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The enteroinsular axis

W. Creutzfeldt: Diabetologia 16:75-85, 1979



Abnormal enteroinsular axis

W. Creutzfeldt: Diabetologia 16:75-85, 1979

30-50%

50-70%

Transmission

of signals

Secretion 
Insulinotropic 

action 



Abnormal enteroinsular axis in type 2 diabetes

Common belief: fact or myth?

Secretion
Insulinotropic

effect

GLP-1 Decreased Normal

GIP
Increased 

or normal

Markedly

decreased 



Cross sectional study

Toft-Nielsen M et al. J Clin Endocrinol Metab 86: 3717–3723, 2001



GLP-1 secretin is reduced in patients with T2DM

Toft-Nielsen M et al. J Clin Endocrinol Metab 86: 3717–3723, 2001

Mixed meal

Total GLP-1



GLP-1 secretin is reduced in patients with T2DM 

only in the late postprandial period

Toft-Nielsen M et al. J Clin Endocrinol Metab 86: 3717–3723, 2001

Mixed meal

Total GLP-1



Toft-Nielsen M et al. J Clin Endocrinol Metab 86: 3717–3723, 2001

NGT

IGT

T2DM

A1c 8.4%, BMI 30.2 kg/m2

A1c 6.1%, BMI 35.0 kg/m2

A1c 5.9%, BMI 29.6 kg/m2



Effect of acute hyperglycemia

Vollmer K et al. J Clin Endocrinol Metab 94: 1379–1385, 2009



Diabetes Care 24:1640–1645, 2001(Insulin sensitivity was measured by a hyperinsulinemic euglycemic clamp)

Impaired Incretin Response After a Mixed Meal Is Associated With 

Insulin Resistance in Nondiabetic Men

Plasma insulin (pmol/L) Plasma GLP-1 (pmol/L)

Insulin resistant
Insulin resistant

Insulin sensitive

Insulin sensitive



Vollmer K et al., Diabetes 57:678–687, 2008

GIP and GLP-1 responses in NGT, IGT, and T2D

Statistics were carried out using repeated-measures ANOVA and denote differences between the experiments (A), 

differences over time (B), and differences due to the interaction of experiment and time (AB). 



Plasma glucose and insulin levels

T2DM A1c 6.8%, BMI 32.1 kg/m2; 

IGT A1c 5.9%, BMI 29.5 kg/m2; 

NGT A1c 5.8%, BMI 27.5 kg/m2



Integrated responses of ‘total’ GLP-1 to oral glucose or 

mixed meals based on individual studies

Nauck MA et al. Diabetologia (2011) 54:10–18

Oral glucose Mixed meal



The insulinotropic action of GLP-1 is also decreased 

by ~29% compared with normal subjects.
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GLP-1 (7-36 amide)

GIP

Hyperglycaemic clamp

Mean ± SE; N=18.

Nauck MA, et al. J Clin Invest. 1993;91:301-307. Reprinted with permission from The American Society for Clinical Investigation.

GLP-1 infusion rates

Low (near physiological): 0.4 pM/kg/min

High (supraphysiological): 1.2 pM/kg/min



Decreased insulinotropic action of 

GLP-1 in type 2 diabetes

Garber AJ. Diabetes Care 2011; 34 (suppl.2): S258-63



Abnormal enteroinsular axis in type 2 diabetes

Secretion
Insulinotropic

effect

GLP-1
Normal or

decreased*

Maintained or 

slightly decreased**

GIP

*, in some subjects with marked insulin resistance or severe hyperglycemia

**, correlated with decreased beta-cell functional capacity or mass; decreased response to physiological level of GLP-1



GIP secretion during 4-h mixed meal tests

Toft-Nielsen M et al. J Clin Endocrinol Metab 86: 3717–3723, 2001

T2DM

NGT
IGT



Vollmer K et al., Diabetes 57:678–687, 2008

GIP and GLP-1 responses in NGT, IGT, and T2D

Statistics were carried out using repeated-measures ANOVA and denote differences between the experiments (A), 

differences over time (B), and differences due to the interaction of experiment and time (AB). 



