Blakeley (58).  

Calculation of receptor occupancy 
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To calculate a theoretical value for receptor occupancy based on unbound plasma concentration, we use 

the Hill-Langmuir equation:  

predicted receptor occupancy =  pRO (%) = 100∗[L]𝑛𝑛

[L]𝑛𝑛+(𝐸𝐸𝐸𝐸50)𝑛𝑛  
   (18) 

Where: [L] is predicted unbound plasma ligand concentration, EC50 or KD from target engagement assay, 

and n= Hill slope for the biological response. This relationship assumes the biological assay to determine 

target engagement is amplification-free and accurately reflects receptor affinity and biology of the 

receptor such that the EC50/KD accurately captures the free ligand concentration required for activation 

in an unamplified system. It also assumes the assays used to obtain the EC50/KD are binding-protein free 

and have negligible non-specific binding. For GIPR and GLP-1R, Hill coefficients for the low density cAMP 

assays approximated to 1. For calculations in Table 1, we used low density cAMP assays as these are 

believed to best represent target engagement for several reasons. These assays show differential 

pharmacology between molecules that binding assays do not and they likely capture some aspects of 

pharmacology that equilibrium radioligand binding assays do not (binding kinetics, desensitization, 

subcellular distribution of compounds). In vivo, cAMP is the principal insulinotropic mediator; thus, using 

a cell-based method to determine the influence of acylation on potency and for predicting pRO is logical. 

This methodology also assumes the measurment of [L]T is accurate. This is likely to be the case as clinical 

trial assays for [L]T are typically robust and well validated. We note that this analysis, while founded in 

analytical pharmacology (64), is primarily designed to help contextualize existing data and generate new 

hypotheses to be tested.  

Statistics 

All data are presented as mean ± SEM. Statistical analyses were performed using GraphPad Prism 7 

software. A 2-tailed Student’s t test or 2-way ANOVA was performed, depending on the experimental 

design, with a Bonferroni post-hoc analysis. P<0.05 was used to determine statistical differences.   

Study approval  

All procedures for the use of the mice followed protocols approved by the IACUC of Duke University. 

  



23 
 

Author contributions 

F.S.W., A.D.S., M.B.N.G, D.B.W., T.M.S., W.J.C.v.d.V., C.S., G.R.C., P.J.E., M.M.R., and K.W.S. designed 
and/or performed the pharmacological studies. 

F.S.W., D.B.W., and S.U. performed the receptor occupancy analysis. 

J.D.D., M.E.C, D.A.D., and J.E.C. designed and/or performed the ex vivo insulin secretion studies. 

F.S.W., A.D.S., M.B.N.G, D.B.W., T.M.S., J.D.D., M.E.C, C.S., G.R.C., P.J.E., M.M.R., J.E.C., and K.W.S. 
performed data analysis. 

F.S.W., A.D.S. T.M.S., J.J.H., D.A.D., M.P.C., M.M.R., J.E.C., and K.W.S. wrote and/or edited the 
manuscript. 

F.S.W., M.M.R., J.E.C., and K.W.S. supervised the project. 

Acknowledgments 

We thank Maibritt Sigvardt Baggesen, Brian Getman, Steve Kahl, Anjana Lewis, Søren Petersen, Yuewei 
Qian, Anthony Ransdall, He Wang, Regina White, and Charity Zink for technical support. We also thank 
Minrong Ai, Jorge Alsina-Fernandez, Kevin Burris, Over Cabrera, Tamer Coskun, Jim Dunbar, Parag 
Garhyan, Axel Haupt, Julie Moyers, Ricardo Samms, William Roell, and Ruth Gimeno for helpful 
discussions on the topics of this manuscript.  

Funding 

J.D.D. and M.E.C. received support from the National Institute of Diabetes and Digestive and Kidney 
Diseases (NIDDK), National Institutes of Health (NIH) (J.D.D. – F32 ; M.E.C. – F32 DK116542). J.E.C. is 
supported by a career development award from the American Diabetes Association (1-18-JDF-017) and 
by funding from the NIDDK, NIH (R01 DK123075), and is a Borden Scholar. D.A.D. is supported by the 
NIDDK, NIH (R01 DK101991).   



