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Abstract

We conducted the first prospective observational study in which we examined the associa-

tion between incretin responses to an oral glucose tolerance test (OGTT) and mixed meal

test (MMT) at baseline and changes in fasting glucose levels 7 years later, in individuals

who were non-diabetic at baseline. We used data from the Hoorn Meal Study; a population-

based cohort study among 121 subjects, aged 61.0±6.7y. GIP and GLP-1 responses were

determined at baseline and expressed as total and incremental area under the curve (tAUC

and iAUC). The association between incretin response at baseline and changes in fasting

glucose levels was assessed using linear regression. The average change in glucose over

7 years was 0.43 ± 0.5 mmol/l. For GIP, no significant associations were observed with

changes in fasting glucose levels. In contrast, participants within the middle and highest

tertile of GLP-1 iAUC responses to OGTT had significantly smaller increases (actually

decreases) in fasting glucose levels; -0.28 (95% confidence interval: -0.54;-0.01) mmol/l

and -0.39 (-0.67;-0.10) mmol/l, respectively, compared to those in the lowest tertile. The

same trend was observed for tAUC GLP-1 following OGTT (highest tertile: -0.32 (0.61;-

0.04) mmol/l as compared to the lowest tertile). No significant associations were observed

for GLP-1 responses following MMT. In conclusion, within our non-diabetic population-

based cohort, a low GLP-1 response to OGTT was associated with a steeper increase in

fasting glucose levels during 7 years of follow-up. This suggests that a reduced GLP-1

response precedes glucose deterioration and may play a role in the etiology of type 2 diabe-

tes mellitus.
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Introduction

Type 2 diabetes mellitus (T2DM) is characterized by hyperglycaemia, which results from a

combination of insulin resistance, increased hepatic glucose production and pancreatic β-cell

dysfunction[1, 2]. Recent evidence indicated that the gastrointestinal system, especially the

incretin hormones, play a significant role in the pathophysiology of T2DM as well[3]. The

growing interest in the use of incretin-based therapies and other interventions in early stages

of the disease underscore the importance to determine the possible etiological role of the incre-

tin hormones in T2DM.

During ingestion of food, the gastrointestinal incretin hormones, glucose-dependent insuli-

notropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1), are released from the gut

into the bloodstream, where they bind to their specific receptors on the pancreas to regulate

the amount of insulin and glucagon that is secreted to control blood glucose levels. The impor-

tant role of the incretin hormones with regard to insulin secretion becomes apparent when the

same amount of glucose is infused intravenously as opposed to orally ingested; oral glucose

enhances insulin secretion much more than infused glucose: the so-called incretin effect[4, 5].

In healthy people, the incretin effect accounts for at least 50%[6] and up to 70%, of the total

insulin secreted after oral glucose intake and therefore plays an important role in maintaining

normal glucose regulation after meal intake[7, 8]. In T2DM patients, the incretin effect is

severely reduced[9] and the impairment is thought to explain an important part of the im-

paired insulin secretion seen in T2DM[10].

Besides stimulating insulin secretion, through several pathways [11], the incretins have

additional effects, both on postprandial metabolism, as well as on pathways that may exert

long-term metabolic effects. In the postprandial state, GIP stimulates and GLP-1 suppresses

glucagon secretion. In addition, GLP-1 lowers hepatic glucose production, increases glucose

uptake in the muscles and slows gastric emptying[6, 12]. Long-term effects of the incretins

include central nervous system effects to regulate appetite and food intake and also involve

cardiovascular and neurotropic effects[6, 12]. Given the wide range of glucoregulatory actions

of the incretin hormones and their importance in maintaining glucose homeostasis it was

hypothesized that incretin responses are associated with changes in fasting glucose over time.

Up until now, only cross-sectional studies have investigated alterations in incretin

responses, which have shown inconclusive results with GLP-1 and GIP being increased[10, 13,

14], decreased [15–22] or normal[16, 23–26] in T2DM and pre-diabetes. Meta-analyses of

Calanna et al. 2013[27, 28] in T2DM patients, showed an overall preserved GIP[27] and unal-

tered GLP-1[28] secretion. However, there was substantial heterogeneity between studies, in

particular for GLP-1 responses and stratified analyses showed different results for liquid versus

solid meals. In a report on the cross-sectional data of our population-based cohort, GIP and

GLP-1 responses (tAUC) were increased in T2DM patients, but not in persons with intermedi-

ate hyperglycaemia[29].

However, these cross-sectional findings should be interpreted carefully, because compari-

son between diseased and healthy individuals may be confounded by other metabolic alter-

ations, such as differences in body mass index (BMI) and rate of gastric emptying in T2DM

[30]. Prospective studies among non-diseased individuals could provide more insight into the

role of incretins in the etiology of T2DM[31], by studying the relationship between incretin

hormone response and glucose deterioration over time. Therefore, we conducted the first

prospective observational study in which we examine the association between incretin

responses to an oral glucose tolerance test (OGTT) and mixed meal test (MMT) at baseline

and changes in fasting plasma glucose levels 7 years later, in individuals who were non-diabetic

at baseline.

Incretin response and change in glucose level over time

PLOS ONE | https://doi.org/10.1371/journal.pone.0191114 January 11, 2018 2 / 13

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing interests: I have read the journal’s

policy and the authors of this manuscript have the

following competing interests: JH has received fees

for consulting, lecturing, and/or being part of an

advisory board from AstraZeneca, Boehringer

Ingelheim, Bristol-Myers Squibb, Eli Lilly and

Company, GI Dynamics, Merck Sharp & Dohme,

Novo Nordisk, Novartis, Sanofi, Takeda, and

Zealand Pharma. MA is an employee of Unilever

R&D. The baseline measurements of this study

were supported by an unrestricted investigator

initiated grant of Merck & Co., Inc. No other

potential competing interests were reported. This

does not alter our adherence to PLOS ONE policies

on sharing data and materials.

https://doi.org/10.1371/journal.pone.0191114


Materials and methods

Study population

The study participants were from the Hoorn Meal Study, which involves a population-based

cohort of 40–65 year old men and women, all Caucasian, initiated in the year 2005[29, 32].

The study population consisted of 208 participants of which 194 persons were randomly

invited from the general population in Hoorn, the Netherlands and 14 patients with T2DM

were recruited from the regional Diabetes Care System. Details of the inclusion procedure

were described earlier[29, 32]. After 7 years, a follow-up examination was carried out. Of the

remaining 187 participants who were invited for the follow-up examination, 129 (69%) agreed

to participate. For the current study, participants with T2DM at baseline (n = 5) or participants

without glucose measures at follow-up (n = 3) were excluded, resulting in a study population

of 121 subjects. All participants signed informed consent and the medical ethics committee of

the VU University Medical Centre approved the study.

