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Abstract
Aims  Glucose-dependent insulinotropic polypeptide (GIP) is released primarily from the proximal small intestine and 
glucagon-like peptide-1 (GLP-1) from the more distal small intestine and colon. Their relative importance to the incretin 
effect in health has been contentious in the past, although it now appears that GIP has the dominant role. It is uncertain 
whether there is a relationship between GIP and GLP-1 secretion. We aimed to evaluate the relationship between plasma GIP 
and GLP-1 responses to a 75-g oral glucose load in individuals with normal (NGT) and impaired glucose tolerance (IGT).
Methods  One hundred healthy subjects had measurements of blood glucose, serum insulin, plasma GIP and GLP-1 con-
centrations for 240 min after a 300 mL drink containing 75 g glucose.
Results  Fifty had NGT and 41 IGT; 9 had type 2 diabetes and were excluded from analysis. In both groups, there were 
increases in plasma GIP and GLP-1 following the glucose drink, with no difference in the magnitude of the responses between 
t = 0–240 min. There was a weak relationship between the iAUC​0–240 min for GIP and GLP-1 in the combined (r = 0.23, 
P = 0.015) and in the IGT (r = 0.34, P = 0.01), but not in the NGT (r = 0.15, P = 0.14) group.
Conclusions  There is a weak relationship between oral glucose-induced GIP and GLP-1 secretions in non-diabetic subjects.
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Introduction

Glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide-1 (GLP-1) are released from the small 
intestine in response to macronutrient exposure (carbohy-
drate, lipid or protein). GIP is released from enteroendo-
crine ‘K’ cells, located predominantly in the proximal small 
intestine, and GLP-1 from ‘L’ cells, located predominantly 
in the distal small intestine and colon [1]. It has been sug-
gested that GIP and GLP-1 account, in approximately equal 
proportions, for the ‘incretin effect’ (the amplified insulin 
secretory response to oral compared with intravenous glu-
cose) in health, although the outcome of a recent study is 
indicative of a dominant contribution of GIP [2]. The incre-
tin effect is a major determinant of the postprandial insu-
lin secretory response in health, although its magnitude is 
reduced in type 2 diabetes (T2D), at least in part because 
the insulinotropic effect of GIP is markedly diminished [3]. 
GLP-1, unlike GIP, largely retains its insulinotropic (and 
glucagonostatic) properties in T2D, which has stimulated the 
development, and current widespread use, of GLP-1-based 
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therapy (GLP-1 receptor agonists and dipeptidyl peptidase 
4 (DPP-4) inhibitors) for T2D. Augmenting endogenous 
GLP-1 has been shown to be therapeutically beneficial—
both GLP-1 receptor agonists (> tenfold) and DPP-IV inhibi-
tors (approx. twofold) enhance active GLP-1 concentrations 
[4]. Moreover, elevated GLP-1 concentrations post-bariatric 
surgery is considered to be a key mechanism underlying its 
impressive metabolic improvements [5].

There is renewed interest in GIP—in addition to the grow-
ing recognition of its dominant contribution to postprandial 
insulin release, a specific GIP antagonist is now available [6] 
and a recent trial of a novel dual GIP/GLP-1 agonist reported 
superior results for both glucose lowering and weight loss 
compared with a selective GLP-1 agonist (dulaglutide) at 
26 weeks [7]. It is uncertain, however, whether GIP and 
GLP-1 secretion are related. A study by Nauck et al. in 
first-degree relatives of people with T2D and healthy con-
trols reported a strong correlation between plasma GIP and 
GLP-1 responses following a 75-g oral glucose tolerance test 
(OGTT) [8, 9], but the number of subjects (n = 15 relatives, 
n = 10 controls) was small. In general, macronutrients will 
be exposed earlier to ‘K’ than ‘L’ cells, and unlike rodents, 
GIP probably does not influence GLP-1 secretion in humans 
[9]. Our study was conducted to determine whether there is 
a relationship between plasma GIP and GLP-1 levels in a 
larger cohort of individuals with normal (NGT), or impaired 
(IGT), glucose tolerance.

Materials and methods

Subjects

One hundred healthy Caucasian subjects were recruited 
through local advertisement. Subjects with a history of 
gastrointestinal disease, other significant medical illness or 
taking medication known to affect gastrointestinal motility 
were excluded.

The protocol was approved by the Human Research Eth-
ics Committee of the Royal Adelaide Hospital, and each 
subject provided written informed consent. All experi-
ments were carried out in accordance with the Declaration 
of Helsinki.

Protocol

Individuals attended the Royal Adelaide Hospital, at 
∼ 08.30 h after an overnight fast (14 h for solids; 12 h for 
liquids) [10]. They were seated in an armchair, and a cannula 
was inserted into an antecubital vein for blood sampling. 
After a ‘rest period’ of 15–30 min, each subject consumed a 
drink containing 75 g glucose in 300 mL water within 2 min. 