24 
 

REFERENCES 

1. Gignoux E, Azman AS, de Smet M, Azuma P, Massaquoi M, Job D, et al. Effect of Artesunate-
Amodiaquine on Mortality Related to Ebola Virus Disease. N Engl J Med. 2016;374(1):23-32. 

2. Mahoney KM, Rennert PD, and Freeman GJ. Combination cancer immunotherapy and new 
immunomodulatory targets. Nat Rev Drug Discov. 2015;14(8):561-84. 

3. Webster R, Salam A, de Silva HA, Selak V, Stepien S, Rajapakse S, et al. Fixed Low-Dose Triple 
Combination Antihypertensive Medication vs Usual Care for Blood Pressure Control in Patients 
With Mild to Moderate Hypertension in Sri Lanka: A Randomized Clinical Trial. JAMA. 
2018;320(6):566-79. 

4. Phung OJ, Scholle JM, Talwar M, and Coleman CI. Effect of noninsulin antidiabetic drugs added 
to metformin therapy on glycemic control, weight gain, and hypoglycemia in type 2 diabetes. 
JAMA. 2010;303(14):1410-8. 

5. Ludvik B, Frias JP, Tinahones FJ, Wainstein J, Jiang H, Robertson KE, et al. Dulaglutide as add-on 
therapy to SGLT2 inhibitors in patients with inadequately controlled type 2 diabetes (AWARD-
10): a 24-week, randomised, double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol. 
2018;6(5):370-81. 

6. Roth BL, Sheffler DJ, and Kroeze WK. Magic shotguns versus magic bullets: selectively non-
selective drugs for mood disorders and schizophrenia. Nat Rev Drug Discov. 2004;3(4):353-9. 

7. Tschop MH, Finan B, Clemmensen C, Gelfanov V, Perez-Tilve D, Muller TD, et al. Unimolecular 
Polypharmacy for Treatment of Diabetes and Obesity. Cell Metab. 2016;24(1):51-62. 

8. Sloop KW, Briere DA, Emmerson PJ, and Willard FS. Beyond Glucagon-like Peptide-1: Is G-Protein 
Coupled Receptor Polypharmacology the Path Forward to Treating Metabolic Diseases? ACS 
Pharmacol Transl Sci. 2018;1(1):3-11. 

9. Frias JP, Nauck MA, Van J, Kutner ME, Cui X, Benson C, et al. Efficacy and safety of LY3298176, a 
novel dual GIP and GLP-1 receptor agonist, in patients with type 2 diabetes: a randomised, 
placebo-controlled and active comparator-controlled phase 2 trial. Lancet. 
2018;392(10160):2180-93. 

10. Thomas MK, Nikooienejad A, Bray R, Cui X, Wilson J, Duffin KL, et al. Tirzepatide, a dual GIP and 
GLP-1 receptor agonist, improves markers of beta cell function and insulin sensitivity in type 2 
diabetes patients. Diabetologia. 2019;62(Supple 1):S1-S600. 

11. Samms RJ, Coghlan MP, and Sloop KW. How May GIP Enhance the Therapeutic Efficacy of GLP-
1? Trends Endocrinol Metab. 2020;31(6):410-21. 

12. Coskun T, Sloop KW, Loghin C, Alsina-Fernandez J, Urva S, Bokvist KB, et al. LY3298176, a novel 
dual GIP and GLP-1 receptor agonist for the treatment of type 2 diabetes mellitus: From 
discovery to clinical proof of concept. Mol Metab. 2018;18:3-14. 

13. Andersen A, Lund A, Knop FK, and Vilsboll T. Glucagon-like peptide 1 in health and disease. 
Nature reviews Endocrinology. 2018;14(7):390-403. 

14. Blevins T, Pullman J, Malloy J, Yan P, Taylor K, Schulteis C, et al. DURATION-5: Exenatide Once 
Weekly Resulted in Greater Improvements in Glycemic Control Compared with Exenatide Twice 
Daily in Patients with Type 2 Diabetes. The Journal of Clinical Endocrinology & Metabolism. 
2011;96(5):1301-10. 

15. Wysham C, Blevins T, Arakaki R, Colon G, Garcia P, Atisso C, et al. Efficacy and Safety of 
Dulaglutide Added Onto Pioglitazone and Metformin Versus Exenatide in Type 2 Diabetes in a 
Randomized Controlled Trial (AWARD-1). Diabetes Care. 2014;37(8):2159. 