Study procedure

At the baseline examination, participants received a 75g-OGTT and a standardized MMT after

an overnight fast, on separate days, in random order, within 2 weeks. Except for the OGTT or

test meal and a small amount of water, participants refrained from food, drinks and physical

activity during the test. During the OGTT, blood samples were drawn in the fasting state and

at 15, 30, 60, 90 and 120 minutes following glucose intake. The MMT was a standardized

mixed breakfast consisting of 2 croissants (90g), 10g butter, 40g cheese, 150g full-fat milk and

100g of yoghurt drink enriched with 10g of maltose. The total nutrient content was 3487kJ

(74g (36 Energy%) carbohydrates, 49g (52 Energy%) fat of which 28g was saturated and 24g

(12 Energy%) proteins). Blood samples were collected in fasting state and at 15, 30, 60, 90, 120,

180 and 240 minutes following meal intake. Blood samples were drawn from the antecubital

vein, immediately processed after sampling and stored at -80C˚.

After 7 years of follow-up, a physical examination was performed, including measurement

of fasting plasma glucose levels, lifestyle factors and anthropometry. For the measurement of

fasting plasma glucose levels a blood sample was taken after an overnight fast.

GIP and GLP-1 levels

The blood samples drawn during the OGTT and MMT were assessed for GIP and GLP-1 lev-

els. Total GLP-1 levels were determined using RIA (antiserum 89390) against standards of syn-

thetic GLP-1 7–36 amide. The assay measures the sum of intact GLP-1 and the primary

metabolite, GLP-1 9–36 amide[33]. Total GIP levels were measured using the COOH termi-

nally directed antiserum R65, which fully reacts with intact human GIP and the NH2 termi-

nally truncated metabolite[34]. For both assays, sensitivity was below 1pmol/l and intra-assay

coefficients of variation below 6% at 20 pmol/l. In order to minimize inter-assay variation, all

samples were run consecutively and without delay, using identical reagents and protocols.

Outcome

Primary outcome was defined as the change in fasting plasma glucose levels (continuous out-

come) during a median 7.0±0.2 year follow-up. Fasting plasma glucose levels at baseline and

follow-up were determined using the glucose hexokinase method Modular analytics, Roche

diagnostics, Mannheim, Germany, with intra- and inter-assay coefficients of variation of 1.5%

and 1.5%, respectively.

Incretin response and change in glucose level over time
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Other measures

Age and sex were self-reported. We measured weight and height, with participants wearing

light clothes only, and the BMI was calculated as weight/height squared (kg/m2). Waist cir-

cumference was measured according to a standardised procedure, as described earlier[35].

Sitting blood pressure was measured twice on the right arm with a random-zero sphygmoma-

nometer (Hawksley–Gelman, Lancing, UK) and the average was used. Level of insulin was

measured from a fasted blood sample by immunometric assays (ACS Centaur, Bayer Diagnos-

tics, Mijdrecht, The Netherlands). The insulinogenic index was calculated by dividing the

increment in insulin during the first 30 min of OGTT/MMT by the increment in glucose over

the same period [36]. HOMA-IR was calculated using the following equation: HOMA-IR =

(fasting plasma insulin × fasting plasma glucose) / 22.5 [37].

Statistical analyses

Characteristics of study participants. First, possible selection bias was investigated by

comparing age, sex, BMI, fasting plasma glucose and 2h plasma glucose levels at baseline

between participants who participated (n = 126) in the follow-up examination and those who

did not (n = 82), using Student’s t-test for continuous variables and Chi-Square tests for

dichotomous variables.

Baseline characteristics of the final study population (n = 121) were presented. Continuous

data were presented as mean ± standard deviation (SD) or median (interquartile range (IQR))

when variables were skewed, while dichotomous data were presented as %.

Analysis of GIP and GLP-1 levels. GIP and GLP-1 responses following OGTT and MMT

were measured as the total area under the curve (tAUC) as well as the incremental area under

the curve (iAUC), the latter only measuring the area above baseline level. The AUC was calcu-

lated using the trapezoid method for the total duration of the OGTT and MMT, 2 hours and 4

hours, respectively. Linearity was checked for continuous determinants. Due to the non-linear

associations that were observed, AUC data were grouped into tertiles.

Associations with fasting plasma glucose levels at baseline. To examine the cross-sec-

tional association between the tAUC and iAUC of the incretin hormones and fasting glucose

levels at baseline, unstandardized regression coefficients were estimated, using linear regres-

sion analyses. Although age, sex and BMI were not associated with incretin responses at the

baseline measurement[29], we adjusted for these variables in our analysis because BMI, age

and sex are known as important determinants of glucose levels and diabetes[16, 20]. We also

assessed whether sex was a possible effect modifier.

Associations with fasting plasma glucose levels after 7 years of follow-up. To examine

the prospective association between the tAUC and iAUC of the incretin hormones and

changes in fasting glucose levels during 7 years of follow-up, unstandardized regression coeffi-

cients were estimated, using linear regression analyses. While fasting glucose levels at follow-

up were expected to be higher in participants with already higher fasting glucose levels at base-

line, the so called ‘horse-racing effect’, we adjusted for fasting glucose levels at baseline in all

models and subsequently for age, sex, follow-up duration and BMI (model 2). In additional

analyses, we adjusted for possible mediating factors; insulinogenic index as a marker of beta-

cell function and HOMA-IR as a marker of insulin sensitivity (model 3). Due to the limited

number of participants, we restricted the number of confounders or mediators.

To assess possible selection bias due to drop-outs at follow-up, we performed a sensitivity

analysis using inverse probability weighting (IPW) analysis, based on propensity scores, to

adjust for baseline differences between participants who participated in the follow-up exami-

nation and those who did not. With IPW, a logistic regression analysis is performed to

Incretin response and change in glucose level over time
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estimate the probability of participating at follow-up for a particular individual and then the

inverse of the predicted probability is used as a weight in the subsequent linear regression anal-

ysis. Individuals who are less likely to be present at follow-up, based on their baseline charac-

teristics, are weighted most heavily in the subsequent linear regression analysis.

Finally, we also examined the prospective association of the fasting, 30 minute and 2h incre-

tin levels separately with changes in fasting glucose levels during 7 years of follow-up. For

these additional analyses, the same models were used as for the main analyses.

Associations with BMI and waist after 7 years of follow-up. Along with its insulinotro-

pic effects, GIP enhances fat deposition and GLP-1 reduces food intake and body weight,

thereby potentially exacerbating and improving obesity, respectively[38, 39]. Therefore, we

also examined the prospective association of incretin levels with changes in BMI and waist cir-

cumference during 7 years of follow-up. The analyses were adjusted for BMI or waist circum-

ference at baseline and subsequently for age, sex and follow-up duration.

Statistical analyses were performed with SPSS version 20.0 (SPSS Inc., Chicago, IL) and a p-

value below 0.05 was considered to be statistically significant.

Results

Characteristics of study participants

Compared to the 121 participants who took part in the follow-up examination after a median

7.0±0.2 year follow-up, those who declined participation had a significantly higher BMI (28.6

vs. 26.9 kg/m2, p = 0.01), waist circumference (99 vs. 94 cm, p = 0.006), fasting glucose levels

(6.0 vs. 5.5 mmol/l, p = 0.001) and 2h plasma glucose levels (6.6 vs. 5.2 mmol/l, p = 0.001) at

baseline. No significant age and sex differences were observed.