Time zero (t = 0) was defined as the time of completion of 
the drink.

Venous blood samples (~ 12 mL) were obtained immedi-
ately prior to the commencement of the drink (t =  −3 min) 
and at t = 30, 60, 90, 120, 180 and 240 min. The IV can-
nula was then removed, and the subject offered a light lunch 
before leaving the laboratory.

Measurements

Blood glucose

Blood glucose was determined using a portable glucometer 
(Medisense Companion 2 Meter, Medisense Inc., Waltham, 
MA, USA) [11, 12]. Subjects with fasting blood glu-
cose ≥ 7.0 mmol/L and/or 2 h blood glucose ≥ 11.1 mmol/L 
were classified, according to WHO criteria, as having dia-
betes [13].

Serum insulin

Serum insulin was determined by ELISA (10–1113 Merco-
dia, Uppsala, Sweden), with assay sensitivity of 1.0 mU/L 
and coefficient of variation 2.5% within assays and 7.4% 
between assays [14].

Plasma GIP and GLP‑1

Plasma GIP was measured by radioimmunoassay. The 
minimum detectable limit was 2 pmol/L, inter-assay CV 
was 9.4% and intra-assay CV was 4.4% [15]. Total GLP-1 
was measured by radioimmunoassay (GLPIT-36HK, Mil-
lipore, Billerica, MA). The minimum detectable limit was 
3 pmol/L, and intra- and inter-assay CVs were 8.0% and 
10.0%, respectively [16].

Statistical analysis

Blood glucose, serum insulin, plasma GIP and GLP-1 were 
analyzed and presented as absolute values. Linear mixed-
model analyses with group and time as factors and Bon-
ferroni’s correction for post hoc comparisons were used to 
analyze blood glucose, insulin, GIP and GLP-1. Incremental 
areas under the curve (iAUC​0–240 min) for GIP and GLP-1 
were determined for the NGT, IGT and whole groups, and 
Pearson’s correlation was used to assess linear relation-
ships between variables. A P value < 0.05 was considered 
significant in all analyses. Data are presented as mean val-
ues ± SEMs, unless stated otherwise.
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Results

All subjects tolerated the study well, and there were no 
adverse events. Nine subjects had diabetes and were 
excluded from the analysis. Of the remaining 91 subjects 
(46 male and 45 female, mean age 68 ± 0.8 years, mean 
BMI 26 ± 0.3 kg/m2), 50 had NGT and 41 had IGT. A 
fixed sample size of 41 in the IGT group had the ability to 
obtain an unbiased estimate of the correlation coefficient 
of 0.2 to within ± 0.3.

Blood glucose

There was a substantial rise in blood glucose (time effect: 
P < 0.001) following the glucose load in both groups. 
Blood glucose concentrations were greater in IGT (group 
effect: P < 0.001 and group × time interaction: P < 0.001) 

with significant differences at t = 30, 60, 90 and 120 min 
(P < 0.05 for each, Fig. 1a).

Serum insulin

There was a substantial rise in serum insulin (time effect: 
P < 0.001) following the glucose load in both groups. The 
overall insulinemic response was slightly greater in IGT 
(group × time interaction: P < 0.001, Fig. 1b). Serum insu-
lin concentration was lower at t = 30 min and greater at 
t = 120 min in IGT (P < 0.05 for both, Fig. 1b).

Plasma GIP and GLP‑1

There was a substantial rise in plasma GIP (time effect: 
P < 0.001) following the glucose load in both groups. There 
was no difference in the overall GIP response between the 
two groups (group effect: P = 0.54, group × time inter-
action: P = 0.09, Fig.  1c). In both cohorts, plasma GIP 

Fig. 1   Blood glucose (a), serum insulin (b), plasma GIP (c) and 
plasma GLP-1 (d) levels immediately before and following a 75-g 
oral glucose load in individuals with NGT (n = 50) and IGT (n = 41). 
Results of the linear mixed-model analysis are reported as P values 
for differences by group (group), differences over time (time) and 

differences due to the interaction of group and time (group × time). 
Post hoc comparisons, adjusted by Bonferroni’s correction, were 
made if mixed-model analysis values (group × time) were significant. 
*P < 0.05 and ***P < 0.01. Data are means ± SEMs.
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levels were low at baseline, and rose promptly following 
the glucose drink with peak levels at ~ t = 30 min, maintained 
until ~ t = 120 min and followed by a decline to near baseline 
level at t = 240 min (Fig. 1c).

There was a substantial rise in plasma GLP-1 (time effect: 
P < 0.001) following the glucose load in both groups. There 
was no difference in the overall GLP-1 response between 
the two groups (group effect: P = 0.55, group × time inter-
action: P = 0.39, Fig. 1d). In both cohorts, plasma GLP-1 
levels were low at baseline, and rose promptly following 
the glucose drink with peak levels at ~ t = 30 min, followed 
by a decline to the baseline level at t = 120 min, which was 
maintained until t = 240 min (Fig. 1d).