16. Costa-Neto CM, Parreiras ESLT, and Bouvier M. A Pluridimensional View of Biased Agonism. Mol 
Pharmacol. 2016;90(5):587-95. 



25 
 

17. Kenakin T. Quantifying biological activity in chemical terms: a pharmacology primer to describe 
drug effect. ACS Chem Biol. 2009;4(4):249-60. 

18. Neubig RR, Spedding M, Kenakin T, Christopoulos A, International Union of Pharmacology 
Committee on Receptor N, and Drug C. International Union of Pharmacology Committee on 
Receptor Nomenclature and Drug Classification. XXXVIII. Update on terms and symbols in 
quantitative pharmacology. Pharmacol Rev. 2003;55(4):597-606. 

19. Graaf C, Donnelly D, Wootten D, Lau J, Sexton PM, Miller LJ, et al. Glucagon-Like Peptide-1 and 
Its Class B G Protein-Coupled Receptors: A Long March to Therapeutic Successes. Pharmacol 
Rev. 2016;68(4):954-1013. 

20. Lau J, Bloch P, Schaffer L, Pettersson I, Spetzler J, Kofoed J, et al. Discovery of the Once-Weekly 
Glucagon-Like Peptide-1 (GLP-1) Analogue Semaglutide. J Med Chem. 2015;58(18):7370-80. 

21. Binkowski BF, Butler BL, Stecha PF, Eggers CT, Otto P, Zimmerman K, et al. A luminescent 
biosensor with increased dynamic range for intracellular cAMP. ACS Chem Biol. 2011;6(11):1193-
7. 

22. DeWire SM, Ahn S, Lefkowitz RJ, and Shenoy SK. Beta-arrestins and cell signaling. Annu Rev 
Physiol. 2007;69:483-510. 

23. von Degenfeld G, Wehrman TS, Hammer MM, and Blau HM. A universal technology for 
monitoring G-protein-coupled receptor activation in vitro and noninvasively in live animals. 
FASEB J. 2007;21(14):3819-26. 

24. Yuliantie E, Darbalaei S, Dai A, Zhao P, Yang D, Sexton PM, et al. Pharmacological 
characterization of mono-, dual- and tri-peptidic agonists at GIP and GLP-1 receptors. Biochem 
Pharmacol. 2020;177:114001. 

25. Marchese A, Paing MM, Temple BR, and Trejo J. G protein-coupled receptor sorting to 
endosomes and lysosomes. Annu Rev Pharmacol Toxicol. 2008;48:601-29. 

26. Jones B, Buenaventura T, Kanda N, Chabosseau P, Owen BM, Scott R, et al. Targeting GLP-1 
receptor trafficking to improve agonist efficacy. Nat Commun. 2018;9(1):1602. 

27. Feinstein TN, Wehbi VL, Ardura JA, Wheeler DS, Ferrandon S, Gardella TJ, et al. Retromer 
terminates the generation of cAMP by internalized PTH receptors. Nat Chem Biol. 
2011;7(5):278-84. 

28. Gabe MBN, Sparre-Ulrich AH, Pedersen MF, Gasbjerg LS, Inoue A, Brauner-Osborne H, et al. 
Human GIP(3-30)NH2 inhibits G protein-dependent as well as G protein-independent signaling 
and is selective for the GIP receptor with high-affinity binding to primate but not rodent GIP 
receptors. Biochem Pharmacol. 2018;150:97-107. 

29. Mohammad S, Patel RT, Bruno J, Panhwar MS, Wen J, and McGraw TE. A naturally occurring GIP 
receptor variant undergoes enhanced agonist-induced desensitization, which impairs GIP 
control of adipose insulin sensitivity. Mol Cell Biol. 2014;34(19):3618-29. 

30. Coopman K, Huang Y, Johnston N, Bradley SJ, Wilkinson GF, and Willars GB. Comparative effects 
of the endogenous agonist glucagon-like peptide-1 (GLP-1)-(7-36) amide and the small-molecule 
ago-allosteric agent "compound 2" at the GLP-1 receptor. J Pharmacol Exp Ther. 
2010;334(3):795-808. 

31. Gingell JJ, Rees TA, Hendrikse ER, Siow A, Rennison D, Scotter J, et al. Distinct Patterns of 
Internalization of Different Calcitonin Gene-Related Peptide Receptors. ACS Pharmacol Transl 
Sci. 2020;3(2):296-304. 