The baseline characteristics of the study population (n = 121), including levels of fasting,

tAUC and iAUC concentrations of GLP-1 and GIP, are described in Table 1. Of the 121 partic-

ipants without T2DM at baseline, 9 participants (7.4%) had developed T2DM after 7 years of

follow-up.

Associations with fasting glucose levels at baseline

Results of the linear regression analyses between the tAUC and iAUC of GIP and GLP-1 and

fasting glucose levels at baseline are shown in S1 and S2 Tables. Sex was not an effect modifier.

No significant associations were observed for GIP levels. For tAUC GLP-1 following MMT,

but not following OGTT, we observed that in the crude model, those with GLP-1 responses in

the middle and highest tertile had significantly lower fasting glucose levels compared to those

in lowest tertile (-0.28 (95% CI: -0.47; -0.08) mmol/l and -0.27 (95% CI: -0.46; -0.08) mmol/l,

respectively). Similar results were observed after additional adjustment for age, sex and BMI.

For iAUC GLP-1, a significant association was observed, in the crude model, for the highest as

compared to the lowest tertile following OGTT, but not MMT (-0.23 (95% CI: -0.42;–0.04)

mmol/l). However this association was no longer significant after adjustment for additional

confounders.

Associations with changes in fasting glucose levels during 7 years of follow-

up

The mean change in fasting glucose levels during 7 years of follow-up was 0.43 ± 0.5 mmol/l

(p = 0.000), resulting in a mean fasting glucose level at follow-up of 5.83 ± 0.7 mmol/l. Results

of the linear regression analyses between the tAUC and iAUC of GIP and GLP-1 at baseline

and changes fasting glucose levels after 7 years of follow-up are shown in Tables 2 and 3. Sex

Incretin response and change in glucose level over time
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was not an effect modifier. No significant associations were observed for GIP levels. However,

individuals in the lowest tertile of iAUC GLP-1 following OGTT had an increase of 0.95

mmol/l in fasting glucose levels during 7 years of follow-up. Those in the middle and highest

tertiles had a significantly smaller increase (in fact, decreases) in fasting glucose levels during

follow-up, adjusted for fasting glucose levels at baseline, compared to those in lowest tertile;

-0.28 (95% CI: -0.54;–0.03) mmol/l and -0.38 (95% CI: -0.65;–0.12) mmol/l, respectively

(Table 3). Similar results were observed after adjustment for additional confounders; age, sex,

follow-up duration and BMI. Further adjustment for possible mediating variables; insulino-

genic index and HOMA-IR also did not affect the associations. For the tAUC GLP-1, the same

trend was observed; following OGTT, those in the highest tertile had a significantly smaller

increase in fasting glucose levels (Table 2). No significant associations were observed for GLP-

1 levels following the MMT.

In the sensitivity analyses using IPW, the association of the tAUC and iAUC of GLP-1 fol-

lowing OGTT with the change in fasting glucose levels during follow-up became more pro-

nounced. For the iAUC of GLP-1, the regression coefficients, in the baseline glucose, age, sex,

follow-up duration and BMI adjusted model, for those in the middle and highest tertiles, com-

pared to those in lowest tertile, were; -0.30 (95% CI: -0.57; -0.03) and -0.42 (95% CI:-0.71;

-0.12), respectively. For the tAUC of GLP-1, the regression coefficients were; -0.16 (95% CI:

-0.42; 0.11) and -0.36 (95% CI: -0.65; -0.06), respectively. Furthermore, excluding individuals

who were on lipid lowering or antihypertensive medication, did not change the estimates. For

the iAUC of GLP-1, the regression coefficients, adjusted for baseline glucose, age, sex, follow-

up duration and BMI, for those in the middle and highest tertiles, compared to the lowest

Table 1. Population characteristics at baseline (n = 121).

Sex (% female) 50.4

Age (years) 54.1 ± 6.6

Body mass index (kg/m2) 26.7 ± 3.7

Waist circumference (cm) 93.1 ± 11.2

Systolic blood pressure (mm/Hg) 134.7 ± 15.8

Diastolic blood pressure (mm/Hg) 76.8 ± 9.3

Fasting glucose (mmol/l) 5.4 ± 0.4

2h glucose OGTT (mmol/l) 5.0 ± 1.3

Fasting GIP (pmol/l) 6.3 (6.3)

Fasting GLP-1 (pmol/l) 11.0 (4.8)

Fasting insulin (pmol/l) 40.9 (30.4)

tAUC GIP OGTT (mmol/l�min) 82.3 (59.9)

tAUC GLP-1 OGTT (mmol/l�min) 34.9 (19.5)

tAUC GIP MMT (mmol/l�min) 299.2 (184.1)

tAUC GLP-1 MMT (mmol/l�min) 64.4 (29.5)

iAUC GIP OGTT (mmol/l�min) 72.3 (56.3)

iAUC GLP-1 OGTT (mmol/l�min) 12.0 (12.5)

iAUC GIP MMT (mmol/l�min) 275.8 (176.6)

iAUC GLP-1 MMT (mmol/l�min) 23.9 (26.9)

Hypertension medication (n, %) 8, 7

Lipid lowering medication (n, %) 19,16

Values are mean ± SD, or median (interquartile range) in case of a skewed distribution.

Duration of OGTT is 2h, duration MMT is 4h. tAUC = total area under the curve, iAUC = incremental area under

the curve.

https://doi.org/10.1371/journal.pone.0191114.t001
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tertile, were; -0.29 (95% CI: -0.60; -0.02) and -0.40 (95% CI: -0.74; -0.06), respectively. For the

tAUC of GLP-1, the regression coefficients were; -0.18 (95% CI: -0.47; 0.12) and -0.34 (95%

CI: -0.69; 0.01), respectively.

When the association between incretin response and changes in fasting glucose levels was

examined, using only the fasting, 30 minute or 2h OGTT levels instead of the AUC, no signifi-

cant associations were observed. These results suggested that incretin levels at single time

points were not predictive and cannot be used instead of the AUC of the incretin response.

The regression coefficients for the middle and highest tertile of fasting GLP-1, compared to

the lowest tertile, adjusted for fasting glucose levels at baseline, were; 0.03 (95% CI: -0.20; 0.27)

and -0.13 (95% CI:-0.36; 0.11), respectively. For the fasting levels of GIP, the regression coeffi-

cients were; 0.09 (95% CI: -0.14; 0.32) and -0.05 (95% CI: -0.30; 0.19), respectively. The regres-

sion coefficients for the middle and high tertile of 30 minute OGTT levels of GLP-1, compared

to the lowest tertile, adjusted for fasting glucose levels at baseline, were; -0.10 (95% CI: -0.35;

0.15) and -0.20 (95% CI: -0.44; 0.04), respectively. For the 30 minute OGTT levels of GIP, the

regression coefficients were; 0.02 (95% CI: -0.22; 0.27) and -0.02 (95% CI: -0.28; 0.22), respec-

tively. Finally, the regression coefficients for the middle and highest tertile of 2h OGTT levels

of GLP-1, compared to the lowest tertile, adjusted for fasting glucose levels at baseline, were;

0.16 (95% CI: -0.09; 0.41) and -0.10 (95% CI: -0.35; 0.14), respectively. For the 2h OGTT levels

of GIP, the regression coefficients were; -0.05 (95% CI: -0.29; 0.20) and 0.09 (95% CI: -0.15;

0.34), respectively.

