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Abstract
Objective: The role of the incretin hormones in the pathophysiology of maturity onset diabetes of the young (MODY)

is unclear.

Design: We studied the postprandial plasma responses of glucagon, incretin hormones (glucagon-like peptide 1 (GLP1) and

glucose-dependent insulinotropic polypeptide (GIP)) and dipeptidyl-peptidase 4 (DPP4) enzymatic activity in patients with

glucokinase (GCK) diabetes (MODY2) and hepatocyte nuclear factor 1a (HNF1A) diabetes (MODY3) as well as in matched

healthy individuals (CTRLs).

Subjects and methods: Ten patients with MODY2 (mean ageGS.E.M. 43G5 years; BMI 24G2 kg/m2; fasting plasma glucose

(FPG) 7.1G0.3 mmol/l: HbA1c 6.6G0.2%), ten patients with MODY3 (age 31G3 years; BMI 24G1 kg/m2; FPG 8.9G0.8 mmol/l;

HbA1c 7.0G0.3%) and ten CTRLs (age 40G5 years; BMI 24G1 kg/m2; FPG 5.1G0.1 mmol/l; HbA1c 5.3G0.1%) were examined

with a liquid test meal.

Results: All of the groups exhibited similar baseline values of glucagon (MODY2: 7G1 pmol/l; MODY3: 6G1 pmol/l; CTRLs: 8G

2 pmol/l, PZ0.787), but patients with MODY3 exhibited postprandial hyperglucagonaemia (area under the curve (AUC)

838G108 min!pmol/l) as compared to CTRLs (182G176 min!pmol/l, PZ0.005) and tended to have a greater response than

did patients with MODY2 (410G154 min!pmol/l, PZ0.063). Similar peak concentrations and AUCs for plasma GIP and

plasma GLP1 were observed across the groups. Increased fasting DPP4 activity was seen in patients with MODY3 (17.7G

1.2 mU/ml) vs CTRLs (13.6G0.8 mU/ml, PZ0.011), but the amount of activity was similar to that in patients with MODY2

(15.0G0.7 mU/ml, PZ0.133).

Conclusion: The pathophysiology of MODY3 includes exaggerated postprandial glucagon responses and increased fasting DPP4

enzymatic activity but normal postprandial incretin responses both in patients with MODY2 and in patients with MODY3.
ed
European Journal of

Endocrinology

(2015) 173, 205–215
Introduction
Maturity onset diabetes of the young (MODY) designates

monogenic forms of diabetes characterised by i) early

onset of diabetes (often before the age of 25 years), ii) a
positive family history of diabetes, iii) hyperglycaemia

without a history of ketoacidosis, iv) measurable circulat-

ing C-peptide levels lasting longer than 3 years after
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diagnosis, and v) the absence of islet cell antibodies and

glutamic acid decarboxylase (GAD) autoantibodies at

the time of diagnosis (1, 2). MODY is inherited in an

autosomal and dominant fashion, with the most common

forms being glucokinase (GCK) diabetes (MODY2; caused

by mutations in the GCK gene) and hepatocyte nuclear

factor 1a (HNF1A) diabetes (MODY3; caused by mutations

the transcription factor HNF1A gene) (1, 3, 4), and it causes

w1–2% of all cases of diabetes (5). MODY3, which is the

moreprevalentof the two forms (1,3,4), is characterisedbya

rapid progression of glucose intolerance. The diagnosis is

often made after the sudden occurrence of symptoms such

as polyuria and polydipsia, and many patients are therefore

misclassifiedashavingtype1diabetes (6,7).AdefectiveGCK

activity in patients with MODY2 results in impaired b cell

glucose sensing and, consequently, an increased glucose

threshold for insulin secretion, but the patients seem to

maintain a preserved insulin secretory capacity (8).

Glucagon serves to maintain plasma glucose (PG)

concentrations within the normal range during fasting

and counteracts the glucose-lowering effect of insulin. The

pathogenesis of type 2 diabetes involves both fasting and

postprandial hyperglucagonaemia contributing impor-

tantly to the hyperglycaemia of these patients (9, 10).