32. Zhao P, Liang YL, Belousoff MJ, Deganutti G, Fletcher MM, Willard FS, et al. Activation of the 
GLP-1 receptor by a non-peptidic agonist. Nature. 2020;577(7790):432-6. 

33. Yie J, Donghui S, Lloyd DJ, Wang J, SIVITS GN, Veniant-Ellison MM, et al.: WO2017112824; 2017. 



26 
 

34. Killion EA, Wang J, Yie J, Shi SD, Bates D, Min X, et al. Anti-obesity effects of GIPR antagonists 
alone and in combination with GLP-1R agonists in preclinical models. Sci Transl Med. 
2018;10(472). 

35. Pratley RE, Aroda VR, Lingvay I, Ludemann J, Andreassen C, Navarria A, et al. Semaglutide versus 
dulaglutide once weekly in patients with type 2 diabetes (SUSTAIN 7): a randomised, open-label, 
phase 3b trial. Lancet Diabetes Endocrinol. 2018;6(4):275-86. 

36. Briere DA, Bueno AB, Gunn EJ, Michael MD, and Sloop KW. Mechanisms to Elevate Endogenous 
GLP-1 Beyond Injectable GLP-1 Analogs and Metabolic Surgery. Diabetes. 2018;67(2):309-20. 

37. Lee AY, Chappell DL, Bak MJ, Judo M, Liang L, Churakova T, et al. Multiplexed Quantification of 
Proglucagon-Derived Peptides by Immunoaffinity Enrichment and Tandem Mass Spectrometry 
after a Meal Tolerance Test. Clin Chem. 2016;62(1):227-35. 

38. Troutt JS, Siegel RW, Chen J, Sloan JH, Deeg MA, Cao G, et al. Dual-monoclonal, sandwich 
immunoassay specific for glucose-dependent insulinotropic peptide1-42, the active form of the 
incretin hormone. Clin Chem. 2011;57(6):849-55. 

39. Gjesing AP, Ekstrom CT, Eiberg H, Urhammer SA, Holst JJ, Pedersen O, et al. Fasting and oral 
glucose-stimulated levels of glucose-dependent insulinotropic polypeptide (GIP) and glucagon-
like peptide-1 (GLP-1) are highly familial traits. Diabetologia. 2012;55(5):1338-45. 

40. Bergmann NC, Gasbjerg LS, Heimburger SM, Krogh LSL, Dela F, Hartmann B, et al. No Acute 
Effects of Exogenous Glucose-Dependent Insulinotropic Polypeptide on Energy Intake, Appetite, 
or Energy Expenditure When Added to Treatment With a Long-Acting Glucagon-Like Peptide 1 
Receptor Agonist in Men With Type 2 Diabetes. Diabetes Care. 2020;43(3):588-96. 

41. Velikyan I, Haack T, Bossart M, Evers A, Laitinen I, Larsen P, et al. First-in-class positron emission 
tomography tracer for the glucagon receptor. EJNMMI Res. 2019;9(1):17. 

42. Velikyan I, and Eriksson O. Advances in GLP-1 receptor targeting radiolabeled agent 
development and prospective of theranostics. Theranostics. 2020;10(1):437-61. 

43. Asami T, Nishizawa N, Niida A, Kanematsu Y, Adachi M, Takekawa S, et al. Pharmaceutical 
Company Limited. GIP Receptor Activating Peptide. WO 2018/181864 A1. 

44. Finan B, Ma T, Ottaway N, Muller TD, Habegger KM, Heppner KM, et al. Unimolecular dual 
incretins maximize metabolic benefits in rodents, monkeys, and humans. Sci Transl Med. 
2013;5(209):209ra151. 

45. Frias JP, Bastyr EJ, 3rd, Vignati L, Tschop MH, Schmitt C, Owen K, et al. The Sustained Effects of a 
Dual GIP/GLP-1 Receptor Agonist, NNC0090-2746, in Patients with Type 2 Diabetes. Cell Metab. 
2017;26(2):343-52.e2. 

46. Lucey M, Pickford P, Bitsi S, Minnion J, Ungewiss J, Schoeneberg K, et al. Disconnect between 
signalling potency and In vivo efficacy of pharmacokinetically optimised biased glucagon-like 
Peptide-1 receptor agonists. Mol Metab. 2020:100991. 