Table 2. Regression coefficients (with 95% confidence intervals) for the association of the tAUC of GIP and GLP-

1 following OGTT and MMT at baseline and change in fasting plasma glucose levels during 7.0 years of follow-up.

Model 1 Model 2 Model 3

GIP tAUC OGTT N = 107 N = 107 N = 105

Low (reference) 0.51 (-0.92; 1.95) 0.48 (-3.47; 4.43) 0.93 (-3.40; 5.26)

Middle -0.02 (-0.29; 0.25) -0.06 (-0.33; 0.21) -0.05 (-0.32; 0.22)

High -0.09 (-0.35; 0.18) -0.07 (-0.34; 0.21) -0.02 (-0.29; 0.25)

GIP tAUC MMT N = 106 N = 106 N = 99

Low (reference) 0.67 (-0.70; 2.03) 0.61 (-2.94; 4.16) 0.70 (-3.07; 4.48)

Middle 0.14 (-0.12; 0.40) 0.14 (-0.12; 0.40) 0.15 (-0.12; 0.42)

High -0.03 (-0.29; 0.23) 0.01 (-.26; 0.28) 0.04 (-0.25; 0.32)

GLP-1 tAUC OGTT N = 105 N = 105 N = 103

Low (reference) 0.64 (-0.80; 2.08) 0.53 (-3.43; 4.49) 1.12 (-3.16; 5.40)

Middle -0.15 (-0.41; 0.11) -0.15 (-0.41; 0.12) -0.12 (-0.37; 0.14)

High -0.33 (-0.59; -0.06) -0.32 (-0.61; -0.04) -0.31 (-0.60; -0.03)

GLP-1 tAUC MMT N = 107 N = 107 N = 100

Low (reference) 1.24 (-0.21; 2.68) 0.89 (-2.56; 4.34) 1.03 (-2.64; 4.71)

Middle -0.19 (-0.46; 0.07) -0.22 (-0.49; 0.05) -0.19 (-0.47; 0.09)

High -0.21 (-0.48; 0.05) -0.22 (-0.48; 0.04) -0.22 (-0.49; 0.05)

Note that only for the ‘middle’ and ‘high’ categories regression coefficients are presented. For the ‘low’ category

intercepts are presented. Note that individual parameters have missing data.

Models

1: Adjusted for fasting glucose levels at baseline.

2: Adjusted for fasting glucose levels at baseline, age, sex, follow-up duration and BMI.

3: Adjusted for fasting glucose levels at baseline, age, sex, follow-up duration, BMI, insulinogenic index and

HOMA-IR.

Bold = significant association.

https://doi.org/10.1371/journal.pone.0191114.t002
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Associations with BMI and waist during 7 years of follow-up

Results of the linear regression analyses between the tAUC and iAUC of GIP and GLP-1 at

baseline and changes in BMI and waist circumference after 7 years of follow-up are shown in

S3 and S4 Tables. In general, only small differences were observed between the groups. For

GIP, no significant associations were observed with changes in BMI and waist circumference.

For GLP-1, compared to those in the lowest tertile of the tAUC following MMT, participants

in the highest tertile had a statistically significant smaller increase in BMI; -1.03 kg/m2 (95%

confidence interval: -1.89;-0.16) mmol/l (S3 Table). The same was observed for the iAUC of

GLP-1 following OGTT; those in the highest tertile had a statistically significant smaller

increase in BMI; -1.00 kg/m2 (95% confidence interval: -1.91;-0.09). Although participants in

the highest GLP-1 tertile also seemed to have a smaller increase in waist circumference, except

for iAUC GLP-1 following MMT (S4 Table), no significant associations were observed

between GLP-1 and changes in waist circumference.

Discussion

To our knowledge, this study is the first prospective study to examine the association of incre-

tin responses to an OGTT and MTT at baseline and the change in fasting plasma glucose dur-

ing 7 years of follow-up, in individuals who were non-diabetic at baseline. Up until now, the

cross-sectional evidence on the aetiological role of the incretin hormones in T2DM has been

Table 3. Regression coefficients (with 95% confidence intervals) for the association of the iAUC of GIP and GLP-

1 following OGTT and MMT at baseline and change in fasting plasma glucose levels during 7.0 years of follow-up.

Model 1 Model 2 Model 3

GIP iAUC OGTT N = 107 N = 107 N = 105

Low (reference) 0.54 (-0.91; 1.20) 0.61 (-3.34; 4.56) 1.06 (-3.35; 5.37)

Middle -0.03 (-0.29; 0.24) -0.09 (-0.37; 0.18) -0.08 (-0.36; 0.19)

High -0.05 (-0.32; 0.21) -0.05 (-0.32; 0.22) -0.003 (-0.27; 0.26)

GIP iAUC MMT N = 106 N = 106 N = 99

Low (reference) 0.80 (-0.58; 2.19) 0.64 (-2.95; 4.22) 0.82 (-2.99; 4.64)

Middle -0.07 (-0.34; 0.19) -0.06 (-0.33; 0.21) -0.01 (-0.29; 0.27)

High -0.08 (-0.34; 0.18) -0.02 (-0.29; 0.26) -0.04 (-0.32; 0.25)

GLP-1 iAUC OGTT N = 105 N = 105 N = 103

Low (reference) 1.07 (-0.41; 2.56) 0.95 (-3.00; 4.91) 1.06 (-3.23; 5.34)

Middle -0.28 (-0.54; -0.03) -0.28 (-0.54; -0.01) -0.27 (-0.53; 0.001)

High -0.38 (-0.65; -0.12) -0.39 (-0.68; -0.10) -0.35 (-0.63; -0.06)

GLP-1 iAUC MMT N = 107 N = 107 N = 100

Low (reference) 0.92 (-0.48; 2.32) 1.11 (-2.37; 4.58) 1.14 (-2.56; 4.84)

Middle 0.11 (-0.15; 0.37) 0.14 (-0.14; 0.41) 0.07 (-0.21; 0.35)

High -0.01 (-0.27; 0.24) 0.05 (-0.22; 0.32) 0.03 (-0.26; 0.32)

Note that only for the ‘middle’ and ‘high’ categories regression coefficients are presented. For the ‘low’ category

intercepts are presented. Note that individual parameters have missing data.

Models

1: Adjusted for fasting glucose levels at baseline.

2: Adjusted for fasting glucose levels at baseline, age, sex, follow-up duration and BMI.

3: Adjusted for fasting glucose levels at baseline, age, sex, follow-up duration, BMI, insulinogenic index and

HOMA-IR.

Bold = significant association.

https://doi.org/10.1371/journal.pone.0191114.t003
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inconclusive[10, 13–26, 29, 40]. In our current prospective analyses (without T2DM patients)

GIP response was not associated with fasting glucose levels at baseline or with a change in fast-

ing glucose levels during follow-up. In contrast, for GLP-1 both the cross-sectional baseline as

the prospective analyses showed an inverse association between GLP-1 and (change in) fasting

glucose, suggesting that a low GLP-1 response was predictive for glucose deterioration.