The incretin hormones glucose-dependent insulino-

tropic polypeptide (GIP) and glucagon-like peptide 1

(GLP1) are secreted from endocrine mucosal K and L

cells respectively in the small intestine in response to

presence of nutrients in the gut lumen (11), and they

interact with the GIP and GLP1 receptors respectively.

Their insulinotropic effect is strictly glucose-dependent

and kicks in at the beginning of a meal (12). GLP1 also

inhibits glucagon secretion from pancreatic a cells and

thereby reduces hepatic glucose production, which further

contributes to the blood glucose-lowering effect of GLP1

(13). Biologically active GIP and GLP1 (i.e. the intact forms

of the hormones) are rapidly and extensively metabolised

by the enzyme dipeptidyl-peptidase 4 (DPP4), which cleaves

the N-terminal dipeptide from the hormones and thereby

inactivates them (11). Interestingly, the transcription factor

HNF1A has been shown to be necessary for promoter

activation of the DPP4 gene (14). Thus, patients with

MODY3 may have altered DPP4 expression (and overall

DPP4 enzymatic activity) and therefore potentially also

altered levels of intact GLP1 and GIP after meal ingestion.

Very little is known about postprandial plasma

glucagon profiles in patients with MODY. Our group

previously found hyperglucagonaemia following an oral

glucose tolerance test (OGTT) in patients with MODY3

and normal responses in patients with MODY2 (15).
www.eje-online.org
Furthermore, the postprandial release of the incretin

hormones has only been studied sparsely in patients

with MODY3 (15, 16) and has only been studied in

patients with MODY2 after an OGTT (15, 17). Studies in

patients with type 2 diabetes have shown reduced

responses of the incretin hormones to a mixed meal

(18, 19). Thus, the postprandial responses of the incretin

hormones and glucagon in patients with MODY remain

unclear. The aims of the present study were to examine

fasting and postprandial circulating levels of glucagon,

GIP, GLP1 and insulin in the two most common forms of

MODY, MODY2 and MODY3, and in matched healthy

individuals (CTRLs). In addition, DPP4 activity in plasma

as well as its consequences for the plasma levels of intact

and metabolised incretin hormones was determined.
Subjects and methods

The protocol was approved by the Scientific Ethical

Committee of the Capitol Region (registration number

H-1-2010-130) and was registered at ClinicalTrials.gov

(ID: NCT01342939). The trial was conducted according to

the principles of the Helsinki Declaration II.
Subjects

Anthropometric data are listed in Table 1. All MODY

patients had established heterozygous loss-of-function

mutations in the HNF1A gene (HNF1A diabetes, or

MODY3) or in the GCK gene (GCK diabetes, or MODY2).

All of the mutations were confirmed by sequencing, and

patients were recruited from Steno Diabetes Center,

Gentofte, Denmark. Mutations were considered patho-

genic if they met at least one of the following criteria:

i) previously published reports on the disease causing

the effect of the specific mutation; ii) the presence of a

truncating mutation; and/or iii) the co-segregation of the

mutation with a MODY phenotype within the family and

the absence of the variant in normal chromosomes. Ten

patients with MODY2, ten patients with MODY3 and ten

CTRLs were included in the study. Three MODY2 patients

were related, including two siblings and their mother

(GCK-6, GCK-7 and GCK-8). The specific mutations are

listed in Table 2. Nine of the patients with MODY2, all of

the patients with MODY3 and nine of the CTRLs had been

included in a previously published study wherein we

investigated the incretin effect on and hormone responses

to oral and intravenous glucose (15).

Inclusion criteria included: Caucasians with MODY3

or MODY2 above 18 years of age, BMI of O19 kg/m2,
Downloaded from Bioscientifica.com at 08/24/2022 10:45:31AM
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Table 1 Anthropometric data.