47. Machleidt T, Woodroofe CC, Schwinn MK, Mendez J, Robers MB, Zimmerman K, et al. 
NanoBRET--A Novel BRET Platform for the Analysis of Protein-Protein Interactions. ACS Chem 
Biol. 2015;10(8):1797-804. 

48. Dixon AS, Schwinn MK, Hall MP, Zimmerman K, Otto P, Lubben TH, et al. NanoLuc 
Complementation Reporter Optimized for Accurate Measurement of Protein Interactions in 
Cells. ACS Chem Biol. 2016;11(2):400-8. 

49. Roed SN, Nohr AC, Wismann P, Iversen H, Brauner-Osborne H, Knudsen SM, et al. Functional 
consequences of glucagon-like peptide-1 receptor cross-talk and trafficking. J Biol Chem. 
2015;290(2):1233-43. 

50. Willard FS, Wootten D, Showalter AD, Savage EE, Ficorilli J, Farb TB, et al. Small molecule 
allosteric modulation of the glucagon-like Peptide-1 receptor enhances the insulinotropic effect 
of oxyntomodulin. Mol Pharmacol. 2012;82(6):1066-73. 



27 
 

51. Gremlich S, Porret A, Hani EH, Cherif D, Vionnet N, Froguel P, et al. Cloning, functional 
expression, and chromosomal localization of the human pancreatic islet glucose-dependent 
insulinotropic polypeptide receptor. Diabetes. 1995;44(10):1202-8. 

52. Thorens B. Expression cloning of the pancreatic beta cell receptor for the gluco-incretin 
hormone glucagon-like peptide 1. Proc Natl Acad Sci U S A. 1992;89(18):8641-5. 

53. Fan F, Binkowski BF, Butler BL, Stecha PF, Lewis MK, and Wood KV. Novel genetically encoded 
biosensors using firefly luciferase. ACS Chem Biol. 2008;3(6):346-51. 

54. Jensen CB, Pyke C, Rasch MG, Dahl AB, Knudsen LB, and Secher A. Characterization of the 
Glucagonlike Peptide-1 Receptor in Male Mouse Brain Using a Novel Antibody and In Situ 
Hybridization. Endocrinology. 2018;159(2):665-75. 

55. Kim J, Grotegut CA, Wisler JW, Li T, Mao L, Chen M, et al. beta-arrestin 1 regulates beta2-
adrenergic receptor-mediated skeletal muscle hypertrophy and contractility. Skelet Muscle. 
2018;8(1):39. 

56. Tamarina NA, Roe MW, and Philipson L. Characterization of mice expressing Ins1 gene promoter 
driven CreERT recombinase for conditional gene deletion in pancreatic beta-cells. Islets. 
2014;6(1):e27685. 

57. Capozzi ME, Svendsen B, Encisco SE, Lewandowski SL, Martin MD, Lin H, et al. beta Cell tone is 
defined by proglucagon peptides through cAMP signaling. JCI Insight. 2019;4(5). 

58. Blakeley D, Sykes DA, Ensor P, Bertran E, Aston PJ, and Charlton SJ. Simulating the influence of 
plasma protein on measured receptor affinity in biochemical assays reveals the utility of Schild 
analysis for estimating compound affinity for plasma proteins. Br J Pharmacol. 
2015;172(21):5037-49. 

59. Copeland RA. Determination of serum protein binding affinity of inhibitors from analysis of 
concentration-response plots in biochemical activity assays. J Pharm Sci. 2000;89(8):1000-7. 

60. Rusnak DW, Lai Z, Lansing TJ, Rhodes N, Gilmer TM, and Copeland RA. A simple method for 
predicting serum protein binding of compounds from IC(50) shift analysis for in vitro assays. 
Bioorg Med Chem Lett. 2004;14(9):2309-12. 

61. Schild HO. pA, a new scale for the measurement of drug antagonism. Br J Pharmacol Chemother. 
1947;2(3):189-206. 

62. Baekdal TA, Thomsen M, Kupcova V, Hansen CW, and Anderson TW. Pharmacokinetics, Safety, 
and Tolerability of Oral Semaglutide in Subjects With Hepatic Impairment. J Clin Pharmacol. 
2018;58(10):1314-23. 