Comparison of our results to previous studies is hampered by the cross-sectional design of

those studies[10, 13–26, 29]. Up until now, the predominant view was that altered incretin secre-

tion is unlikely to be an initial defect in the aetiology of T2DM and instead is a consequence of

the diabetic state[17, 40–42]. For example, in a study of identical twins, discordant for diabetes,

only the one with T2DM showed impaired GLP-1 secretion, suggesting that an impairment in

GLP-1 secretion may be a consequence of T2DM[17]. However, a recent study of Færch et al.

(2015) challenged this view, showing that the GLP-1 response to an OGTT was impaired in sub-

jects with pre-diabetes, suggesting that changes in GLP-1 secretion precede glucose deterioration

rather than being a consequence of it[20]. Although results of previous cross-sectional studies

should be interpreted carefully, the results from Færch et al. (2015) are in line with ours, which

indicate that reduced GLP-1 secretion does indeed predict glucose deterioration. While our

study is the first prospective study, additional studies are necessary to replicate these results.

Our current observation that only the secretion of GLP-1 and not GIP was significantly

associated with a change in fasting glucose levels during follow-up can be seen as unexpected,

as the two incretin hormones are very similar with respect to insulinotropic effects, i.e. recep-

tors and signal transduction mechanisms[43, 44]. However, GLP-1 and GIP have dissimilar

metabolic effects, with GLP-1 being more favorable for glucose homeostasis and energy bal-

ance, as GLP-1 directly inhibits glucagon and increases satiety and thereby reduces energy

intake[6, 38]. In contrast, GIP is involved in energy storage and fat deposition, which when

chronic, promotes diabetes development[45]. In our analyses, an association was observed for

GLP-1 but not for GIP with changes in BMI over time, with high levels of GLP-1 being associ-

ated with a smaller increase in BMI, compared to those with low levels of GLP-1. This is in line

with previous studies showing that GLP-1 reduces food intake and body weight [38, 39].

While our study is the first prospective study, we need additional studies to confirm these

results and provide possible (metabolic) explanations for the observation that only the secre-

tion of GLP-1 and not GIP was associated with changes in fasting glucose levels.

The second unexpected result was the absence of a significant association between GLP-1

response and glucose concentrations at follow-up after a MMT, which was significant for the

response after an OGTT. This discrepancy might be explained by the overall lower and slower

incretin response to the MMT as compared to the OGTT, making it harder to distinguish dif-

ferences. Finally, we observed differences in association for the tAUC versus the iAUC. For

tAUC, the association following the MMT was similar to that of the OGTT, albeit not signifi-

cant, while this was not the case for iAUC. This difference could be explained by the fact that

the tAUC is predominantly dependent on the fasting levels, which are expected to be very sim-

ilar between the MMT and OGTT[27]. As the iAUC is more dependent on the load and the

response is thus more dissimilar between the MMT and OGTT, this possibly explains our

observed difference. However, as our study is the first prospective study, additional studies are

necessary to support these results.

Our study has some limitations. First, the number of subjects investigated in this study is

rather limited and studies with larger sample sizes are required to confirm our results. How-

ever, we feel that the need for a population-based, prospective study, on this topic outweighs

the limited number of subjects. Second, because only 9 participants developed T2DM at fol-

low-up, we were unable to assess the association between the incretins and incident T2DM,

due to lack of statistical power. Third, while we have not conducted OGTT’s or determined
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insulin and glucagon levels at follow-up and HbA1c data is lacking at baseline, our analyses are

limited to (change in) fasting glucose levels at follow-up, not reflecting total glucose metabo-

lism or insulin sensitivity status. Fourth, our results might also be explained by an age depen-

dent decline of GLP-1 response. However, our analyses were corrected for age at baseline and

in addition, Færch et al. (2015) showed a positive association between age and GLP-1 response,

not a negative one[20]. Fifth, as with any observational prospective study, the baseline mea-

surement of the exposure, the incretin response, may not reflect the exposure during the

(entire) follow-up period, and may have changed upon factors such as diet or medication.

Unfortunately no information on changes of diet or drug exposure during follow-up was avail-

able. Finally, the participants included in the analysis were significantly healthier compared to

the participants who declined participation at follow-up and this could have led to an underes-

timation of observed associations. Indeed, in a sensitivity analysis using IPW to adjust for

selection by such drop-outs, the association of the tAUC and iAUC of GLP-1 following OGTT

with the change in fasting glucose levels during follow-up became more pronounced.

The main strength of this study is that we were able to conduct a prospective study on the

association of the incretin hormones with change in fasting glucose levels. Second, extensive

baseline measures were conducted, including an OGTT as well as a MMT, which provides

additional information on the normal physiological response after eating a meal. Third, ana-

lyzing a generally healthy population at baseline reduces the role of major potential confound-

ers such as variations in the rate of gastric emptying. In addition, adjusting for possible

confounders or mediating variables, including indicators of insulin sensitivity or beta-cell

function, or overweight, did not explain the observed associations. Neither did exclusion of

individuals who were using antihypertensive or lipid lowering drugs at baseline. Fourth, incre-

tin analyses were made at the time of plasma sampling. Any other study design would have

caused problems because of long term storage of plasma samples (retrospective studies) or

because of a 3 times greater inter-assay variation than intra-assay variation (prospective stud-

ies). Finally, we measured plasma total GIP and GLP-1 levels and not plasma intact GIP and

GLP-1 levels. Plasma concentrations of total GIP and GLP-1 include the intact, active hor-

mone and the inactive primary metabolites of GIP and GLP-1 and are therefore better indica-

tors of the overall secretory response than plasma intact incretin levels as these are rapidly

degraded by the enzyme DPP4 [12].

In conclusion, the current study suggests a low GLP-1 response to an OGTT to be associ-

ated with a steeper increase in fasting plasma glucose levels over time. These results support

the hypothesis that reduced GLP-1 secretion precedes glucose deterioration and this reduction

might play a role in the etiology of T2DM.

Supporting information

S1 Table. Regression coefficients (with 95% confidence intervals) for the association of the

tAUC of GIP and GLP-1 following OGTT and MMT and fasting plasma glucose level at

baseline.

(DOCX)

S2 Table. Regression coefficients (with 95% confidence intervals) for the association of the

iAUC of GIP and GLP-1 following OGTT and MMT and fasting plasma glucose level at

baseline.

(DOCX)

S3 Table. Regression coefficients (with 95% confidence intervals) for the association of the

tAUC of GIP and GLP-1 following OGTT and MMT at baseline and change in BMI and

Incretin response and change in glucose level over time

PLOS ONE | https://doi.org/10.1371/journal.pone.0191114 January 11, 2018 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191114.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191114.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191114.s003
https://doi.org/10.1371/journal.pone.0191114


waist during 7.0 years of follow-up.

(DOCX)

S4 Table. Regression coefficients (with 95% confidence intervals) for the association of the

iAUC of GIP and GLP-1 following OGTT and MMT at baseline and change in BMI and

waist during 7.0 years of follow-up.