Virtually absent insulinotropic effect of GIP in T2D
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Patients With Type 2 Diabetes
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GIP Does Not Potentiate the Antidiabetic Effects of

GLP-1 in Hyperglycemic Patients With Type 2 Diabetes

Mentis N et al. Diabetes 60:1270–1276, 2011
GLP-1 (1.2 pmol · kg(-1) · min(-1))

GIP (4 pmol · kg(-1) · min(-1))



Abnormal enteroinsular axis in type 2 diabetes

Secretion
Insulinotropic

effect

GLP-1
Normal or

decreased*

Maintained or 

slightly decreased**

GIP
Increased 

or normal 

or decreased

Markedly 

decreased†

*, in some subjects with marked insulin resistance or severe hyperglycemia

**, correlated with decreased beta-cell functional capacity or mass

†, marked decrease in GIPR expression was observed in animals.



Cause or result of type 2 diabetes?

Secretion
Insulinotropic

effect

GLP-1
Normal or

decreased*

Maintained or 

slightly decreased**

GIP
Increased 

or normal 

or decreased

Markedly 

decreased†

*, in some subjects with marked insulin resistance or severe hyperglycemia

**, correlated with decreased beta-cell functional capacity or mass

†, marked decrease in GIPR expression was observed in animals.



Cause or result of type 2 diabetes?

• Cohort study (longitudinal)

• Genetic association

• Abnormalities in high risk groups

– IGT

– 1st degree relatives

– Previous GDM

• Abnormalities in other types of diabetes



Genetic variation in GIPR influences the glucose and 

insulin responses to an oral glucose challenge

Nature Genetics 2010;42:142-148
in strong linkage disequilibrium (r2 = 0.93) with 

a missense mutation in GIPR (Glu354Gln)



1st degree relative study

Nauck MA et al. Regulatory Peptides 122 (2004) 209– 217



75g OGTT and IIGI

61.9%64.4%

74.2%75.8%

IIGI, isoglycemic intravenous glucose infusion Nauck MA et al. Regulatory Peptides 122 (2004) 209– 217



No differences in GIP & GLP-1 secretion between 1st degree 

relatives of T2DM patients and matched healthy controls

Nauck MA et al. Regulatory Peptides 122 (2004) 209– 217



Reduced insulinotropic effect of GIP in first 

degree relatives of patients with T2DM

Meier JJ et al. Diabetes 50:2497–2504, 2001



Meier and Nauck: Current Diabetes Reports 2006;6:194-201



A GDM study

pGDM, previous gestational diabetes mellitus

Meier J.J.  et al. Diabetologia (2005) 48: 1872–1881



Meier J.J.  et al. Diabetologia (2005) 48: 1872–1881Closed circles, pGDM; open circles, controls



No difference in insulinotropic effect of GIP 

in subjects with previous GDM

Meier J.J.  et al. Diabetologia (2005) 48: 1872–1881Closed circles, pGDM; open circles, controls



Abnormal enteroinsular axis 

in subjects with high risk of T2DM

Secretion
Insulinotropic

effect

GLP-1
Normal or

decreased*
Maintained (?)

GIP
Normal or 

decreased*

Decreased in some 

cases**

*, in some subjects with marked insulin resistance or severe hyperglycemia

**, in some 1st-degree relatives of patients with T2DM

†,correlated with decreased beta-cell functional capacity or mass



Cause or result of type 2 diabetes?

• Cohort study (longitudinal) 

– not available

• Genetic association with GIPR

– postprandial glucose levels and incretin effects

• Abnormalities in high risk groups

– No remarkable differences

• Abnormalities in other types of diabetes

– Decreased incretin effects in patients with chronic 
pancreatitis and MODY3



Meier JJ and Nauck MA, Diabetes Care 2010; 59: 1117-1125

β-cell function and incretin effect



The enteroinsular axis in the pathogenesis of 

prediabetes and diabetes in humans

Status Incretin effect Incretins Secretion
Insulinotropic

effect

High risk of 

T2DM
(IGT, pGDM, and 

1st-degree 

relatives)

Normal 

GLP-1
Normal or

decreased*
Maintained (?)