63. Weaving G, Batstone GF, and Jones RG. Age and sex variation in serum albumin concentration: 
an observational study. Ann Clin Biochem. 2016;53(Pt 1):106-11. 

64. Kenakin T. Analytical Pharmacology: How Numbers Can Guide Drug Discovery. ACS Pharmacol 
Transl Sci. 2019;2(1):9-17. 

65. Petri KCC, Ingwersen SH, Flint A, Zacho J, and Overgaard RV. Exposure-response analysis for 
evaluation of semaglutide dose levels in type 2 diabetes. Diabetes Obes Metab. 
2018;20(9):2238-45. 

  



28 
 

FIGURES 

Figure 1. Tirzepatide (TZP) is an Imbalanced 
Agonist of the GIP and GLP-1 Receptors and 
Shows Biased Pharmacology at the GLP-1 
Receptor. (A-F) Intracellular cAMP 
accumulation was measured in low density 
human GIPR and GLP-1R expressing HEK293 
cells. (A) The intrinsic potency of TZP (n=23) 
in the presence of casein (CAS) is equivalent 
to GIP(1-42) (n=49). In the presence of 
human serum albumin (HSA), the potency of 
TZP right shifts 26-fold (n=5), while GIP(1-42) 
is unaltered (n=15). (B) The intrinsic potency 
of TZP (n=22) is approximately 18-fold lower 
than GLP-1(7-36) (n=57). In the presence of 
HSA, TZP right shifts 81-fold (n=5), while the 
potency of GLP-1(7-36) is unaltered (n=24). 
(C-F) Agonist induced generation of cAMP 
was measured kinetically using a 
luminescence biosensor. Data are 
representative of three experiments. At the 
GIPR, GIP(1-42) (C) and TZP (E) have identical 
kinetic profiles. On the GLP-1R, native GLP-
1(7-36) (D) has a complex profile with a bi-
phasic kinetic response at high ligand 
concentrations, while TZP (F) is mono-phasic 
even at the highest tested concentrations. 
(G, H) Agonist stimulated GTPγS binding of 
Gαs in GIPR and GLP-1R in HEK293 cell 
membranes are presented as the mean and 
SEM of three independent experiments. (G) 
On the GIPR, TZP is fully efficacious with an 
EC50 (SEM, n) of 0.379 nM (0.070, 3) versus 
GIP(1-42) of 1.43 nM (0.18, 27). (H) On the 
GLP-1R, TZP is a partial agonist 51% 
stimulation (5.2, 3) with an EC50 of 0.617 nM 
(0.190, 3) versus GLP-1(7-36) of 1.63 nM 
(0.21, 26). (I, J) The recruitment of ARRB2 to 

GIPR and GLP-1R in CHO-K1 cells. Representative data are presented. (I) The potency of TZP to recruit 
ARRB2 to GIPR is 2.34 nM (0.60, 7) and is comparable to GIP(1-42), 1.58 (0.52, 6). (J) The potency of TZP 
to recruit ARRB2 to GLP-1R is difficult to determine due to low efficacy (n=5), while GLP-1(7-36) is a full 
agonist with an EC50 of 3.26 nM (0.71, 14).  

 

  



29 
 

Figure 2. Tirzepatide (TZP) Differentially 
Induces Internalization of the GIP and GLP-1 
Receptors. The time course of internalization 
of GIPR (A, C) and GLP-1R (B, D) was 
assessed using changes in cell surface 
presentation of SNAP-tagged receptors in 
HEK293A cells. Receptor internalization 
induced by increasing concentrations of 
GIP(1-42) (A), GLP-1(7-36) (B), or tirzepatide 
(C, GIPR; D, GLP-1R) over time relative to the 
maximum signal for either GIP(1-42) (1 µM) 
or GLP-1(7-36) (1 µM) is shown. (E-H) Studies 
using receptors containing an N-terminal HA-
epitope tag and a C-terminal EGFP fusion are 
presented. (E) Changes in surface GIPR 60 
minutes after treatment with ligand were 
measured by anti-HA immunofluorescence. 
Data are normalized to 1 µM GIP(1-42) 
values. For GIPR, tirzepatide induced 
internalization with an EC50 (SEM, n) of 18.1 
nM (5.7, 4), while GIP(1-42) displayed a 
potency of 18.2 nM (9.7, 4). (G) 
Representative confocal images of HA-GIPR-
EGFP cells detecting EGFP fluorescence 
following treatment with vehicle, 100 nM 
GIP(1-42), or 100 nM tirzepatide. (F) Changes 
in surface GLP-1R 30 minutes after 
treatment with ligand detected by anti-HA 
immunofluorescence. Data are normalized to 
1 µM GLP-1(7-36) values. For GLP-1R, 
tirzepatide was partially efficacious at 43.6% 
(7.9, 3) with an EC50 of 101.9 nM (29.8, 3), 
while GLP-1(7-36) showed a potency of 22.2 
nM (1.86, 3). (H) Representative confocal 

