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Abstract

Objective: The insulinotropic effect of exogenous, intravenously infused glucose-dependent 

insulinotropic polypeptide (GIP) is impaired in patients with type 2 diabetes. We evaluated 

the effects of endogenous GIP in relation to glucose and bone metabolism in patients with 

type 2 diabetes using a selective GIP receptor antagonist and hypothesized that the effects of 

endogenous GIP were preserved.

Design: A randomized, double-blinded, placebo-controlled, crossover study.

Methods: Ten patients with overweight/obesity and type 2 diabetes (mean±SD; HbA1c 52±11 

mmol/mol; BMI 32.5±4.8 kg/m2) were included. We infused a selective GIP receptor 

antagonist, GIP(3-30)NH2 (1,200 pmol × kg-1 × min-1), or placebo (saline) during two 

separate, 230-minute, standardized, liquid mixed meal tests followed by an ad libitum meal. 

Subcutaneous adipose tissue biopsies were analyzed. 

Results: Compared with placebo, GIP(3-30)NH2 reduced postprandial insulin secretion 

(Δbaseline-subtracted area under the curve (bsAUC)C-peptide%±SEM; -14±6%, p=0.021) and 

peak glucagon (Δ%±SEM; -11±6%, p=0.046), but had no effect on plasma glucose 

(p=0.692). Suppression of bone resorption (assessed by circulating carboxy-terminal collagen 

crosslinks (CTX)) was impaired during GIP(3-30)NH2 infusion compared with placebo 

(ΔbsAUCCTX;±SEM; -4.9±2 ng/ml × min, p=0.005) corresponding to a ~50% reduction. 

Compared with placebo, GIP(3-30)NH2 did not affect plasma lipids, ad libitum meal 

consumption or adipose tissue triglyceride content. 
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Conclusions: Using a selective GIP receptor antagonist during a meal, we show that 

endogenous GIP increases postprandial insulin secretion with little effect on postprandial 

glycemia but is important for postprandial bone homeostasis in patients with type 2 diabetes.

Abbreviations

bsAUC, baseline-subtracted area under curve

CTX, carboxyterminal type 1 collagen crosslinks

ISR, insulin secretion rate

GIP, glucose-dependent insulinotropic polypeptide

GLP-1, glucagon like peptide-1

P1NP, procollagen type 1 amino-terminal propeptide

RIA, radioimmunoassay

REE, resting energy expenditure

PTH, parathyroid hormone 

VAS, visual analogue scale
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Introduction

The gut-derived peptide hormones, glucagon-like peptide-1 (GLP-1) and glucose-dependent 

insulinotropic polypeptide (GIP), are responsible for the incretin effect (1, 2), i.e. the gut-

derived potentiation of glucose-stimulated insulin secretion following oral glucose 

administration. In healthy people, exogenous GIP exerts a strong potentiation of glucose-

stimulated insulin secretion (2, 3), and using specific incretin receptor antagonists, we 

recently established GIP and GLP-1 as definite mediators of the incretin effect in healthy 

individuals (4). 

Early on, antidiabetic strategies based on GIP were dismissed due the lack of insulinotropic 

effect observed during GIP administration in patients with type 2 diabetes (5). However, 

newer studies have shown partly preserved glucoregulatory effects of exogenous GIP in type 

2 diabetes (6, 7, 8) and recently, robust effects of the dual GIP/GLP-1 receptor agonist 

tirzepatide (in late-stage clinical development) on glycaemic control and body weight in 

patients with type 2 diabetes have revived the interest in the therapeutic potential of GIP (9, 

10).

Exogenous GIP stimulates glucagon secretion during hypoglycaemic and euglycaemic 

conditions (11, 12) and GIP has been proposed to play a role in type 2 diabetic postprandial 

hyperglucagonemia (13). In addition to being expressed on pancreatic alpha and beta cells (13, 

14, 15), GIP receptors are expressed in various tissues including bone tissue (16); and bone 

resorption, assessed by the bone resorption marker carboxy-terminal collagen crosslinks 

(CTX), was suppressed by intravenously administered GIP in healthy individuals, in C-

peptide negative patients with type 1 diabetes  and type 2 diabetes (17, 18, 19). Moreover, 

GIP injected subcutaneously was recently shown to stimulate bone formation in healthy men 
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assessed by the bone formation marker, procollagen type 1 N-terminal propeptide (P1NP) 

(20). GIP may contribute to lipid homeostasis regulation as indicated by expression of the 

GIP receptor on adipocytes (21, 22). In healthy individuals, GIP stimulated triglyceride 

deposition in adipose tissue and increased intestinal and adipose tissue blood flow (23). In 

patients with type 2 diabetes, both proadipogenic and antiadipogenic effects of GIP have been 

suggested (24): GIP infusion increased triglyceride content in adipose tissue in patients with 

obesity and type 2 diabetes (25), whereas the dual GLP-1/GIP receptor co-agonist tirzepatide 

induced greater weight loss than a GLP-1 receptor agonist monotherapy in patients with type 

2 diabetes (9).

Effects of GIP in patients with type 2 diabetes derives from studies exploring exogenously 

administered GIP or dual GIP/GLP-1 receptor agonists. Here we investigated the effects of 

endogenous GIP on glucose, bone and lipid metabolism in patients with type 2 diabetes using 

the highly selective GIP receptor antagonist GIP(3-30)NH2 (20, 26, 27, 28).