CTRL (1) MODY2 (2) MODY3 (3) PANOVA

n (females) 10 (6) 10 (8) 10 (5) 0.366a

Age (years) 40G5 43G5 31G3 0.137
BMI (kg/m2) 24G1 24G2 24G1 0.945
FPG (mmol/l) 5.1G0.1*(2,3) 7.1G0.3*(1) 8.9G0.8*(1) !0.001
HbA1c (%) 5.3G0.1*(3) 6.6G0.2*(3) 7.0G0.3*(1,2) !0.001
HbA1c (mmol/mol) 34G1*(3) 49G2*(3) 53G3*(1,2) !0.001
HOMA-IR 1.8G0.1 3.6G1.0 1.9G0.2 0.107

Data are meansGS.E.M. P values are derived from one-way ANOVA for inter-load variations. Asterisk indicates significant differences (P!0.05) from the
group given in parentheses in the inter-load variations (post hoc analysis).
ac2 test for sex difference.

Table 2 Specific mutations. Ten patients with MODY2, ten

patients with MODY3, and ten healthy individuals were

included in the study. All of the mutations were heterozygous

loss-of-function mutations, as confirmed by sequencing at the

Steno Diabetes Center, Gentofte, Denmark. Three MODY2

patients were related: two siblings and their mother (GCK-6,

GCK-7 and GCK-8).

MODY2 MODY3
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normal haemoglobin (males O8.2 mmol/l; females

O7.2 mmol/l), normal blood pressure (!160/100 mmHg),

informed consent, negative pregnancy test (women) and

the absence of islet autoantibodies and GAD65 auto-

antibodies. Exclusion criteria included: heart failure

(New York Heart Association class III–IV), plasma creati-

nine levels of O130 mmol/l and/or albuminuria, liver

disease (alanine aminotransferase and/or aspartate amino-

transferase O2! the upper normal serum levels),

anaemia, pregnancy or breast-feeding, the inability to

complete the trial and treatment with medicine that

could not be paused for 12 h.

Six out of the ten patients with MODY3 were treated

with oral blood glucose-lowering drugs (glimepiride,

repaglinide, tolbutamide and/or metformin). The remain-

ing MODY patients (nZ14) were treated with diet only.

None of the patients had impaired renal function or

impaired liver function or suffered from cardiovascular

disease, autonomic neuropathy or retinopathy. None of

the CTRLs had a family history of diabetes, and according

to a 75 g OGTT performed immediately before inclusion

in the study, they all had normal glucose tolerance.

Apart from the oral glucose-lowering drugs, none of the

participants were treated with drugs that are suspected

to influence PG, insulin, C-peptide, glucagon or incretin

hormone responses. All of the participants agreed to

participate after receiving oral and written information.
Individual

Mutation

(chromosome 7) Individual

Mutation

(chromosome 12)

GCK-1 Ivs4C1g/a HNF1A-1 Ivs4nt-2
GCK-2 Thr255Ala HNF1A-2 Glu234Stop
GCK-3 Gln287Pro HNF1A-3 Pro291fsinsC
GCK-4 Leu292His HNF1A-4 Pro379fsdelCT
GCK-5 Cys220Trp HNF1A-5 Pro291fsinsC
GCK-6 Gly258Asp HNF1A-6 C1623C1g/t
GCK-7 Gly258Asp HNF1A-7 Ex2-10del
GCK-8 Gly258Asp HNF1A-8 Pro291fsinsC
GCK-9 Ile404fsdelAT HNF1A-9 Cys241Gly
GCK-10 Arg191Gln HNF1A-10 Gln124Stop
Experimental protocol

