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Abstract 

Introduction Glucose-dependent insulinotropic polypeptide (GIP) contributes importantly to 

glucose and lipid metabolism. We investigated the effects of exogenous GIP on lipid 

metabolism during stable insulin levels. 

Methods. Ten male patients with type 1 diabetes without endogenous insulin secretion (C-

peptide negative) (age [mean±SD: 26±4 years; BMI: 24±2 kg/m2; HbA1c 7.3±0.8% [56±8 

mmol/mol]) were studied in a randomized, double-blind, placebo-controlled, crossover study 

with continuous intravenous infusions of GIP (4 pmol/kg/min) or placebo (saline), during two 

separate 90-minute hyperglycemic (12 mmol/L) clamps with basal insulin substitution (0.1–0.2 

mU/kg/min). 

Results. Plasma glycerol concentrations increased from baseline during GIP infusion and 

decreased during placebo infusion (baseline-subtracted area under the curve (bsAUC): 703±407 

vs. −262±240 µmol/L × min, respectively, p<0.001). Free fatty acids (FFA) increased during 

GIP infusions (bsAUC: 5,505±2,170 µEq/L × min) and remained unchanged during placebo 

infusion (bsAUC: −74±2,363 µEq/L × min) resulting in a significant difference between GIP 

and placebo infusions (p<0.001). Plasma concentrations of glucose, insulin, GLP-1 and 

glucagon were similar during GIP and placebo infusions. 

Conclusions. GIP increased plasma glycerol and FFA in patients with type 1 diabetes during 

hyperglycemia and stable basal insulin levels. This supports a direct lipolytic effect of GIP at 

high glucose and low levels of plasma insulin. 

Trial registration: ClinicalTrials.gov NCT03195257 

Funding: None  
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Introduction 

Recently, the dual glucagon-like peptide-1 (GLP-1) / glucose-dependent insulinotropic 

polypeptide (GIP) receptor agonist (tirzepatide) was shown to confer greater weight loss, and 

greater improvements in β cell function and lipid profiles than selective GLP-1 receptor 

agonists.1–3 These findings seem to contradict the long purported role for GIP as an adverse 

contributor to dyslipidemia, obesity and diabetes, and have spurred novel interest in the GIP 

receptor as a therapeutic target. 

GIP is secreted postprandially from enteroendocrine K cells and reach picomolar concentrations 

in plasma after intake of macronutrients and in particular dietary fats.4 The pancreatic effects 

of GIP entail a stabilizing effect on plasma glucose by glucose-dependent stimulation of either 

insulin (during hyperglycemia) or glucagon (during hypoglycemia) secretion.5 While the 

pancreatic effects of GIP have been described in detail, the in vivo effects of GIP on adipose 

tissue remain controversial. Most studies investigating the effects of GIP on lipids, have been 

performed at stimulated/elevated insulin levels and elevated glycemia, and have demonstrated 

that GIP and insulin act in concert to increase lipid deposition in adipose tissue.6 Thus, on whole 

body level, circulating free fatty acids (FFA) and glycerol are normally decreased by 

exogenously infused GIP.6 The cellular basis for this likely involves a GIP-induced increase in 

insulin, the activity of lipoprotein lipase and lipid deposition in adipocytes7. Clinical studies 

have demonstrated that GIP increases FFA re-esterification in adipose tissue through an 

increase in blood flow8 9, and that GIP’s vasodilatory effect in adipose tissue was blunted in 

insulin resistant participants - illustrating the interdependence of GIP and insulin effects.10 

Interestingly, in rat and human cultured adipocytes, GIP has been demonstrated to induce 

lipolysis through a stimulating effect on of hormone-sensitive lipase and adipose tissue 
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triglyceride lipase.11,12 The lipolytic effect of GIP was enhanced during low levels of insulin 

and inhibited by the presence of insulin in an murine pre-adipocyte model (3T3-L1 cells).12 

Thus, the effects of GIP seem to depend on the metabolic state and the potential synergy with 

insulin. We have previously reported that in C-peptide-negative patient with type 1 diabetes 

following an hyperinsulinemic hypoglycemic episode, GIP produced a significant increase in 

glucagon and likely a subsequent increase in FFA and glycerol13. Here, we report the effects of 

GIP on plasma glycerol and free fatty acids in the same group of patients during hyperglycemia 

(and thereby suppressed glucagon) and with stable, basal insulin substitution. 

 

Material and methods 

Study design, approvals and registration  

We used bio-banked samples from the hyperglycemic days from a single-center randomized, 

placebo-controlled, double-blind, crossover study in which male participants with type 1 

diabetes were randomized 1:1 to receive either GIP and placebo or placebo and GIP during two 

hyperglycemic intervention periods of 3.5 hours separated by at least 7 days.14 The study was 

approved by the Scientific Ethical Committee of the Capital Region of Denmark (H-D-2009-

0078; amendment no. 33269) and registered at clinicaltrials.gov (NCT03195257). 