(DOCX)

Acknowledgments

The authors thank the research assistants of the Diabetes Research Center in Hoorn for per-

forming the study. The technical assistance of Lene Albæk is gratefully acknowledged. The

study was supported by the Danish Medical Research Council.

Author Contributions

Conceptualization: J. M. Dekker.

Investigation: A. D. M. Koopman, F. Rutters, M. Alssema.

Writing – original draft: A. D. M. Koopman, F. Rutters, M. Alssema.

Writing – review & editing: S. P. Rauh, G. Nijpels, J. J. Holst, J. W. Beulens, J. M. Dekker.

References
1. Boyle PJ, Freeman JS. Application of incretin mimetics and dipeptidyl peptidase IV inhibitors in manag-

ing type 2 diabetes mellitus. J Am Osteopath Assoc. 2007;107 Suppl:S10-6. PMID: 17724013.

2. Pratley RE, Weyer C. The role of impaired early insulin secretion in the pathogenesis of Type II diabetes

mellitus. Diabetologia. 2001; 44(8):929–45. https://doi.org/10.1007/s001250100580 PMID: 11484070.

3. Kahn SE, Cooper ME, Del Prato S. Pathophysiology and treatment of type 2 diabetes: perspectives on

the past, present, and future. Lancet. 2014; 383(9922):1068–83. https://doi.org/10.1016/S0140-6736

(13)62154-6 PMID: 24315620; PubMed Central PMCID: PMC4226760.

4. McIntyre N, Holdsworth CD, Turner DS. New Interpretation of Oral Glucose Tolerance. Lancet. 1964; 2

(7349):20–1. PMID: 14149200.

5. Perley MJ, Kipnis DM. Plasma insulin responses to oral and intravenous glucose: studies in normal and

diabetic sujbjects. J Clin Invest. 1967; 46(12):1954–62. https://doi.org/10.1172/JCI105685 PMID:

6074000; PubMed Central PMCID: PMC292948.

6. Kim W, Egan JM. The role of incretins in glucose homeostasis and diabetes treatment. Pharmacol Rev.

2008; 60(4):470–512. https://doi.org/10.1124/pr.108.000604 PMID: 19074620; PubMed Central

PMCID: PMC2696340.

7. Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP. Gastroenterology. 2007; 132(6):2131–57.

https://doi.org/10.1053/j.gastro.2007.03.054 PMID: 17498508.

8. Nauck MA, Homberger E, Siegel EG, Allen RC, Eaton RP, Ebert R, et al. Incretin effects of increasing

glucose loads in man calculated from venous insulin and C-peptide responses. J Clin Endocrinol

Metab. 1986; 63(2):492–8. https://doi.org/10.1210/jcem-63-2-492 PMID: 3522621.

9. Nauck M, Stockmann F, Ebert R, Creutzfeldt W. Reduced incretin effect in type 2 (non-insulin-depen-

dent) diabetes. Diabetologia. 1986; 29(1):46–52. PMID: 3514343.

10. Faerch K, Vaag A, Holst JJ, Glumer C, Pedersen O, Borch-Johnsen K. Impaired fasting glycaemia vs

impaired glucose tolerance: similar impairment of pancreatic alpha and beta cell function but differential

roles of incretin hormones and insulin action. Diabetologia. 2008; 51(5):853–61. https://doi.org/10.

1007/s00125-008-0951-x PMID: 18317726.

11. Yabe D, Seino Y, Seino Y. Incretin concept revised: The origin of the insulinotropic function of gluca-

gon-like peptide-1—the gut, the islets or both? J Diabetes Investig. 2017. https://doi.org/10.1111/jdi.

12718 PMID: 28746743.

12. Holst JJ, Vilsboll T, Deacon CF. The incretin system and its role in type 2 diabetes mellitus. Mol Cell

Endocrinol. 2009; 297(1–2):127–36. https://doi.org/10.1016/j.mce.2008.08.012 PMID: 18786605.

Incretin response and change in glucose level over time

PLOS ONE | https://doi.org/10.1371/journal.pone.0191114 January 11, 2018 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191114.s004
http://www.ncbi.nlm.nih.gov/pubmed/17724013
https://doi.org/10.1007/s001250100580
http://www.ncbi.nlm.nih.gov/pubmed/11484070
https://doi.org/10.1016/S0140-6736(13)62154-6
https://doi.org/10.1016/S0140-6736(13)62154-6
http://www.ncbi.nlm.nih.gov/pubmed/24315620
http://www.ncbi.nlm.nih.gov/pubmed/14149200
https://doi.org/10.1172/JCI105685
http://www.ncbi.nlm.nih.gov/pubmed/6074000
https://doi.org/10.1124/pr.108.000604
http://www.ncbi.nlm.nih.gov/pubmed/19074620
https://doi.org/10.1053/j.gastro.2007.03.054
http://www.ncbi.nlm.nih.gov/pubmed/17498508
https://doi.org/10.1210/jcem-63-2-492
http://www.ncbi.nlm.nih.gov/pubmed/3522621
http://www.ncbi.nlm.nih.gov/pubmed/3514343
https://doi.org/10.1007/s00125-008-0951-x
https://doi.org/10.1007/s00125-008-0951-x
http://www.ncbi.nlm.nih.gov/pubmed/18317726
https://doi.org/10.1111/jdi.12718
https://doi.org/10.1111/jdi.12718
http://www.ncbi.nlm.nih.gov/pubmed/28746743
https://doi.org/10.1016/j.mce.2008.08.012
http://www.ncbi.nlm.nih.gov/pubmed/18786605
https://doi.org/10.1371/journal.pone.0191114


13. Romero F, Nicolau J, Flores L, Casamitjana R, Ibarzabal A, Lacy A, et al. Comparable early changes in

gastrointestinal hormones after sleeve gastrectomy and Roux-En-Y gastric bypass surgery for morbidly

obese type 2 diabetic subjects. Surg Endosc. 2012; 26(8):2231–9. https://doi.org/10.1007/s00464-012-

2166-y PMID: 22302537.

14. Salera M, Giacomoni P, Pironi L, Cornia G, Capelli M, Marini A, et al. Gastric inhibitory polypeptide

release after oral glucose: relationship to glucose intolerance, diabetes mellitus, and obesity. J Clin

Endocrinol Metab. 1982; 55(2):329–36. https://doi.org/10.1210/jcem-55-2-329 PMID: 7045154.

15. Laakso M, Zilinskaite J, Hansen T, Boesgaard TW, Vanttinen M, Stancakova A, et al. Insulin sensitivity,

insulin release and glucagon-like peptide-1 levels in persons with impaired fasting glucose and/or

impaired glucose tolerance in the EUGENE2 study. Diabetologia. 2008; 51(3):502–11. https://doi.org/

10.1007/s00125-007-0899-2 PMID: 18080106.

16. Toft-Nielsen MB, Damholt MB, Madsbad S, Hilsted LM, Hughes TE, Michelsen BK, et al. Determinants

of the impaired secretion of glucagon-like peptide-1 in type 2 diabetic patients. J Clin Endocrinol Metab.

2001; 86(8):3717–23. https://doi.org/10.1210/jcem.86.8.7750 PMID: 11502801.