Following an initial screening visit, each participant was

examined with a liquid test meal (350 ml Nutridrink

Compact (Nutricia A/S, Allerød, Denmark) containing

525 kcal: 65 g carbohydrate, 20 g fat, 21 g protein). One

and a half grams of paracetamol (Panodil, GlaxoSmithKline

A/S) dissolved in 50 ml water was added to the test

meal for the evaluation of gastric emptying (20, 21).
The experimental day was preceded by a 1-week wash-out

of blood glucose-lowering drugs. The participants were

examined in a recumbent position in the morning after an

overnight (10 h) fast that included medication, tobacco

and liquids. An intravenous catheter was inserted into a

cubital vein, and the catheterised arm was wrapped in a

heating pad (50 8C) throughout the experiment for the

collection of arterialised blood samples. Blood samples

were drawn 15, 10 and 0 min before and 10, 20, 30, 40, 50,

60, 75, 90, 120, 150, 180 and 240 min after the ingestion of

the test meal. The blood was transferred to dry tubes for

coagulation (20 min at room temperature) for analyses of

insulin and C-peptide. For analyses of GLP1, GIP and

glucagon, blood was added to chilled tubes that contained

EDTA and a specific DPP4 inhibitor (valine-pyrrolidide,

final concentration 0.01 mmol/l; a gift from Novo Nordisk,

Bagsværd, Denmark). For analyses of paracetamol and DPP4
www.eje-online.org
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activity, blood was transferred into chilled tubes containing

heparin. EDTA and heparin tubes were immediately cooled

and kept on ice until centrifugation. All of the samples were

centrifuged at 1200 g for 20 min at 4 8C. Serum samples for

insulin and C-peptide analyses were stored at K80 8C, and

plasma samples for paracetamol, GLP1, GIP and glucagon

analyses were stored at K20 8C until analysis. For bedside PG

measurements, blood samples were transferred to sodium

fluoride tubes and then immediately centrifuged at 7400 g

for 2 min at room temperature.
16

12

m
o
l/
l)
Assays

PG was measured by the glucose oxidase method using a

glucose analyser (Yellow Springs Instrument Model 2300

STAT Plus analyser, YSI, Inc., Yellow Springs, OH, USA).

Serum insulin and C-peptide concentrations were

measured with a two-sided electro chemiluminescense

immunoassay (Siemens Healthcare) (22). Plasma concen-

trations of total GIP and GLP1 were measured by RIAs as

described previously (23, 24). We measured intact GLP1

with an ELISA, which is a two-sided sandwich assay that

uses two monoclonal antibodies for catching the

C-terminal end (GLP1F5) and the N-terminal end

(Mab26.1) of the intact peptide (25). Intact GIP was

measured using antibody code number 98171 as described

previously (26). The glucagon assay is directed against the

C-terminus of the glucagon molecule (antibody code

number 4305) and measures primarily glucagon of

pancreatic origin (27). For the GIP, GLP1 and glucagon

assays, plasma samples (EDTA) were extracted with

ethanol (w70%) before assaying to eliminate unspecific

interference. Fasting DPP4 enzymatic activity was

determined according to the method described by

Nagakura et al. (28). Plasma paracetamol was measured

by the Vitros ACET slide method (Ortho Clinical Diag-

nostics, Johnson & Johnson Medical, Birkerød, Denmark)

as described previously (20).
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Figure 1

Plasma glucose (meansGS.E.M.) following a standardised liquid

test meal in healthy individuals (CTRLs) (squares) and in patients

with MODY2 (circles) and MODY3 (triangles).
Statistical analysis

Baseline, peak and area under the curve (AUC) values

are expressed as meansGS.E.M. Differences resulting in

P values of !0.05 were considered significant. Linear

mixed effect modelling was used for the analysis of

longitudinal and repeated measures with statistical

software R (R Foundation for Statistical Computing,

Wirtschaftsuniversität, Vienna, Austria). Data were

transformed according to distribution pattern, and

family identity was used as a random variable (29).
www.eje-online.org
A homogeneous or heterogeneous residual variance struc-

ture was chosen according to likelihood ratios. Bonferroni

adjustments were used for post hoc analysis. AUCs were

calculated using the trapezoidal rule and are presented as

total AUCs unless otherwise stated. Insulin secretion rate

(ISR) was calculated by deconvolution of measured

C-peptide concentrations and the application of popu-

lation-based parameters for C-peptide kinetics as described

previously (30, 31). Insulin resistance was calculated accor-

ding to the homoeostasis model assessment (HOMA-IR)