Recruitment and eligibility criteria 

Ten male participants with type 1 diabetes and C-peptide <0.16 nmol/L after a 5 g-arginine 

stimulation test15 were included. The participants had a (mean±SD) HbA1c 7.3±0.2%, aged 

26±4 year and BMI 24±2 kg/m2. 
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Procedures 

On study days, participants were instructed to meet at our clinical research facility after a 10 

hour fast and 72 hours’ abstinence from alcohol intake and strenuous physical exercise. The 

participants were instructed to strive for similar schedules and levels of activity prior to the two 

study days. At arrival, cannulas were inserted bilaterally into the cubital veins for infusions and 

blood sampling, respectively. At timepoint -120 min, tracer priming was initiated, and the 

participant’s plasma glucose was clamped at 12 mmol/L using a variable infusion of 20% 

glucose. Concomitantly, a basal intravenous infusion of insulin (Actrapid®, Novo Nordisk, 

Denmark) was maintained at 0.1–0.2 U/kg/min depending on the participants’ basal insulin 

requirement. At timepoint 0 min, an infusion of either GIP (4 pmol/kg/min) or placebo (saline) 

was initiated. Blood samples were drawn from the contralateral arm, which was wrapped in a 

heating pad, at timepoints −45, −30, −15, 0, 10, 20, 30, 45, 60, 75 and 90 min.  

Analyses 

Plasma glucose concentrations were measured bedside using the glucose oxidase method 

(Yellow Springs Instrument Model 2300 STAT plus analyzer, Yellow Springs, OH, USA). 

Serum insulin was measured with a two-sided electrochemiluminescence immunoassay 

(Atellica, Siemens Healthcare, Ballerup, Denmark). The in vitro enzymatic colorimetric 

method, Wako’s free fatty acid (FFA) assay (FUJIFILM Medical Systems, Tokyo, Japan, was 

used to measure non-esterified fatty acids. The plasma concentrations of intact GIP and 

glucagon were analyzed by radioimmunoassay using the antibodies 98171 (intact GIP) and 

4305 (glucagon). Glycerol and [1,1,2,3,3-2H5]glycerol were measured by liquid 

chromatography tandem mass spectrometry.16 
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Tracer analysis 

We administered a [1,1,2,3,3-2H5]glycerol tracer and measured the ratios of marked glycerol 

to unmarked glycerol (tracer/tracee ratio) thereby calculating glycerol rate of appearance (Ra) 

and disappearance (Rd) and providing an estimate of the rate of lipolysis at the whole-body 

level, as previously described.15,17 Ra and Rd were calculated using the modified Steele equation 

and a plasma volume of distribution set to 130 mL/kg.17 

Statistical analysis 

Data are presented as means±SEM and as percentage deviation from baseline means unless 

otherwise stated. Area under the curve (AUC) was calculated using the trapezoidal rule. 

Baseline means were calculated for each participant and individual values were used to 

calculate baseline-subtracted data including baseline-subtracted AUCs (bsAUCs). Potential 

differences in concentration or percentage deviation of glycerol, FFA, AUC and tracer/tracee 

ratios were investigated using a two-way repeated-measures analysis of variance and individual 

timepoints were analyzed with the Holm-Šídák correction for multiple comparisons. p values 

<0.05 were considered statistically significant. Sample size calculation has already been 

published, and was based on the glucagon response during hypoglyceamia.13 Statistical 

analyses and graphic presentations were made using GraphPad Prism 8.0.0 (La Jolla, CA, 

USA). 
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Results 

GIP, Glucagon, GLP-1, Insulin and Glucose 

Infusion of GIP significantly increased plasma concentrations of intact GIP from a baseline of 

13±1 pmol/L to a mean plateau of 120±11 pmol/L whereas baseline levels remained unchanged 

by placebo infusion (Figure 1A). Time courses of the plasma glucagon concentrations did not 

differ to at statistically significant degree during GIP and placebo infusions (Figure 1B), 

(bsAUC comparison, p=0.72). Total plasma GLP-1 was stable at fasting levels (22±1.2 pmol/L) 

and similar between days (data not shown). Exogenously infused insulin were stable throughout 

the experimental days at approximately 311±110 pmol/L, and glucose was clamped at a mean 

of 12 ± 0.1 mM on all days.14 

Glycerol 

At baseline, plasma glycerol concentrations were significantly lower at the day of GIP infusion 

compared to placebo, (34±5.8 µmol/L and 47±6.0 µmol/L, respectively, p<0.01) (Figure 2A). 

During the hyperglycemic clamp, the levels were similar between interventions (Figure 2A). 

GIP significantly increased bsAUC of glycerol by 965±149 µmol/L × min compared to bsAUC 

during placebo infusion (p<0.001) (Figure 2B). 