17. Vaag AA, Holst JJ, Volund A, Beck-Nielsen HB. Gut incretin hormones in identical twins discordant for

non-insulin-dependent diabetes mellitus (NIDDM)—evidence for decreased glucagon-like peptide 1

secretion during oral glucose ingestion in NIDDM twins. Eur J Endocrinol. 1996; 135(4):425–32. PMID:

8921824.

18. Ahren B, Larsson H, Holst JJ. Reduced gastric inhibitory polypeptide but normal glucagon-like peptide 1

response to oral glucose in postmenopausal women with impaired glucose tolerance. Eur J Endocrinol.

1997; 137(2):127–31. PMID: 9272099.

19. Rask E, Olsson T, Soderberg S, Holst Jj J, Tura A, Pacini G, et al. Insulin secretion and incretin hor-

mones after oral glucose in non-obese subjects with impaired glucose tolerance. Metabolism. 2004; 53

(5):624–31. PMID: 15131768.

20. Faerch K, Torekov SS, Vistisen D, Johansen NB, Witte DR, Jonsson A, et al. GLP-1 Response to Oral

Glucose Is Reduced in Prediabetes, Screen-Detected Type 2 Diabetes, and Obesity and Influenced by

Sex: The ADDITION-PRO Study. Diabetes. 2015; 64(7):2513–25. https://doi.org/10.2337/db14-1751

PMID: 25677912.

21. Muscelli E, Mari A, Casolaro A, Camastra S, Seghieri G, Gastaldelli A, et al. Separate impact of obesity

and glucose tolerance on the incretin effect in normal subjects and type 2 diabetic patients. Diabetes.

2008; 57(5):1340–8. https://doi.org/10.2337/db07-1315 PMID: 18162504.

22. Zhang F, Tang X, Cao H, Lu Q, Li N, Liu Y, et al. Impaired secretion of total glucagon-like peptide-1 in

people with impaired fasting glucose combined impaired glucose tolerance. Int J Med Sci. 2012; 9

(7):574–81. https://doi.org/10.7150/ijms.4128 PMID: 22991496; PubMed Central PMCID:

PMC3444978.

23. Muscelli E, Mari A, Natali A, Astiarraga BD, Camastra S, Frascerra S, et al. Impact of incretin hormones

on beta-cell function in subjects with normal or impaired glucose tolerance. Am J Physiol Endocrinol

Metab. 2006; 291(6):E1144–50. https://doi.org/10.1152/ajpendo.00571.2005 PMID: 16478775.

24. Smushkin G, Sathananthan A, Man CD, Zinsmeister AR, Camilleri M, Cobelli C, et al. Defects in GLP-1

response to an oral challenge do not play a significant role in the pathogenesis of prediabetes. J Clin

Endocrinol Metab. 2012; 97(2):589–98. https://doi.org/10.1210/jc.2011-2561 PMID: 22090278;

PubMed Central PMCID: PMC3275363.

25. Vollmer K, Holst JJ, Baller B, Ellrichmann M, Nauck MA, Schmidt WE, et al. Predictors of incretin con-

centrations in subjects with normal, impaired, and diabetic glucose tolerance. Diabetes. 2008; 57

(3):678–87. https://doi.org/10.2337/db07-1124 PMID: 18057091.

26. Yabe D, Kuroe A, Watanabe K, Iwasaki M, Hamasaki A, Hamamoto Y, et al. Early phase glucagon and

insulin secretory abnormalities, but not incretin secretion, are similarly responsible for hyperglycemia

after ingestion of nutrients. J Diabetes Complications. 2015; 29(3):413–21. https://doi.org/10.1016/j.

jdiacomp.2014.12.010 PMID: 25613093.

27. Calanna S, Christensen M, Holst JJ, Laferrere B, Gluud LL, Vilsboll T, et al. Secretion of glucose-depen-

dent insulinotropic polypeptide in patients with type 2 diabetes: systematic review and meta-analysis of

clinical studies. Diabetes Care. 2013; 36(10):3346–52. https://doi.org/10.2337/dc13-0465 PMID:

24065842; PubMed Central PMCID: PMC3781498.

28. Calanna S, Christensen M, Holst JJ, Laferrere B, Gluud LL, Vilsboll T, et al. Secretion of glucagon-like

peptide-1 in patients with type 2 diabetes mellitus: systematic review and meta-analyses of clinical stud-

ies. Diabetologia. 2013; 56(5):965–72. https://doi.org/10.1007/s00125-013-2841-0 PMID: 23377698;

PubMed Central PMCID: PMC3687347.

29. Alssema M, Rijkelijkhuizen JM, Holst JJ, Teerlink T, Scheffer PG, Eekhoff EM, et al. Preserved GLP-1

and exaggerated GIP secretion in type 2 diabetes and relationships with triglycerides and ALT. Eur J

Endocrinol. 2013; 169(4):421–30. https://doi.org/10.1530/EJE-13-0487 PMID: 23864340.

Incretin response and change in glucose level over time

PLOS ONE | https://doi.org/10.1371/journal.pone.0191114 January 11, 2018 12 / 13

https://doi.org/10.1007/s00464-012-2166-y
https://doi.org/10.1007/s00464-012-2166-y
http://www.ncbi.nlm.nih.gov/pubmed/22302537
https://doi.org/10.1210/jcem-55-2-329
http://www.ncbi.nlm.nih.gov/pubmed/7045154
https://doi.org/10.1007/s00125-007-0899-2
https://doi.org/10.1007/s00125-007-0899-2
http://www.ncbi.nlm.nih.gov/pubmed/18080106
https://doi.org/10.1210/jcem.86.8.7750
http://www.ncbi.nlm.nih.gov/pubmed/11502801
http://www.ncbi.nlm.nih.gov/pubmed/8921824
http://www.ncbi.nlm.nih.gov/pubmed/9272099
http://www.ncbi.nlm.nih.gov/pubmed/15131768
https://doi.org/10.2337/db14-1751
http://www.ncbi.nlm.nih.gov/pubmed/25677912
https://doi.org/10.2337/db07-1315
http://www.ncbi.nlm.nih.gov/pubmed/18162504
https://doi.org/10.7150/ijms.4128
http://www.ncbi.nlm.nih.gov/pubmed/22991496
https://doi.org/10.1152/ajpendo.00571.2005
http://www.ncbi.nlm.nih.gov/pubmed/16478775
https://doi.org/10.1210/jc.2011-2561
http://www.ncbi.nlm.nih.gov/pubmed/22090278
https://doi.org/10.2337/db07-1124
http://www.ncbi.nlm.nih.gov/pubmed/18057091
https://doi.org/10.1016/j.jdiacomp.2014.12.010
https://doi.org/10.1016/j.jdiacomp.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25613093
https://doi.org/10.2337/dc13-0465
http://www.ncbi.nlm.nih.gov/pubmed/24065842
https://doi.org/10.1007/s00125-013-2841-0
http://www.ncbi.nlm.nih.gov/pubmed/23377698
https://doi.org/10.1530/EJE-13-0487
http://www.ncbi.nlm.nih.gov/pubmed/23864340
https://doi.org/10.1371/journal.pone.0191114


30. Phillips WT, Schwartz JG, McMahan CA. Rapid gastric emptying of an oral glucose solution in type 2

diabetic patients. J Nucl Med. 1992; 33(8):1496–500. PMID: 1634941.