(32). The number of participants was based on similar

studies in other populations (12, 18, 33, 34, 35, 36).
Results

Glucose

Time courses for PG are illustrated in Fig. 1, and baseline,

peak and AUC values are given in Table 3. Fasting PG (FPG)

and peak PG were higher both in patients with MODY2

and in patients with MODY3 as compared to healthy

CTRLs. Also, postprandial AUCs were greater in MODY

patients, with patients with MODY3 exhibiting the most

pronounced postprandial glucose intolerance.
Insulin, C-peptide, ISR and insulin resistance

Time courses for plasma insulin, C-peptide and ISR are

illustrated in Fig. 2, and baseline, peak and AUC values are

given in Table 3. Baseline values of insulin, C-peptide and

ISR did not differ significantly across the groups. Patients

with MODY3 exhibited lower postprandial responses

of insulin and C-peptide as compared to patients with
Downloaded from Bioscientifica.com at 08/24/2022 10:45:31AM
via free access
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Table 3 Glucose, insulin, C-peptide and ISR. All responses are calculated as total AUC (tAUC) and incremental AUC (iAUC).

CTRL (1) nZ10 MODY2 (2) nZ10 MODY3 (3) nZ10 PANOVA

Glucose
Baseline (mmol/l) 5.1G0.1*(2,3) 7.1G0.3*(1) 8.9G0.8*(1) !0.001
Peak (mmol/l) 6.7G0.2*(2,3) 10.2G0.4*(1,3) 14.4G1.7*(1,2) !0.001
tAUC (min!mmol/l) 1315G23*(2,3) 1984G51*(1,3) 2872G370*(1,2) !0.001
iAUC (min!mmol/l) 102G23*(3) 287G49*(3) 727G131*(1,2) !0.001

Insulin
Baseline (pmol/l) 56G7 70G17 35G3 0.058
Peak (pmol/l) 472G48*(3) 654G126*(3) 245G30*(1,2) 0.001
tAUC (min!nmol/l) 49G7*(3) 71G12*(3) 26G3*(1,2) 0.001
iAUC (min!nmol/l) 35G6*(3) 57G9*(3) 17G3*(1,2) !0.001

C-peptide
Baseline (pmol/l) 413G45 470G80 329G12 0.263
Peak (pmol/l) 1526G124*(3) 2038G239*(3) 1052G89*(1,2) 0.002
tAUC (min!nmol/l) 241G26*(3) 320G40*(3) 177G12*(1,2) 0.010
iAUC (min!nmol/l) 142G5 208G25*(3) 98G12*(2) 0.004

ISR
Baseline (pmol/kg per min) 1G0 2G0 1G0 0.071
Peak (pmol/kg per min) 8G1 12G2*(3) 5G0*(2) 0.003
tAUC (pmol/kg) 795G115*(2) 828G120*(1,3) 629G42*(2) 0.003
iAUC (pmol/kg) 474G92*(2) 525G84*(1,3) 359G40*(2) 0.002

Data are meansGS.E.M. P values are derived from one-way ANOVA for inter-load variations. Asterisk indicates significant differences (P!0.05) from the
group given in parentheses in the inter-load observations (post hoc analysis).
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MODY2 and CTRLs. ISR values corresponded well to the

C-peptide results, with lower values in patients with

MODY3 as compared to patients with MODY2. The latter

exhibited relatively high responses, but their responses

did not differ from those of the CTRLs. HOMA-IR did

not differ significantly between the three groups,

although patients with MODY2 were numerically the

most insulin-resistant (Table 1).