Materials and methods

Study protocol

The study was approved by the Scientific-Ethical Committee of the Capital Region of 

Denmark (protocol ID: H-17006969), by The Danish Data Protection Agency (reg. no: HGH-

2019-001; I-suite no.: 6801) and was registered at www.ClinicalTrials.gov (reg. no: 

NCT03702660). The data in this paper are from two out of four study days. Data from the two 

other study days involving infusion of GLP-1 and GLP-1 + GIP(3-30)NH2 will be reported 

separately. The study was conducted according to the principles of the Helsinki Declaration 

II. All participants signed a declaration of informed consent upon enrolment.
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Participants 

Male patients with type 2 diabetes treated with lifestyle advice and/or metformin were eligible 

for the study. Inclusion criteria were: Age 18 to 75 years, HbA1c <75 mmol/mol (9%), and 

BMI >27 kg/m2. Exclusion criteria were: Any medication that could not be paused for 12 

hours, medical history of heart failure (New York Heart Association functional class III or 

IV) or other heart diseases, or blood biochemistry with abnormal plasma levels of liver 

enzymes (alanine-aminotransferase >210 U/l), haemoglobin (<8.3 or >10.5 mmol/l) and/or 

creatinine (<60 or >105 µmol/l) or albuminuria evaluated from urinary albumin-creatinine 

ratio (>30 mg/g). 

Study design and experimental procedures 

The study was randomised, double-blinded, and placebo-controlled and all participants acted 

as their own controls. On two separate study days, participants received infusions of GIP(3-

30)NH2 (1,200 pmol×kg-1×min-1) or placebo (isotonic saline) for 250 minutes during which 

they ingested a standardised liquid mixed meal (time point 0 minutes) followed by an ad 

libitum meal (time point 210 minutes). Participants and all study personnel were blinded. 

Study days were preceded by an overnight fast including liquids (~10 hours) and 60 hours 

abstinence from alcoholic beverages or strenuous physical activity. All study days were 

initiated between 7:30 and 8:00 AM to eliminate circadian variation as a variable. For 

infusions and blood sampling, a peripheral catheter was inserted into a cubital vein in both 

arms. The forearm used for blood sampling was wrapped in a ~45°C heating pad to increase 

blood flow and arterialise the blood. At time -20 minutes the infusion was started. From time 

0 to 5 minutes participants ingested a standardised liquid mixed meal of 200 ml Nutridrink® 

and 100 ml water (Nutridrink Compact®; energy content per 100 g: protein 9.6 g, fat 9.3 g, 
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carbohydrate 29.7 g (glucose 15.0 g); in total 480 kcal/200 ml). Paracetamol 1,500 mg was 

added to the meal for measurements of paracetamol absorption rates as a proxy for gastric 

emptying rate (29). Participants evaluated sensations of appetite, satiety, thirst, fullness, 

prospective eating, wellbeing, and nausea on a visual analogue scale (VAS). Resting energy 

expenditure (REE) and RQ were measured by indirect calorimetry, evaluating breath-by-

breath gas exchange at baseline and at time 30, 90 and 150 minutes (CCM Express, 

MedGraphics, Medical Graphics Corp, St Paul, MN, USA). At time 210 minutes, participants 

ingested a standardised ad libitum meal of pasta Bolognese (energy content per 100 g: protein 

5.3 g, fat 5.6 g, carbohydrate 15 g; 135 kcal) and were instructed to eat until feeling pleasantly 

full. The meal was weighed before and after food consumption to assess food intake in grams. 

At time 230 minutes, the GIP(3-30)NH2/placebo infusion was terminated, and a subcutaneous 

adipose tissue biopsy was taken from the abdominal adipose tissue during local anaesthesia. 

Data collection

Blood samples were drawn at fixed 15 to 30-minute intervals. For bedside analysis of plasma 

glucose, blood was collected in sodium-fluoride heparin-coated tubes, immediately 

centrifuged for 30 seconds at room temperature. For analysis of glucagon, GIP, GLP-1, and 

GIP(3-30)NH2, blood was collected in chilled tubes with EDTA and a specific dipeptidyl 

peptidase 4 inhibitor (valine pyrolidide, 0.01 mmol/l). For analysis of C-peptide, insulin, 

CTX, P1NP, parathyroid hormone (PTH), NEFA, and glycerol, blood was collected in dry 

tubes with clot activator (silica particles) and serum separator gel and left at room temperature 

for 20 minutes for coagulation. For analysis of triglycerides and total HDL, LDL, and VLDL 

cholesterol, blood was collected in chilled tubes with lithium and heparin. Following 

coagulation (dry tubes) or immediately after sampling, tubes were kept on ice, centrifuged for 
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20 minutes (1,200 g, 4°C) and afterwards plasma and serum were stored at -20°C until 

analysis. 

Peptide infusion with GIP(3-30)NH2

Human synthetic GIP(3-30)NH2 was custom-synthesised by PolyPeptide (Strasbourg, 

France). The peptide was 95.7% pure and identical to the natural peptide demonstrated by 

mass and sequence analysis and high-performance liquid chromatography. GIP(3-30)NH2 was 

dissolved in sodium hydrogen carbonate with 0.2% v/v human albumin (CSL Behring, 

Marburg, Germany). The peptide was stored at -20°C after sterile filtration and test for 

sterility and pyrogens by the Capital Region Pharmacy (Herlev, Denmark). On study days, the 

peptide was prepared for infusion by dilution to a total volume of 500 ml in sodium chloride 9 

mg/ml (Fresenius Kabi, Uppsala, Sweden) with 0.2% v/v human albumin under sterile 

conditions. Placebo infusions were 500 ml sodium chloride 9 mg/ml (Fresenius Kabi, 

Uppsala, Sweden) with 0.2% v/v human albumin. 