FFA 

Baseline plasma FFA concentrations were similar on the days of GIP and placebo infusions 

(256±92 µEq/L vs. 317±80 µEq/L, p=0.47) (Figure 2C). GIP infusion significantly increased 

bsAUC of FFA by 5,505±2,170 µEq/L × min compared to placebo (−74±2,363 µEq/L × min) 

(p<0.001) (Figure 2D). 
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[1,1,2,3,3-2H5]glycerol tracers  

Baseline tracer/tracee ratio differed significantly before infusion of GIP and placebo 

(0.095±0.048 vs. 0.055±0.041, respectively, p<0.05), but baseline measurements were stable, 

indicating that steady state was reached (data not shown). Baseline glycerol Ra and Rd were 

similar during GIP and placebo infusions. Likewise, absolute values for Ra and Rd were similar 

during GIP and placebo infusions (Figure 2E and 2G). Both bsAUC of Ra and of Rd were 

significantly increased during GIP infusion compared to placebo infusion (3,549±557 µmol/L 

× min and 3,544±577 µmol/L × min (p<0.001 and p<0.001, respectively) (Figure 2F and 2H). 

 

Discussion 

In the present setting of hyperglycemia (12 mmol/L) and basal insulin substitution in C-peptide-

negative patients with type 1 diabetes, GIP infusion to supraphysiological GIP levels was 

associated with increases in plasma FFA and glycerol apparent 20–30 minutes after initiation 

of infusion compared to placebo. As expected during a hyperglycemic clamp, plasma glucagon 

was suppressed throughout the experimental days and did not vary to a statistically significantly 

degree between GIP and placebo infusions. The observed increases in circulating FFA and 

glycerol in response to GIP infusion are in line with in vitro findings by McIntosh et al. showing 

that GIP in the presence of stable, low levels of insulin causes lipolytic release of FFA from 

isolated adipocytes primarily through stimulation of adenylyl cyclase.12 The simultaneous 

increase in glycerol and dilution of relative concentration of the glycerol tracers on a whole 

body level, indicates that GIP mediates lipolysis and releases glycerol to the bloodstream in 

times of unstimulated basal insulin. The lipolytic response coincided with plasma GIP reaching 

steady-state level and was maintained throughout the remaining 90-minute study period. A 
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recent study in a similar population suggests that the observed lipolytic effects are transient as 

six days of subcutaneous infusion of GIP—causing a slightly lower plasma level of intact GIP 

than observed in the present study—only elicited an acute, transient increase in plasma FFA 

level.18  

In contrast to the present findings, the dual GIP-GLP-1 receptor agonist tirzepatide leads to a 

decrease in circulating FFA, triglycerides, very-low-density lipoprotein cholesterol, 

apolipoprotein C3 and an increase in lipoprotein lipase.19 However, the relative role of GIP in 

these effects is uncertain and it has to be noted that they occur alongside a negative energy 

balance and large weight loss.20 Due to the complex interplay between GIP, GLP-1, insulin and 

glucagon, it is intriguing to what extent any lipolytic effect of GIP may be modified by feeding 

(and higher insulin levels), insulin resistance and/or by selective GIP receptor 

agonism/antagonism.  

Our study has several limitations. Firstly, as previously mentioned it is based on a post hoc 

analyses of plasma samples obtained during a previously performed study. Secondly, the study 

conditions with high plasma glucose and low insulin levels may limit the direct translational 

relevance to normal physiology, but could inform on the whole effects of GIP agonism during 

fasting in insulin deficient hyperglycemic patients, e.g. patients with type 1 diabetes and 

potentially insulin deficient type 2 diabetes. Thirdly and importantly, we uncovered differences 

in the baseline values of glycerol and FFA. The differences occurred despite the randomized 

order of the interventions. The baseline differences may to some extent drive the differences in 

AUC values observed post-baseline. However, the abrupt changes in glycerol and FFA 

coinciding with maximal GIP receptor stimulation support that the observed differences are 

caused by a GIP-mediated release of FFA and glycerol to the bloodstream. As such, GIP could 
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act as a metabolic switch: In the postprandial state helping with glucose and FFA uptake and in 

the fasting state helping to mobilize FFA. Whether such effects have long-term significance on 

the lipid metabolism and lipid deposition is currently unclear.  

 

Conclusion 

Our explorative analyses showed that exogenous GIP infusion acutely increased circulating 

FFA and glycerol during a situation with overt hyperglycemia and basal insulin substitution in 

fasting men with C-peptide negative type 1 diabetes; suggesting a lipolytic effect of GIP during 

these conditions. 
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Figure 1. Plasma GIP (A) and glucagon (B) concentrations during a stable basal insulin-

substituted 12 mmol/L hyperglycemic clamp14. Data are presented as mean±SEM (n = 10). 

***p≤0.001. GIP, glucose-dependent insulinotropic peptide. 
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Figure 2. Plasma levels of glycerol (A), FFA (C), glycerol bsAUC (B), FFA bsAUC (D), and 

[1,1,2,3,3-2H5]glycerol assessed changes in Ra glycerol (E), Rd glycerol (G), Ra glycerol 

bsAUC (F), and Rd glycerol bsAUC (H). Data are presented as mean±SEM (n = 10). 

***p≤0.001. bsAUC, baseline-subtracted area under the curve; FFA, free fatty acids; GIP, 

glucose-dependent insulinotropic peptide; Ra, rate of appearance; Rd, rate of disappearance; 

SEM, standard error of the mean. 
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