Glucagon

Time courses for plasma glucagon are illustrated in Fig. 3,

and baseline values and baseline-subtracted AUCs are

given in Table 4. Similar fasting values of glucagon were

observed in the three groups, whereas pronounced

postprandial hyperglucagonaemia was evident in patients

with MODY3 as compared to patients with MODY2

and CTRLs (Fig. 3 and Table 4). No correlation between

insulin and glucagon secretion was demonstrated (CTRLs:

rZ0.057, PZ0.875; MODY2: rZK0.238, PZ0.509;

MODY3: rZK0.240, PZ0.505).

GIP, GLP1 and DPP4 activity

Time courses for plasma GIP and GLP1 are illustrated in

Figs 4 and 5 respectively, and baseline, peak and AUC

values are given in Table 4. Baseline and peak plasma GIP

(total and intact) values were similar in all groups. Patients

with MODY2 exhibited higher AUC for total GIP than that
of patients with MODY3 (Fig. 4 and Table 4). A similar

pattern was seen for intact GIP, although the differences in

AUC did not reach statistical significance. Both total and

intact baseline and peak plasma GLP1 values as well as

postprandial AUC were similar in the three groups (Fig. 5

and Table 4). A significantly higher fasting DPP4 activity

was found in patients with MODY3 as compared to

CTRLs (Table 4). No correlations between the fasting

DPP4 activity and intact GIP (iAUC: rZ0.082, PZ0.823;

baseline values: rZK0.054, PZ0.881) or intact GLP1

(iAUC: rZK0.129, PZ0.723; baseline values: rZK0.389,

PZ0.267) were observed.
Gastric emptying (paracetamol)

There were no significant differences in gastric emptying,

as assessed by paracetamol excursions, between any of the

groups according to time to peak plasma concentration

(Tmax) (CTRLs: 120G11 min; MODY2: 122G15 min; MODY3:

115G9 min, PZ0.782) or peak plasma concentration (Cmax)

(CTRLs:0.100G0.007 mmol/l;MODY20.121G0.007 mmol/l;

MODY3: 0.108G0.007 mmol/l, PZ0.115).
Discussion

The primary findings in the present study were: i)

inappropriately elevated postprandial glucagon levels in

patients with MODY3; ii) normal postprandial responses
www.eje-online.org
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Figure 2

Plasma insulin (A), C-peptide (B) and insulin secretion rate (ISR)

(C) (meansGS.E.M.) following a standardised liquid test meal in

healthy individuals (CTRLs) (squares) and in patients with

MODY2 (circles) and MODY3 (triangles).
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meal in healthy individuals (CTRLs) (squares) and in patients

with MODY2 (circles) and MODY3 (triangles).
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of the incretin hormones GLP1 (total and intact) and

GIP (total) in patients with MODY2 and MODY3; and

iii) exaggerated DPP4 enzymatic activity in patients

with MODY3.

We performed the present study in two different types

of MODY patients with defects in either GCK (MODY2) or

HNF1A (MODY3) and in a control group of CTRLs. The

included number of patients was limited but was based on

similar studies performed previously in CTRLs and other

patient groups (12, 18). We aimed to include non-related

patients in order to reduce the effects of specific
www.eje-online.org
mutations, which resulted in both genetic and clinical

heterogeneity. However, three related patients with

MODY2 were included. To reduce confounding factors,

only individuals without significant co-morbidity and

without obesity were included in the present study.

Fasting and postprandial hyperglucagonaemia are

common features of both type 1 diabetes (37) and type 2

diabetes (9, 19) as well as in other forms of diabetes (e.g.

diabetes secondary to chronic pancreatitis (38)), and they

contribute importantly to fasting and postprandial

hyperglycaemia. The role of glucagon in the pathophy-

siology of the different forms of MODY has not been

delineated. Only one study has previously examined

postprandial glucagon levels in MODY patients, and it

did so after meal ingestion with either a single dose of

nateglinide, glibenclamide or placebo. In that study,

patients with MODY3 exhibited impaired postprandial

suppression of glucagon during both treatments and

placebo (39). The inappropriate glucagon response

found in patients with MODY3 in the present
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Table 4 Glucagon, GIP, GLP1 and DPP4 activity. GIP and GLP1 (total and intact) responses represent tAUC and iAUC.