Laboratory analyses

Plasma glucose levels were analysed bedside by the glucose oxidase method (Yellow Springs 

Instrument model 2300 STAT Plus analyser; YSI, Yellow Springs, OH, USA). Plasma 

glucagon was measured with ELISA following the standard Mercodia assay protocol (10-

1271-01; Mercodia, Uppsala, Sweden). Total GIP and GLP-1 were measured by RIA (30, 31). 

GIP(3-30)NH2 was measured with an in-house-developed RIA using a polyclonal antibody 

(code no. 95234) raised in rabbits against human GIP(3-30)NH2 and with human GIP(1-

30)NH2 as standard (catalogue no. 027-30; Phoenix Pharmaceuticals, Burlingame, CA, USA). 

Serum C-peptide and insulin were analysed with a sandwich-immunoassay by direct 

chemiluminescence (ADVIA Centaur XP, Siemens, Munich, Germany). Specific automated 
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chemiluminescence immunoassays were used for measuring CTX (IDS-iSYS Serum 

Crosslaps® (CTX-I), ref: AC-02F1), P1NP (IDS-iSYS Intact PINP, ref:IS-4000) and PTH 

(IDS-iSYS Intact PTH, ref:IS-3200) (all from ImmunoDiagnosticSystems, Frankfurt am 

Main, Germany). Glycerol (Boehringer Mannheim, Basel, Switzerland) and NEFA (NEFA C 

kit; Wako chemicals, Neuss, Germany) were measured by enzymatic methods modified to run 

on a Cobas 6000 automatic analyser (Roche, Rødovre, Denmark). Triglycerides and total and 

HDL cholesterol were measured by spectrophotometric methods at 540 nm after hydrolysis 

and oxidation (Vitros 5.1 FS; Johnson & Johnson, Ortho-Clinical Diagnostics). VLDL 

cholesterol was calculated from triglyceride content (VLDL cholesterol = plasma triglyceride 

[mmol/l]×0.45). LDL cholesterol was calculated from total cholesterol, HDL cholesterol and 

VLDL cholesterol (ad modum Friedewald). Adipose tissue homogenates and lipid extraction 

were performed following the manufacturer’s instructions and diluted in assay reagent and 

subsequently triglyceride content was measured by spectrophotometric methods at 530-550 

nm after hydrolysis and oxidation (Triglyceride Colorimetric Assay Kit, Item No. 10010303; 

Cayman Chemical, Ann Arbor, MI, USA).

Statistical analyses and calculations 

Results are presented as mean±SD, unless otherwise stated. Data were analysed and presented 

using standardised descriptive methods. Differences were explored with two-tailed paired t 

tests. P values <0.05 were considered statistically significant. Statistical calculations and 

graphic presentations were performed in GraphPad Prism version 8.0.0 for Windows 

(GraphPad Software, San Diego, CA, USA). Blood sample analyses are presented as baseline, 

peak, time to peak and baseline-subtracted area under curve (bsAUC) values as prespecified 

in the study protocol. The primary endpoint was postprandial bsAUC of glucagon, key 

secondary endpoints were serum C-peptide, plasma glucose and serum values of the bone 
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resorption marker CTX. Intervals of glucagon bsAUCs were defined post hoc to evaluate 

increments from baseline (0-30 minutes, 0-120 minutes and 0-210 minutes). With 10 

participants included, the study was powered to detect a 38% difference in baseline-subtracted 

AUC for glucagon. Baseline values were calculated as a mean of -30, -15 and 0 minute-values 

when available. bsAUC was calculated using trapezoidal integration for the period 0-210 

minutes to assess postprandial responses. Insulin resistance was calculated based on fasting 

plasma glucose and serum C-peptide values obtained at the screening visit using HOMA 

(HOMA2-IR calculator: www.dtu.ox.ac.uk/homacalculator). Each value for REE, RQ 

(volume of O2 and of CO2) were based on the measurements from a steady-state period of at 

least 4 minutes calculating a mean of seven out of 10 breaths, excluding the three most 

outlying measures. The GIP-induced reduction of CTX in per cent was calculated from the 

bsAUCs using the formula ((CTX[GIP(3-30)NH2]-CTX[placebo])/CTX[placebo])×100. We calculated 

insulin secretion rates (ISR) using the deconvolution method based on detected C-peptide 

concentrations and population-based variables for C-peptide kinetics in combination with 

height, weight, gender and age (32). Composite appetite scores (CAS) were calculated from 

the VAS assessment of appetite-related measures (hunger+prospective food consumption  

(100-satiety)+(100-fullness)/4) (33).

Results

Baseline characteristics

We included 10 male patients with overweight/obesity and type 2 diabetes (mean±SD; HbA1c 

52±11 mmol/mol; BMI 32.5±4.8 kg/m2). Ongoing medications included metformin (number 

of participants (n) = 9), antihypertensive treatment (n = 9: calcium channel blockers (n = 6), 
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angiotensin II converting enzyme inhibitor (n = 3), angiotensin II receptor antagonist (n = 4), 

centrally-acting alpha adrenergics (n = 1)), beta-blocker treatment (n = 1), diuretics (n = 2), 

statins (n = 6) and acetylsalicylic acid (n = 3). For additional baseline characteristics, please 

refer to Table 1. 