images of HA-GLP-1R-EGFP cells detecting EGFP fluorescence following treatment with vehicle, 100 nM 
GLP-1(7-36), or 100 nM tirzepatide. Bar, 20 µm.  
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Figure 3. Deletion of β-Arrestin1 in Pancreatic β-Cells Increases GLP-1 Receptor Activated Insulin 
Secretion. Islets from littermate controls and Arrb1βcell-/- mice (male) were perifused ex vivo and insulin 
secretion was measured in response to glucose (A), GLP-1 (B), GIP (C), or tirzepatide (TZP; D). Islets from 
Arrb1βcell-/- mice secreted more insulin compared to control islets in response to 16 mM glucose (A) and 
300 pM GLP-1 (B). By contrast, insulin secretion was not different between the sets of islets in response 
to either 3 nM GIP (C) or 1 nM tirzepatide (D). 1 µM exendin-4(9-39) (Ex9) was used prior to GIP 
stimulation to normalize the elevated glucose stimulated insulin secretion. The integrated area under 
the curve (iAUC) was determined during the stimulation period: 6-19 minutes for 16 mM glucose (A), 20-
29 minutes for GLP-1 (B), 40-58 minutes for GIP (C), and 24-39 minutes for tirzepatide (D). Each panel 
depicts results of a representative experiment from at least 2 independent experiments. * - P<0.05, 
values are mean ± SEM. Statistical differences in iAUC values were determined by a 2-tailed student’s t 
test.  
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TABLE 

 

          GIPR cAMP Target Engagement and 
Predicted Receptor Occupancy 

GLP-1R cAMP Target Engagement and 
Predicted Receptor Occupancy 

 Clinical Css A 
(total) KA

 C Css D 
(free) No Albumin Albumin   No Albumin Albumin   

Ligand Dose nM nM pM EC50 nM 
(SEM, n) 

EC50 nM 
(SEM, n) pRO F EC50 nM 

(SEM, n) 
EC50 nM 
(SEM, n) pRO F 

GIP(1-42) NA NA ND 50-250 E 0.888 
(0.114, 49) 

0.465 
(0.076, 15) 4-20% NA NA NA 

GLP-1(7-36) NA NA ND 5-15 E NA NA NA 0.366 
(0.032, 57) 

0.233 
(0.027, 24) 1-4% 

Tirzepatide 
15 mg 241 B 

1,860 
700  

1.01 
(0.15, 23) 

26.4 
(3.7, 5) 

41% 
6.54 

(0.71, 22) 
533 

(185, 5) 

10% 
10 mg 161 470 32% 7% 
5 mg 80 230 19% 3% 

Semaglutide 
1 mg 30 

460 
22 >850 

(ND, 10) 
>10,000 
(ND, 6) ND 0.364 

(0.068, 9) 
119 

(22, 5) 
6% 

0.5 mg 15 11 3% 
 

Table 1. Predicted Occupancy of GIP and GLP-1 Receptor by Tirzepatide. 

 A Steady state plasma total concentration of drug from (12, 65). B 15 mg dose of tirzepatide does not 
have measured exposure levels published. Css(total) of tirzepatide was computed based on a 
pharmacokinetic (PK) model-predicted concentration-time profile (Model based on Phase 1 [Study 
GPGA] and Phase 2 [Studies GPGB and GPGF] PK data) (12). C Drug affinity for albumin determined from 
Schild regression of shift data, D Predicted steady state plasma free drug concentration, E Range of Cmax 
values during meal induced incretin secretion from (38-40), F Predicted receptor occupancy calculated 
using Css(free) and target engagement EC50 values.  

 

 

 