CTRL (1) nZ10 MODY2 (2) nZ10 MODY3 (3) nZ10 PANOVA

Glucagon
Baseline (pmol/l) 8G2 7G1 6G1 0.787
tAUC (min!pmol/l) 2158G338 2194G260 2334G196 0.627
iAUC (min!pmol/l) 182G176*(3) 410G154*(3,†) 838G108*(1,2,†) 0.017

GIP, total
Baseline (pmol/l) 10G3 9G2 14G4 0.169
Peak (pmol/l) 109G9 131G15 104G9 0.766
tAUC (min!nmol/l) 13.9G1.3 17.9G1.6 12.7G0.7 0.142
iAUC (min!nmol/l) 11.4G1.7 15.7G1.4*(3) 9.3G1.2*(2) 0.043

GIP, intact
Baseline (pmol/l) 15G1 14G1 15G2 0.838
Peak (pmol/l) 81G7 78G8 75G7 0.826
tAUC (min!nmol/l) 10.4G0.7 10.8G1.0 9.0G0.5 0.339
iAUC (min!nmol/l) 6.9G0.6 7.2G0.9 5.3G0.5 0.582

GLP1, total
Baseline (pmol/l) 10G1 8G1 7G1 0.118
Peak (pmol/l) 27G2 30G4 30G5 0.931
AUC (min!nmol/l) 4.3G0.3 4.1G0.4 3.7G0.4 0.410
iAUC (min!nmol/l) 1.9G0.3 2.2G0.4 1.9G0.4 0.744

GLP1, intact
Baseline (pmol/l) 2G1 1G0 1G0 0.275
Peak (pmol/l) 7G2 5G1 7G1 0.453
tAUC (min!nmol/l) 1.0G0.2 0.8G0.1 1.0G0.1 0.314
iAUC (min!nmol/l) 0.5G0.1 0.6G0.1 0.7G0.1 0.676
Fasting DPP4 activity (mU/ml) 13.6G0.8*(3) 15.0G0.7 17.7G1.2*(1) 0.012

Data are meansGS.E.M. P values are derived from repeated measurement ANOVA for inter-load variations. Asterisk indicate significant differences (P!0.05)
from the group given in parentheses in the inter-load observations (post hoc analysis). †indicates PZ0.063.
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study correlates well with these findings. The cause of

hyperglucagonaemia in patients with MODY3 could in

theory be related specifically to the HNF1A defect.

Notably, patients with MODY3 have an intracellular

b cell defect in the glucose metabolism, which results in

the decreased production of ATP and thereby in dimin-

ished insulin release from b cells (40). As in the b cell,

intracellular a cell ATP levels are important regulators of

glucagon secretion (41). Additionally, HNF1A expression

has been demonstrated in mouse a cells (42). Thus, if

HNF1A is involved in a cell glucose metabolism, it seems

possible that mutations in HNF1A might inhibit ATP

production and thereby increase glucagon secretion. The

reduced release of insulin from b cells, perhaps in

combination with a decreased effect of GIP and GLP1

on both a and b cells, might also contribute to the

inappropriate glucagon response. In agreement with this

interpretation, patients with MODY2 who responded to

the meals with increased insulin secretion showed normal

suppression of glucagon.

The incretin hormones play a crucial role in lowering

PG after the ingestion of nutrients. The insulinotropic

effect of both GIP and GLP1 is glucose-dependent and
strongly potentiated during high PG concentrations,