GIP(3-30)NH2 infusion

Plasma concentrations of GIP(3-30)NH2 reached steady state at 70.2±3.9 nmol/l after 20 

minutes of infusion and prior to ingestion of the liquid mixed meal (Fig. 1O) resulting in a 

minimum 950-fold antagonist/agonist ratio previously shown to significantly inhibit GIP(1-

42)-induced actions (34). During placebo infusions, plasma concentrations of GIP(3-30)NH2 

were not measurable. We observed no adverse reactions to the infusions and participants 

reported no discomfort. 

Glucagon

Glucagon levels were similar at baseline (p=0.063). Peak concentration of glucagon 

(p=0.046) was significantly higher during placebo infusion (38.2±26.4 pmol/l) compared with 

GIP(3-30)NH2 infusion (33.3±25.6 pmol/l) (Table 2, Fig 1A). There were no differences in 

time to peak (p=0.399) or bsAUC (p=0.580) (Table 2, Fig. 1B).

Plasma glucose

There were no significant differences between baseline concentrations of plasma glucose 

(p=0.097) (Fig. 1I, Table 2). During placebo infusion, the postprandial plasma glucose 

excursions as assessed by bsAUC amounted to 527±245 mmol/l×min; during infusion with 

GIP(3-30)NH2 there was a similar (p=0.692) postprandial plasma glucose response (558±272 
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mmol/l×min) (Fig. 1J). We found no difference in peak values of plasma glucose (p=0.251) 

or time to peak (p=0.179) between GIP(3-30)NH2 and placebo infusion (Table 2). 

Insulin, C-peptide and ISR 

Baseline levels of insulin were similar (p=0.847). Peak insulin levels were significantly 

reduced during infusion with GIP(3-30)NH2 compared with placebo (311±122 vs. 380±163 

pmol/l, p=0.032) (Fig. 1C, Table 2). Furthermore, assessed by bsAUC, both insulin (-

19±15%, p=0.01) and C-peptide (-14±21%, p=0.021) levels were significantly reduced 

during infusion with GIP(3-30)NH2 compared with placebo (Fig. 1D and 1F, Table 2). We 

found no differences in baseline or peak values or bsAUC for ISR (Fig. 1G-H, Table 2). 

However, an integrated index of beta cell function (AUCISR/AUCglucose) was reduced by 

9.5±15.6% during infusion with GIP(3-30)NH2 compared with placebo (p=0.020), and 

GIP(3-30)NH2 infusion caused a significant reduction in insulinogenic index (Δinsulin0–30 

min/Δglucose0–30 min) (Table 2). 

GIP and GLP-1 

Baseline concentrations of endogenous GIP did not differ between the two experimental days 

(p=0.654). Plasma GIP concentrations increased postprandially to peak levels of 111.7±53.0 

pmol/l during GIP(3-30)NH2 infusion and 93.5±21.2 pmol/l during placebo infusion (Fig. 1K) 

(p=0.268). We found no significant differences between time to peak or bsAUC for GIP 

plasma concentrations (Table 2). We observed slightly higher baseline values of GLP-1 on 

study days with placebo infusion (p=0.033) but peak levels and bsAUCs were similar (p= 

0.779 and p=0.349, respectively) (Fig. 1M-N, Table 2).
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Paracetamol absorption, appetite measures and indirect calorimetry 

At baseline, paracetamol concentrations were undetectable. Paracetamol absorption measured 

as a proxy for gastric emptying rates was not different during infusion of GIP(3-30)NH2 

compared with placebo assessed by peak levels (p=0.128) and time to peak (p=0.270) (Fig. 

1P, Table 2). Assessed by VAS, participants scored equal levels of satiety, fullness, appetite, 

prospective eating, thirst, wellbeing and nausea throughout the period of GIP(3-30)NH2 

infusion compared with placebo infusion (Fig. 2A-H). Ad libitum meal consumption was not 

different during GIP(3-30)NH2 infusion compared with placebo infusion (p=0.381) (Fig. 3J). 

Measures of REE using indirect calorimetry were similar between study days (Fig. 3G-H). 

Lipids 

At baseline, we observed no differences in NEFA (p=0.186) or glycerol (p=0.298) 

concentrations. NEFA and glycerol levels dropped postprandially and equally on both study 

days (Fig. 3A-B). We found no differences in total, HDL, LDL or VLDL cholesterol levels at 

baseline or during infusions (Fig. 3D-F). Postprandially, plasma levels of triglycerides 

increased slightly from baseline, but we observed no difference between bsAUC of 

triglycerides when comparing placebo with GIP(3-30)NH2 infusion (p=0.728) (Fig. 3C). We 

observed no significant difference in triglyceride content of the subcutaneous adipose tissue 

biopsied from the abdomen when comparing placebo with GIP(3-30)NH2 infusion (mean±SD 

mg/g adipose tissue, 353±150 mg/g adipose tissue vs. 325±189 mg/g adipose tissue, p=0.753) 

(Fig. 3I).

Bone markers

Baseline CTX concentrations were similar on both study days (Fig. 4A, Table 2). Following 

the liquid mixed meal, CTX concentrations decreased to a nadir of 52.9±15.1% of baseline 
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concentrations during placebo infusion and to a nadir of 74.2±14.7% during GIP(3-30)NH2 

infusion (Fig. 4C). Assessed by bsAUC (Fig. 4b), CTX levels were significantly higher 

during infusion with GIP(3-30)NH2 (p=0.0025) indicative of a lesser decrease in postprandial 

bone resorption when the GIP receptor was blocked. Thus, endogenous GIP accounts for at 

least 55±35% of postprandial CTX reduction. P1NP levels were the same at baseline on both 

study days. We observed a decrease in P1NP immediately after meal ingestion during GIP(3-

30NH2 infusion, but this was not significantly different from placebo and there were no 

significant differences in bsAUC during infusion with GIP(3-30)NH2 compared with placebo 

(Fig. 4D-F). We observed similar baseline concentrations of PTH and no significant 

differences in bsAUC during infusion with GIP(3-30)NH2 compared with placebo (Fig. 4G-I). 