There was no relationship between baseline GIP and 
GLP-1 in the combined group (r = 0.14, P = 0.17), NGT 
(r = 0.13, P = 0.37) or IGT (r = 0.16, P = 0.33). The differ-
ence between the NGT and IGT group for the relationship 
between baseline GIP and GLP-1 was not statistically sig-
nificant (z = −0.14, P = 0.89).

There was a significant relationship between the iAUC​
0–240 min for GIP and GLP-1 in the combined group (r = 0.23, 
P = 0.015), and in the IGT group (r = 0.34, P = 0.01), but not 
in the NGT group (r = 0.15, P = 0.14) (Fig. 2). The differ-
ence between the NGT and IGT group for the relationship 
between the iAUC​0–240 min for GIP and GLP-1 was not sta-
tistically significant (z = −0.93, P = 0.35).

Discussion

We have evaluated, in subjects with NGT or IGT, whether 
there is a relationship between the GIP and GLP-1 responses 
to a 75-g OGTT. Our observations establish that there is a 
significant relationship albeit weakly positive. The lack of 
statistical significance in the NGT group alone is likely to 
represent a type II error. Factors potentially affecting GLP-1 
and GIP secretion following macronutrient ingestion include 
the type of macronutrient stimulus (e.g., carbohydrate and 

lipid appear to be more potent stimuli of GLP-1 secretion 
than protein), caloric content, the rate of delivery of nutri-
ents from the stomach to the small intestine (i.e., gastric 
emptying), integrity (or lack) of upper gastrointestinal anat-
omy (for example, GLP-1 secretion is markedly enhanced 
post-Roux-en-Y gastric bypass surgery) and the gastroin-
testinal autonomic system [9]. An association between GIP 
and GLP-1 levels (and presumably secretion) might reflect 
(i) a common stimulus or (ii) the influence of one on the 
other. While GIP and GLP-1 are known to be released from 
distinct intestinal cells, some enteroendocrine cells may co-
secrete GIP and GLP-1 [17]. GIP and GLP-1 share some 
key commonalities (the same macronutrient stimuli induce 
the secretion of GIP and GLP-1 and the same ubiquitous 
enzyme, DPP-4, is responsible for the degradation of both 
[13]). Intuitively, as K cells are located more proximally, 
GIP may influence GLP-1 secretion, which is the case in 
some animal species [18]. However, intravenous infusion of 
supra-physiological doses of exogenous GIP does not stimu-
late GLP-1 secretion in humans [19].

Our analysis is indicative of only a modest correlation 
between the secretory responses of the two hormones, which 
was weaker than that observed by Nauck et al. [8] in a small 
cohort of first-degree relatives of people with T2D and 
healthy controls. We did not relate the incretin response to 
the rate of gastric emptying [20]. Gastric emptying exhibits a 
wide inter-individual variation (between 1 and 4 kcal/min in 
health) and our previous studies employing a naso-duodenal 
catheter to infuse glucose directly into the proximal duode-
num have shown that the rate of intra-duodenal delivery of 
glucose has a major, and differential, impact on both GIP and 
GLP-1 secretion [20]. When the rate was increased from 1 
to 4 kcal/min (i.e., within two extremes of the physiological 
range of gastric emptying), GIP secretion increased propor-
tionately. In contrast, there was minimal, if any, elevation in 
GLP-1 at rates of 1 to 2 kcal/min, but a sustained and exag-
gerated response when the rate was increased to 3 kcal/min 
and beyond, indicative of a ‘threshold’ rate of delivery (or 
gastric emptying rate) for GLP-1 release of between 2 and 
3 kcal/min [16]. It is, accordingly, possible that a stronger 
correlation between GIP and GLP-1 might be observed in 
individuals who have an intrinsically higher rate of gastric 
emptying (i.e., > 2 kcal/min).

In interpreting our observations, some limitations should 
be appreciated: (1) The correlation between GIP and GLP-1 
secretion does not establish causality; (2) our cohort com-
prised predominantly of older men, and it is not known 
whether age affects the relationship; (3) we did not account 
for variations in gastric emptying or small intestinal absorp-
tion; (4) we characterized the response to glucose and not 
protein or fat; and (5) for convenience, we used a glucometer 
to determine glucose concentrations, which were taken from 
venous rather than capillary or arterial samples.

Fig. 2   Relationship between the incremental areas under the 
curve  (iAUC) from 0–240  min for plasma GIP and GLP-1 in indi-
viduals with NGT (n = 50) and IGT (n = 41) following a 75-g glucose 
drink.
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In conclusion, our study establishes that there is a 
weak, but significant, relationship between GIP and GLP-1 
responses to oral glucose in individuals without diabetes.
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