whereas it wanes when glucose concentrations fall and

ceases when PG levels are !4–5 mmol/l (12). GLP1

inhibits upper gastrointestinal motility, which contributes

to a flattening of postprandial PG excursions. Patients

with type 2 diabetes are known to have reduced incretin

effect. This is most likely the result of a markedly reduced

insulinotropic effect of GIP and a reduced insulinotropic

potency of GLP1 (12, 43). Studies of GIP secretion in

patients with type 2 diabetes have shown both increased

(44) and decreased secretion (19); hence, no clear

association exists. A recent meta-analysis found preserved

GIP secretion in patients with type 2 diabetes, although a

reduced secretion may be associated with increasing age

and HbA1c, whereas high BMI seems to be associated with

increased responses (45). Decreased levels of postprandial

GLP1 secretion has been found in some studies of patients

with type 2 diabetes (18, 19, 46), whereas others have

found preserved secretion (27, 47, 48), and it seem to not

be a universal characteristic for all type 2 diabetes patients

(49). A meta-analysis that evaluated GLP1 secretion in

patients with type 2 diabetes found an overall preserved

secretion following OGTT and meals (50). However,
www.eje-online.org
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Plasma total glucose-dependent insulinotropic polypeptide

(GIP) (A) and intact GIP (B) (meansGS.E.M.) following a

standardised liquid test meal in healthy individuals (CTRLs)

(squares) and in patients with MODY2 (circles) and MODY3
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Plasma total glucagon-like peptide 1 (GLP1) (A) and intact GLP1

(B) (meansGS.E.M.) following a standardised liquid test meal in

healthy individuals (CTRLs) (squares) and in patients with

MODY2 (circles) and MODY3 (triangles).
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decreased secretion of the incretin hormones, in particular

GLP1, in patients with dysregulated type 2 diabetes and/or

long-standing disease may contribute to the hypergly-

caemia in these patients (45, 50). In one previous study,

patients with MODY3 exhibited normal postprandial

plasma GIP and GLP1 responses (16), which our group

confirmed following OGTT (15). The present findings

corroborate the idea that deficient incretin hormone

responses do not seem to contribute to the phenotype of

MODY3. In patients with MODY2, mixed meal-stimulated

incretin hormone responses have not been examined.

In one previous study, patients with MODY2 exhibited

normal responses of both plasma GLP1 and GIP after a

2 h 75 g OGTT (17), which we confirmed following a

4 h 50 g OGTT (15). This is in line with our present

findings of normal postprandial incretin hormone

responses in MODY2, and it correlates well with the

suggestion that patients with MODY2 have a b cell-specific
www.eje-online.org
‘glucose-sensing’ defect and with the suggestion that

the expression of GCK in the mucosal L cell does not

seem to affect circulating incretin hormone levels (4, 17).

As mentioned earlier, the gene defect in MODY3

might compromise the activity of DPP4 in enterocytes and

the liver and in turn increase circulating levels of intact

incretin hormones (14). However, no indications of

elevated intact GLP1 or intact GIP levels in MODY3 were

observed. In contrast, exaggerated DPP4 activity was

demonstrated in patients with MODY3 as compared to

CTRLs, but this was not reflected in the plasma levels of

the intact hormones. Thus, the gene defect in MODY3

does not seem to affect the plasma concentrations of intact

incretin hormones in the peripheral circulation. Never-

theless, further studies of this potential ‘endogenous DPP4

inhibition’ in MODY3 could identify local effects in the

intestinal mucosa or in the portal vein and the liver.

The two types of MODY patients are very unique and

are difficult to recruit because of the low prevalence of

MODY2 and MODY3. The limited number of patients in

the present study may have induced a risk of type II error
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and should be considered when drawing conclusions

about the results.

In conclusion, both patients with MODY2 and

patients with HNF1 diabetes have normal postprandial

plasma responses of GIP and GLP1, and patients with

MODY3 exhibit increased plasma DPP4 activity as well as

marked postprandial hyperglucagonaemia. Hyperglucago-

naemia and increased DPP4 activity in MODY3 may

represent relevant therapeutic targets (51) for drugs with

glucagon-lowering and/or DPP4-inhibiting properties.

Interestingly, very recent data from our group demon-

strated a glucose-lowering effect on both FPG and

postprandial PG during treatment with a GLP1 receptor

agonist, but no significant effect on postprandial glucagon

responses was demonstrated (51).
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