GIP
Normal or

decreased*

Decreased in

some cases**

T2DM Decreased†

GLP-1
Normal or

decreased*

Maintained or 

slightly 

decreased†

GIP variable
Markedly 

decreased††

*, in some subjects with marked insulin resistance or severe hyperglycemia

**, in some 1st-degree relatives of patients with T2DM

†,correlated with decreased beta-cell functional capacity or mass; ; decreased response to physiological level of GLP-1

††, marked decrease in GIPR expression was observed in animals.



In Koreans?

Type 2 diabetes
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Reduced GLP-1 secretion in the late postprandial period

Vilsbфll T et al. Diabetes 50:609–613, 2001

No difference in AUCs

P for AUC total = 0.2, P for AUC active = 0.07 

T2D

normal

total

active

Mixed breakfast meal (566 kcal)



Plasma glucose levels

Vilsbфll T et al. Diabetes 50:609–613, 2001

A1c 9.2%, BMI 30.6 kg/m2

A1c 5.6%, BMI 31.0 kg/m2



GIP levels and K-cells in type 2 

diabetes and obesity

• Elevated or normal or 

decreased

• ↑ K-cell density in ob/ob 

mice vs. lean controls.

• Chronic high fat diet 

increases the density of 

K-cells in the upper 

jejunum.

Reviewed in Cho and Kieffer: Vitamins & Hormones 2010 Vilsbфll T et al. Diabetes 50:609–613, 2001

No difference in AUCs

T2D

normal

total

active

Mixed breakfast meal (566 kcal)



Progressive deterioration of glucose metabolism in GIPRdn transgenic pigs

Diabetes. 2010 May;59(5):1228-38.



GIPR polymorphism and obesity

Nat Genet 2010;42:937,  Nat Genet 2002;8:738



GIP/GIPR: the ultimate thrifty gene!

Nat Genet 2002;8:738

Molecular evolution of GIP

Regulatory Peptides 2009;155:121

GIP1-30 vs. GIP1-42



A Korean pGDM study

Yu SH et al. Diabetes Metab J 2011;35:58-64



A Korean pGDM study

GLP-1 secretion does not differ between pGDM patients and normal women. 

GIP was elevated, but that does not seem to induce in increase in insulin secretion. 

Yu SH et al. Diabetes Metab J 2011;35:58-64



Meier JJ and Nauck MA, Diabetes Care 2010; 59: 1117-1125



Diabetologia (2009) 52:199–207

Four weeks of near-normalization of blood glucose 

improves the insulin response to GLP-1 and GIP 

in patients with type 2 diabetes

GLP-1

GIP

Saline

Before  After insulin Tx



Effects on glucagon and NEFA

Mentis N et al. Diabetes 60:1270–1276, 2011





Determinants of incretin sensitivity

Factors Effects on receptor expression 

in β-cells

Mechanism

TCF7L2 variant* ↓GIPR, ↓GLP-1R

WFS1 variant** ↓GLP-1R

KCNQ1 ↓ Insulin secretion, ↑ GIP and GLP-1 

secretion

Hyperglycemia ↓GIPR, ↓GLP-1R PKCα

Metformin ↑GLP-1R PPARα

FaRy acids† ↑GIPR PPARα

*, rs7903146;  **, rs10010131; †, under euglycemic condiSons



Meier J.J.  et al. Diabetologia (2005) 48: 1872–1881Closed circles, pGDM; open circles, controls



Insulin sensitivity and beta-cell function



Meier JJ and Nauck MA, Diabetes Care 2010; 59: 1117-1125

GLP-1 secretion and blood glucose



Kjems, LL et al Diabetes 52:380–386, 2003



Meier JJ and Nauck MA, Diabetes Care 2010; 59: 1117-1125



Effect of chronic hyperglycemia

Meier JJ and Nauck MA, Diabetes Care 2010; 59: 1117-1125



Meier JJ and Nauck MA, Diabetes Care 2010; 59: 1117-1125



Meier JJ and Nauck MA, Diabetes Care 2010; 59: 1117-1125

Proposed mechanisms of the diminished 

incretin effect in type 2 diabetes



Reduced insulinotropic effect of GIP in first 

degree relatives of patients with T2DM

Meier JJ et al. Diabetes 50:2497–2504, 2001



GLP-1 in identical twins discordant for T2DM

Eur J Endocrinol. 1996 Oct;135(4):425-32.
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