31. Faerch K, Borch-Johnsen K, Holst JJ, Vaag A. Pathophysiology and aetiology of impaired fasting gly-

caemia and impaired glucose tolerance: does it matter for prevention and treatment of type 2 diabetes?

Diabetologia. 2009; 52(9):1714–23. https://doi.org/10.1007/s00125-009-1443-3 PMID: 19590846.

32. Rijkelijkhuizen JM, Girman CJ, Mari A, Alssema M, Rhodes T, Nijpels G, et al. Classical and model-

based estimates of beta-cell function during a mixed meal vs. an OGTT in a population-based cohort.

Diabetes Res Clin Pract. 2009; 83(2):280–8. https://doi.org/10.1016/j.diabres.2008.11.017 PMID:

19097663.

33. Nauck MA, El-Ouaghlidi A, Gabrys B, Hucking K, Holst JJ, Deacon CF, et al. Secretion of incretin hor-

mones (GIP and GLP-1) and incretin effect after oral glucose in first-degree relatives of patients with

type 2 diabetes. Regul Pept. 2004; 122(3):209–17. https://doi.org/10.1016/j.regpep.2004.06.020 PMID:

15491793.

34. Deacon CF, Nauck MA, Meier J, Hucking K, Holst JJ. Degradation of endogenous and exogenous gas-

tric inhibitory polypeptide in healthy and in type 2 diabetic subjects as revealed using a new assay for

the intact peptide. J Clin Endocrinol Metab. 2000; 85(10):3575–81. https://doi.org/10.1210/jcem.85.10.

6855 PMID: 11061504.

35. Seidell JC, Oosterlee A, Deurenberg P, Hautvast JG, Ruijs JH. Abdominal fat depots measured with

computed tomography: effects of degree of obesity, sex, and age. Eur J Clin Nutr. 1988; 42(9):805–15.

PMID: 3181112.

36. Seltzer HS, Allen EW, Herron AL Jr., Brennan MT. Insulin secretion in response to glycemic stimulus:

relation of delayed initial release to carbohydrate intolerance in mild diabetes mellitus. J Clin Invest.

1967; 46(3):323–35. https://doi.org/10.1172/JCI105534 PMID: 6023769; PubMed Central PMCID:

PMCPMC297053.

37. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model

assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin concen-

trations in man. Diabetologia. 1985; 28(7):412–9. PMID: 3899825.

38. Freeman JS. Role of the incretin pathway in the pathogenesis of type 2 diabetes mellitus. Cleve Clin J

Med. 2009; 76 Suppl 5:S12–9. https://doi.org/10.3949/ccjm.76.s5.03 PMID: 19952298.

39. Seino Y, Yabe D. Glucose-dependent insulinotropic polypeptide and glucagon-like peptide-1: Incretin

actions beyond the pancreas. J Diabetes Investig. 2013; 4(2):108–30. https://doi.org/10.1111/jdi.12065

PMID: 24843641; PubMed Central PMCID: PMC4019264.

40. Nauck MA, Vardarli I, Deacon CF, Holst JJ, Meier JJ. Secretion of glucagon-like peptide-1 (GLP-1) in

type 2 diabetes: what is up, what is down? Diabetologia. 2011; 54(1):10–8. https://doi.org/10.1007/

s00125-010-1896-4 PMID: 20871975.

41. Knop FK, Vilsboll T, Hojberg PV, Larsen S, Madsbad S, Volund A, et al. Reduced incretin effect in type

2 diabetes: cause or consequence of the diabetic state? Diabetes. 2007; 56(8):1951–9. https://doi.org/

10.2337/db07-0100 PMID: 17513701.

42. Meier JJ, Gallwitz B, Askenas M, Vollmer K, Deacon CF, Holst JJ, et al. Secretion of incretin hormones

and the insulinotropic effect of gastric inhibitory polypeptide in women with a history of gestational dia-

betes. Diabetologia. 2005; 48(9):1872–81. https://doi.org/10.1007/s00125-005-1863-7 PMID:

16010522.

43. Holst JJ, Gromada J. Role of incretin hormones in the regulation of insulin secretion in diabetic and non-

diabetic humans. Am J Physiol Endocrinol Metab. 2004; 287(2):E199–206. https://doi.org/10.1152/

ajpendo.00545.2003 PMID: 15271645.

44. Vilsboll T, Holst JJ. Incretins, insulin secretion and Type 2 diabetes mellitus. Diabetologia. 2004; 47

(3):357–66. https://doi.org/10.1007/s00125-004-1342-6 PMID: 14968296.

45. Irwin N, Flatt PR. Evidence for beneficial effects of compromised gastric inhibitory polypeptide action in

obesity-related diabetes and possible therapeutic implications. Diabetologia. 2009; 52(9):1724–31.

https://doi.org/10.1007/s00125-009-1422-8 PMID: 19533083.

Incretin response and change in glucose level over time

PLOS ONE | https://doi.org/10.1371/journal.pone.0191114 January 11, 2018 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/1634941
https://doi.org/10.1007/s00125-009-1443-3
http://www.ncbi.nlm.nih.gov/pubmed/19590846
https://doi.org/10.1016/j.diabres.2008.11.017
http://www.ncbi.nlm.nih.gov/pubmed/19097663
https://doi.org/10.1016/j.regpep.2004.06.020
http://www.ncbi.nlm.nih.gov/pubmed/15491793
https://doi.org/10.1210/jcem.85.10.6855
https://doi.org/10.1210/jcem.85.10.6855
http://www.ncbi.nlm.nih.gov/pubmed/11061504
http://www.ncbi.nlm.nih.gov/pubmed/3181112
https://doi.org/10.1172/JCI105534
http://www.ncbi.nlm.nih.gov/pubmed/6023769
http://www.ncbi.nlm.nih.gov/pubmed/3899825
https://doi.org/10.3949/ccjm.76.s5.03
http://www.ncbi.nlm.nih.gov/pubmed/19952298
https://doi.org/10.1111/jdi.12065
http://www.ncbi.nlm.nih.gov/pubmed/24843641
https://doi.org/10.1007/s00125-010-1896-4
https://doi.org/10.1007/s00125-010-1896-4
http://www.ncbi.nlm.nih.gov/pubmed/20871975
https://doi.org/10.2337/db07-0100
https://doi.org/10.2337/db07-0100
http://www.ncbi.nlm.nih.gov/pubmed/17513701
https://doi.org/10.1007/s00125-005-1863-7
http://www.ncbi.nlm.nih.gov/pubmed/16010522
https://doi.org/10.1152/ajpendo.00545.2003
https://doi.org/10.1152/ajpendo.00545.2003
http://www.ncbi.nlm.nih.gov/pubmed/15271645
https://doi.org/10.1007/s00125-004-1342-6
http://www.ncbi.nlm.nih.gov/pubmed/14968296
https://doi.org/10.1007/s00125-009-1422-8
http://www.ncbi.nlm.nih.gov/pubmed/19533083
https://doi.org/10.1371/journal.pone.0191114