Discussion

We investigated 10 overweight patients with type 2 diabetes using the GIP receptor antagonist 

GIP(3-30)NH2 and show significant glucagonotropic and insulinotropic effects of endogenous 

GIP that did not translate into significant changes in postprandial glucose excursions using 

this small sample size. Endogenous GIP had pronounced effects on postprandial bone 

resorption as assessed by the circulating bone resorption marker CTX. We observed no acute 

significant effects of GIP(3-30)NH2 on circulating lipids, adipose tissue triglyceride content, 

appetite / hunger sensations, food consumption or energy expenditure.

Endogenous GIP and postprandial hyperglucagonemia 

Endogenous GIP has been proposed to contribute to the paradoxical postprandial rise in 

glucagon secretion in patients with type 2 diabetes (35, 36). As expected, we observed a 

postprandial rise in glucagon concentrations during placebo infusion; and during GIP receptor 
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antagonism, we found significantly lower peak plasma glucagon concentrations compared 

with placebo, supporting a contribution from endogenous GIP to postprandial 

hyperglucagonemia in patients with type 2 diabetes. Indeed, in seven out of 10 included 

patients there was a clear glucagonotropic effect of endogenous GIP (assessed by bsAUC); 

however, this observed difference did not reach statistical significance, possibly due to the 

relatively small cohort size. This observation should be investigated further in a larger and 

more homogenous group of patients with type 2 diabetes.

Gluco-metabolic effects of endogenous GIP in type 2 diabetes

Postprandial plasma glucose excursions were not significantly affected by infusion of GIP(3-

30)NH2 compared with placebo (Table 2), possibly due to the small sample size combined 

with a large inter-participant variability in glucose excursions, which are limiting factors of 

this study. Gastric emptying rates were similar during the two infusions. Infusion of GIP(3-

30)NH2 lowered insulin secretion, beta cell function and insulinogenic index indicating that 

endogenous GIP has gluco-metabolic effects but the insulin resistance inherent of type 2 

diabetes could explain why increased insulin levels during placebo infusions failed to lower 

glucose levels. Furthermore, the heterogeneity in diabetes characteristics, e.g. baseline beta 

cell function might mask the true glucose-lowering potential of endogenous GIP in these 

patients. 

Estimating glucose-independent insulin secretion, GIP receptor antagonism caused a 

significant 14 ± 6.5% (mean ± SEM) reduction in C-peptide:glucose ratio compared with 

placebo in our patients with type 2 diabetes. In a similar study of healthy individuals, we 

found an insignificant reduction in C-peptide:glucose ratio of 9.0 ± 11% (mean ± SEM) 

during infusion of GIP(3-30)NH2 (37). The comparison between healthy individuals and 
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patients with type 2 diabetes from different studies should, naturally, be interpreted with 

caution. Nevertheless, the present results suggest that some actions of endogenous GIP are 

preserved in patients with type 2 diabetes. In line with this notion, previous studies applying 

exogenous GIP have reported a significant insulinotropic effect during fasting, euglycaemia 

and hyperglycaemia (early-phase response) in patients with type 2 diabetes (12, 38, 39, 40). 

Endogenous GIP reduces postprandial bone resorption

In mice, trabecular bone strength was compromised and bone mineralisation was markedly 

reduced in the absence of a functional GIP receptor (41) and in mice with induced type 1 

diabetes, exogenous GIP restored bone turnover supporting that GIP exerts effects on bone 

metabolism independently of insulin secretion (42) consistent with an important role of GIP 

in modulating bone quality and bone strength. Supporting that GIP is involved in a gut-bone 

axis in humans, a GIP receptor mutation was associated with higher fracture risk and low 

mineral density in postmenopausal women (43, 44). Moreover, exogenously administered 

GIP in healthy individuals and patients with type 1 diabetes, leads to lower bone resorption 

and increased bone formation assessed by postprandial levels of the bone markers CTX and 

P1NP (17, 18). In patients with type 2 diabetes, exogenous GIP also lowered bone resorption 

(19). In line with this, we found that endogenous GIP suppressed bone resorption equivalent 

to the actions in healthy individuals (45). Here, we show that endogenous GIP reduced 

postprandial bone resorption by at least 55% (assessed by CTX), but we found no significant 

effect on bone formation (assessed by P1NP). This reveals endogenous GIP as an important 

player in postprandial bone remodeling also in patients with type 2 diabetes.
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Endogenous GIP had little effect on adipose tissue triglyceride content and plasma lipid 

levels 

Infusion of exogenous GIP at supraphysiological levels increased the triglyceride content of 

subcutaneous adipose tissue during hyperglycaemia in patients with obesity and with type 2 

diabetes; despite the fact that exogenous GIP did not exert an insulinotropic effect in these 

patients (25). Thus, GIP receptor signalling was suggested to be active in adipose tissue but 

not in the beta cells of these patients pointing to a possible dissociation of GIP receptor 

signalling in different tissues. Supporting an anabolic role of GIP in lipid homeostasis, 

exogenous GIP increased adipose tissue blood flow in lean healthy individuals during 

hyperinsulinemia and led to increased triglyceride deposition (46). After 230 minutes of GIP 

receptor antagonism in the present study (including a mixed meal test ingested at time 0 min), 

we found no difference in the triglyceride content of subcutaneous adipose tissue compared 

with placebo infusion. Possibly, endogenous GIP does not exert anabolic effects in 

subcutaneous adipose tissue to the same extent as exogenous GIP in supraphysiological 

concentrations. More studies are needed to understand the effects of GIP on adipose tissue.

Endogenous GIP did not affect appetite or food consumption or REE

In the present study, endogenous GIP did not alter sensations of appetite, satiety or fullness. 

Nor did endogenous GIP change ad libitum meal consumption or REE. These findings are in 

line with our results from healthy men (37), however, in a recent study in individuals with 

obesity, exogenous GIP added to a GLP-1 infusion, which resulted in ~6-fold higher 

concentrations of GIP than endogenous GIP in the present study, diminished the reduction in 

food intake observed with the GLP-1 alone supporting the need for further investigations of 

the interactions between GIP and GLP-1 appetite and food consumption (47).
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Potential of GIP in type 2 diabetes and obesity treatment

At present, both GIP receptor agonism and antagonism are being investigated as treatment 

strategies for type 2 diabetes. Anti-obesity effects were reported with GIP receptor 

antagonism alone and in combination with GLP-1 receptor agonism in non-human primates 

(48). Importantly, the dual GIP/GLP-1 receptor agonist tirzepatide was recently shown to 

improve glycaemic control and reduce body weight in patients with overweight/obesity and 

type 2 diabetes to a much larger extent than GLP-1 receptor agonist monotherapy (9). 

However, whether the GIP receptor activating component of tirzepatide contributed to the 

abovementioned effects remains unknown. Whether or not the modest effects of endogenous 

GIP on insulin and glucagon secretion observed in the present study, can be amplified by 

tirzepatide is also unknown. 

In conclusion, using the selective GIP receptor antagonist GIP(3-30)NH2, we demonstrate that 

endogenous GIP contributes to both insulin secretion and bone metabolism in patients with 

type 2 diabetes.
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Figure legends 

Figure 1. Gluco-metabolic effects of GIP receptor antagonism compared with placebo. 

Plasma or serum concentrations of glucagon (A), insulin (B), C-peptide (C), insulin (E), 

insulin secretion rate (ISR) (G), glucose (I), glucose-dependent insulinotropic polypeptide 

(GIP) (K), glucagon-like peptide-1 (GLP-1) (M) and GIP(3-30)NH2 (O) during infusion of 

GIP(3-30)NH2 (filled red squares) or saline placebo (open white circles) and corresponding 

baseline-subtracted are under curves (bsAUCs) for glucagon (B), insulin (D), C-peptide (F), 

ISR (H), glucose (J), GIP (L), GLP-1 (N) and paracetamol (P). Vertical dotted line at time 0 

minutes indicates ingestion of the liquid mixed meal. Infusions of GIP(3-30)NH2 or placebo 

was initiated at time -20 minutes and duration was 250 minutes in total. Data are means ± 

SEM. *Significant differences (p < 0.05).

Figure 2. Appetite-related measures during GIP receptor antagonism compared with 

placebo. Satiety (A), fullness (B), appetite (C), prospective food consumption (D), thirst (E), 

wellbeing (F), nausea (G) and composite appetite scores (CAS) (H) assessed by visual 

analogue scales during infusion of GIP(3-30)NH2 (filled red squares) or saline placebo (open 

white circles). Vertical dotted line at time 0 minutes indicates ingestion of the liquid mixed 

meal and at time 210 minutes indicates the ingestion of a solid ad libitum meal. Infusions of 

GIP(3-30)NH2 or placebo was initiated at time -20 minutes and duration was 250 minutes in 

total. GIP, glucose-dependent insulinotropic polypeptide.

Figure 3. Plasma lipids, indirect calorimetry, adipose tissue biopsy, and food intake 

during GIP receptor antagonism compared with placebo. Plasma concentrations of non-

esterified fatty acids (NEFA) (A), glycerol (B), triglycerides (C), high-density lipoprotein 

HDL cholesterol (D), LDL cholesterol (E) and VLDL cholesterol (F). Respiratory quotient 
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(RQ) (VCO2/VO2) (G) and resting energy expenditure (REE) (kcal/day) (H). Triglyceride 

content of abdominal adipose tissue biopsy performed at time point 210 mins) (I). Food intake 

during ad libitum meal (J). All during infusion of GIP(3-30)NH2 (filled red squares) or saline 

placebo (open white circles). Vertical dotted line at time 0 minutes indicates ingestion of the 

liquid mixed meal. Infusions of GIP(3-30)NH2 or placebo was initiated at time -20 minutes 

and duration was 250 minutes in total. Data are means ± SEM. GIP, glucose-dependent 

insulinotropic polypeptide.

Figure 4. Changes in bone markers during GIP receptor antagonism compared with 

placebo. Plasma concentrations (left panel) and corresponding baseline-subtracted area under 

curve (bsAUC) (middle panel) and plasma concentrations as percentage of baseline (right 

panel) for carboxy-terminal collagen crosslinks (CTX) (A-C), procollagen type 1 N-terminal 

propeptide (P1NP) (D-F), and parathyroid hormone (PTH) (G-I) during infusion of GIP(3-

30)NH2 (filled red squares) or saline placebo (open white circles). Vertical dotted line at time 

0 minutes indicates ingestion of the liquid mixed meal. Infusions of GIP(3-30)NH2 or placebo 

was initiated at time -20 minutes and duration was 250 minutes in total. Data are means ± 

SEM. Asterisks (*) indicate significant differences (p < 0.05). GIP, glucose-dependent 

insulinotropic polypeptide.
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Table 1. Baseline description of the study participants (n = 10 male) presented as mean values 

and ranges

Characteristics Mean (range)
Age (years) 63.3 (44−72)
Height (m) 1.77 (1.63−1.85)
Weight (kg) 100.9 (88.9−113.3)
BMI (kg/m2) 32.5 (27.4−41.2)
Body fat (%) 32.9 (27.3−37.6)
Systolic blood pressure (mmHg) 140 (113−162)
Diastolic blood pressure (mmHg) 83 (68−97)
Heart rate (beats per minute) 70 (63−82)
Fasting plasma glucose
 mmol/L 9.7 (5.8−17.9)

mg/dL 155 (104−322)
HbA1c

mmol/mol 52 (37−70)
% 6.9 (5.5−8.6)

Duration of diabetes (years) 7.3 (2−16)
HOMA-IR 2.9 (1.3−6.1)
Metformin dose* (mg/day) 1333 (1000−2000)
Serum creatinine (µmol/l) 83 (63−113)

HOMA-IR, homeostatic model assessment of insulin resistance (HOMA2 model).

*n=9
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Table 2. Overview of plasma and serum measurements. Plasma and serum values for the two study 
days; a liquid mixed meal test during concomitant 250-minute infusion of either GIP(3-30)NH2 or 
saline placebo. Data are presented as mean ± S.D.

GIP(3-30)NH2 Placebo P value† 
Glucagon

Baseline (pmol/l) 17 ± 10 20 ± 14 0.063
Peak (pmol/l) 33 ± 26 38 ± 26 0.046*
Time to peak (min) 59 ± 47 45 ± 20 0.40
bsAUC0-210 min (pmol/l × min) 791 ± 1,172 586 ± 1,124 0.58
bsAUC0-30 min (pmol/l × min) 198 ± 240 15 ± 744 0.56
bsAUCpos.area (pmol/l × min) 1,004 ± 1,061 887 ± 690 0.67

Glucose
Baseline (mmol/l) 8.2 ± 1.4 7.8 ± 1.1 0.097
Peak (mmol/l) 13 ± 3.0 13 ± 2.7 0.25
Time to peak (min) 108 ± 33 132 ± 35 0.18
bsAUC0-210 min (mmol/l × min) 558 ± 272 527 ± 244 0.69

Insulin
Baseline (pmol/l) 85 ± 36 87 ± 33 0.85
Peak (pmol/l) 311 ± 122 380 ± 163 0.032*
Time to peak (min) 105 ± 45 102 ± 49 0.89
bsAUC0-210 min (pmol/l × min) 27,197 ± 11,368 34,634 ± 14,670 0.010*

Insulin:glucose ratio
Baseline (pmol/mmol) 11 ± 6.1 12 ± 5.6 0.50
Peak (pmol/mmol) 29 ± 15 35 ± 21 0.037*
Time to peak (min) 111 ± 58 104 ± 67 0.75
bsAUC0-210 min (pmol/mmol × min) 1,982 ± 892 2,816 ± 1,281 0.0057*

C-peptide
Baseline (pmol/l) 796 ± 308 774 ± 276 0.52
Peak (pmol/l) 1,779 ± 593 1,949 ± 696 0.10
Time to peak (min) 147 ± 39 128 ± 38 < 0.0001*
bsAUC0-210 min (pmol/l × min) 132,203 ± 57,914 160,794 ± 72,951 0.021*

C-peptide:glucose ratio
Baseline (pmol/mmol) 98 ± 54 101 ± 51 0.41
Peak (pmol/mmol) 178 ± 87 214 ± 113 0.026*
Time to peak (min) 194 ± 34 170 ± 57 0.055
bsAUC0-210 min (pmol/mmol × min) 7,990 ± 5,040 11,877 ± 7,530 0.020*

ISR
Baseline (pmol/kg × min-1) 1.9 ± 0.63 1.9 ± 0.62 0.83
Peak (pmol/kg × min-1) 5.1 ± 1.3 5.3 ± 1.7 0.43
Time to peak (min) 123 ± 50 114 ± 42 0.64
bsAUC0-210 min (pmol/kg) 392 ± 159 451 ± 171 0.095

Beta cells 
Insulinogenic index 89 ± 43 135 ± 91 0.040*
Beta cell glucose sensitivity 
(pmol×kg-1×min-1×mmol-1×L)

0.58 ± 0.33 0.84 ± 0.80 0.12

Beta cell function (pmol/mmol) 0.37 ± 0.18 0.42 ± 0.20 0.020*
GIP

Baseline (pmol/l) 4.8 ± 4.4 4.3 ± 3.8 0.65
Peak (pmol/l) 112 ± 53 94 ± 21 0.27
Time to peak (min) 63 ± 30 68 ± 48 0.78
bsAUC0-210 min (pmol/l × min) 10,840 ± 4,409 9,964 ± 1,800 0.45

GLP-1
Baseline (pmol/l) 3.0 ± 4.1 5.5 ± 5.3 0.033*

Page 33 of 38 Accepted Manuscript published as EJE-21-0135.R1. Accepted for publication: 21-Apr-2021

Copyright © 2019 European Society of EndocrinologyDownloaded from Bioscientifica.com at 05/03/2021 11:45:10AM
via University of Copenhagen and Kobenhavns Universitet



Peak (pmol/l) 26 ± 25 25 ± 14 0.78
Time to peak (min) 123 ± 73 97 ± 75 0.48
bsAUC0-210 min (pmol/l × min) 1,665 ± 973 1,356 ± 1,041 0.35

Paracetamol
Peak (mmol/l) 0.06 ± 0.01 0.06 ± 0.02 0.13
Time to peak (min) 116 ± 43 138 ± 45 0.27

CTX
Baseline (ng/ml) 0.17 ± 0.11 0.16 ± 0.10 0.17
Nadir (% of baseline) 74 ± 15 53 ± 15 0.0025*
Time to nadir (min) 154 ± 53 153 ± 44 0.63
bsAUC0-210 min (ng/ml × min) -5.527 ± 4.764 -10 ± 8.5 0.031*

P1NP
Baseline (ng/ml) 32 ± 9.6 33 ± 12 0.39
Nadir (% of baseline) 93 ± 8.3 93 ± 4.8 0.96
Time to nadir (min) 78 ± 41 85 ± 34 >1.00
bsAUC0-210 min (ng/ml × min) -75 ± 285 -155 ± 382 0.61

PTH
Baseline (ng/ml) 43 ± 12 43 ± 12 0.98
bsAUC0-210 min (ng/ml × min) -280 ± 342 -354 ± 1,350 0.87

†Potential differences between groups were calculated using paired t tests; * P < 0.05.

bsAUC, Baseline-subtracted area under curve; ISR, insulin secretion rate; GIP, glucose-dependent 

insulinotropic polypeptide; GLP-1, glucagon-like peptide-1; CTX, carboxy-terminal collagen 

crosslinks; P1NP, total procollagen type 1 N-terminal propeptide; PTH, parathyroid hormone. 
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Figure 1. Gluco-metabolic effects of GIP receptor antagonism compared with placebo. Plasma or serum 
concentrations of glucagon (A), insulin (B), C-peptide (C), insulin (E), insulin secretion rate (ISR) (G), 

glucose (I), glucose-dependent insulinotropic polypeptide (GIP) (K), glucagon-like peptide-1 (GLP-1) (M) 
and GIP(3-30)NH2 (O) during infusion of GIP(3-30)NH2 (filled red squares) or saline placebo (open white 

circles) and corresponding baseline-subtracted are under curves (bsAUCs) for glucagon (B), insulin (D), C-
peptide (F), ISR (H), glucose (J), GIP (L), GLP-1 (N) and paracetamol (P). Vertical dotted line at time 0 

minutes indicates ingestion of the liquid mixed meal. Infusions of GIP(3-30)NH2 or placebo was initiated at 
time -20 minutes and duration was 250 minutes in total. Data are means ± SEM. *Significant differences (p 

< 0.05). 
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Figure 2. Appetite-related measures during GIP receptor antagonism compared with placebo. Satiety (A), 
fullness (B), appetite (C), prospective food consumption (D), thirst (E), wellbeing (F), nausea (G) and 

composite appetite scores (CAS) (H) assessed by visual analogue scales during infusion of GIP(3-30)NH2 
(filled red squares) or saline placebo (open white circles). Vertical dotted line at time 0 minutes indicates 

ingestion of the liquid mixed meal and at time 210 minutes indicates the ingestion of a solid ad libitum meal. 
Infusions of GIP(3-30)NH2 or placebo was initiated at time -20 minutes and duration was 250 minutes in 

total. GIP, glucose-dependent insulinotropic polypeptide. 
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Figure 3. Plasma lipids, indirect calorimetry, adipose tissue biopsy, and food intake during GIP receptor 
antagonism compared with placebo. Plasma concentrations of non-esterified fatty acids (NEFA) (A), glycerol 
(B), triglycerides (C), high-density lipoprotein HDL cholesterol (D), LDL cholesterol (E) and VLDL cholesterol 

(F). Respiratory quotient (RQ) (VCO2/VO2) (G) and resting energy expenditure (REE) (kcal/day) (H). 
Triglyceride content of abdominal adipose tissue biopsy performed at time point 210 mins) (I). Food intake 
during ad libitum meal (J). All during infusion of GIP(3-30)NH2 (filled red squares) or saline placebo (open 

white circles). Vertical dotted line at time 0 minutes indicates ingestion of the liquid mixed meal. Infusions of 
GIP(3-30)NH2 or placebo was initiated at time -20 minutes and duration was 250 minutes in total. Data are 

means ± SEM. GIP, glucose-dependent insulinotropic polypeptide. 
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Figure 4. Changes in bone markers during GIP receptor antagonism compared with placebo. Plasma 
concentrations (left panel) and corresponding baseline-subtracted area under curve (bsAUC) (middle panel) 
and plasma concentrations as percentage of baseline (right panel) for carboxy-terminal collagen crosslinks 
(CTX) (A-C), procollagen type 1 N-terminal propeptide (P1NP) (D-F), and parathyroid hormone (PTH) (G-I) 
during infusion of GIP(3-30)NH2 (filled red squares) or saline placebo (open white circles). Vertical dotted 
line at time 0 minutes indicates ingestion of the liquid mixed meal. Infusions of GIP(3-30)NH2 or placebo 

was initiated at time -20 minutes and duration was 250 minutes in total. Data are means ± SEM. Asterisks 
(*) indicate significant differences (p < 0.05). GIP, glucose-dependent insulinotropic polypeptide. 
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