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GLP-1 Responses Are Heritable
and Blunted in Acquired Obesity
With High Liver Fat and Insulin
Resistance

Niina Matikainen,1,2,3 Leonie H. Bogl,5
Antti Hakkarainen,3,4 Jesper Lundbom,3,4
Nina Lundbom,3,4 Jaakko Kaprio,5,6,7
Aila Rissanen,2,8 Jens J. Holst,9
and Kirsi H. Pietiläinen1,2,6

PATHOPHYSIOLOGY/COMPLICATIONS

Impaired incretin response represents an early and uniform defect in type 2 diabetes,
but the contributions of genes and the environment are poorly characterized.
RESEARCH DESIGN AND METHODS

We studied 35 monozygotic (MZ) and 75 dizygotic (DZ) twin pairs (discordant and
concordant for obesity) to determine the heritability of glucagon-like peptide 1
(GLP-1) responses to an oral glucose tolerance test (OGTT) and the inﬂuence of
acquired obesity to GLP-1, glucose-dependent insulinotropic peptide (GIP), and
peptide YY (PYY) during OGTT or meal test.
RESULTS

The heritability of GLP-1 area under the curve was 67% (95% CI 45–80). Cotwins
from weight-concordant MZ and DZ pairs and weight-discordant MZ pairs but
concordant for liver fat content demonstrated similar glucose, insulin, and incretin
proﬁles after the OGTT and meal tests. In contrast, higher insulin responses and
blunted 60-min GLP-1 responses during the OGTT were observed in the heavier as
compared with leaner MZ cotwins discordant for BMI, liver fat, and insulin sensitivity. Blunted GLP-1 response to OGTT was observed in heavier as compared
with leaner DZ cotwins discordant for obesity and insulin sensitivity.
CONCLUSIONS

Whereas the GLP-1 response to the OGTT is heritable, an acquired unhealthy
pattern of obesity characterized by liver fat accumulation and insulin resistance is
closely related to impaired GLP-1 response in young adults.
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The insulinotropic response to intraluminal nutrients is mediated through secretion
of gut incretins, mainly glucagon-like peptide 1 (GLP-1) and glucose-dependent
insulinotropic peptide (GIP). In healthy individuals, this incretin effect accounts for
up to 70% of insulin secretion in an oral glucose tolerance test (OGTT) (1). In their
classic study, Nauck et al. (2) demonstrated that compromised incretin effect is a
central pathological feature of type 2 diabetes.
The inherent nature of the incretin defect in type 2 diabetes has raised speculations
on whether altered secretion or action of incretins represents a primary, genetically
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MZ twins have detailed measurements
of adiposity, and their initial data have
been published previously (12).
Fourteen of the MZ pairs and 40 of the
DZ pairs were deﬁned as discordant
for BMI (intrapair difference, ΔBMI
$3 kg/m2), and the rest were
concordant (ΔBMI ,3 kg/m2). All pairs
were Caucasian of Finnish ancestry.
One MZ twin had an inactive ulcerative
colitis and used mesalazine and
azathioprine. All other subjects were
healthy and normotensive and did not
take any medications except for oral
contraceptives. The study protocols
were approved by the ethical
committee of the Hospital District of
Helsinki and Uusimaa, Finland. Written
informed consent was obtained from
all participants.

Monozygotic (MZ) and dizygotic (DZ)
twins offer a study design to estimate
the relative contribution of genes and
environment to various traits. Closer
resemblance of MZ twins as compared
with DZ twins suggests the importance
of genetic factors to the trait under
study. Phenotypically discordant MZ
twins are of special interest as the two
extremes of the phenotype do not differ
in their genomic sequence but all of the
variability in the phenotype is
accounted for by variations in the
environmental factors or geneenvironment interaction (9).

Weight, height, whole-body fat (dualenergy X-ray absorptiometry);
abdominal, subcutaneous, and intraabdominal fat (magnetic resonance
imaging); and liver fat (magnetic
resonance spectroscopy) were
measured as described previously (13).
The magnetic resonance imaging/
magnetic resonance spectroscopy
measurements were performed for the
intensive MZ subsample (23 MZ twin
pairs: 14 discordant and 9 concordant).

The aims of our study were to
investigate the heritability of GLP-1,
insulin, and glucose response after an
OGTT in young-adult twin pairs. In
addition, GLP-1 and GIP responses after
an OGTT and GLP-1 and PYY after a
mixed meal were studied in more detail
in MZ twin pairs who are discordant only
for weight or discordant for weight, liver
fat, and insulin sensitivity, i.e., present a
pattern of metabolically healthy or
unhealthy obesity.

The 75-g OGTT was performed after a
12-h overnight fast with measurements
of plasma glucose, serum insulin,
plasma GLP-1, and plasma GIP at 0, 30,
60, and 120 min. The meal test with a
standardized McDonald’s Big Mac Meal
(hamburger, 100 g French fries, and 400
g sucrose-sweetened Coca Cola)
containing 979 kcal (123 g
carbohydrates, 40 g fat, 32 g protein)
was performed ;3 weeks after the
OGTT, after a 12-h overnight fast with
measurements of plasma glucose,
serum insulin, plasma GLP-1, and
plasma PYY at 0, 30, 60, and 120 min.
The meal test was performed only for
the intensive subsample.

RESEARCH DESIGN AND METHODS
Subjects

The current study consists of 110 twin
pairs, 35 MZ (17 male and 18 female)
and 75 DZ (43 male and 32 female) pairs,
aged 22.8–33.1 years, identiﬁed from
Finn Twin16 and Finn Twin12 cohorts
(n = 5,417 families) (10,11). Twenty-three

Body Composition

Glucose, Insulin, and Incretins During
the OGTT and Meal Test

HOMA-IR (14) and Matsuda index (15)
were calculated using glucose and
insulin measurements from the OGTT
measurements. GLP-1, GIP, and PYY

area under the curves (AUCs) were
calculated using the trapezoid rule.
Analytical Measures

Plasma glucose and serum insulin were
measured as previously described (12).
GIP and GLP-1 concentrations in plasma
were measured after extraction of
plasma with 70% ethanol (volume/
volume, ﬁnal concentration). For the
GIP radioimmunoassay (16) we used the
COOH terminus–directed antiserum
code 867, which was raised against a
synthetic peptide corresponding to the
COOH terminus of human GIP. It does
not cross-react with the so-called GIP
8000, whose chemical nature and
relationship to GIP secretion is
uncertain. It reacts fully with the
primary metabolite GIP 3-42. Human
GIP and 125I human GIP (70 MBq/nmol)
were used for standards and tracer. The
plasma concentrations of GLP-1 were
measured (17) against standards of
synthetic GLP-1 7-36–amide using
antiserum code 89390, which is speciﬁc
for the amidated COOH terminus of
GLP-1 and therefore does not react with
GLP-1–containing peptides from the
pancreas. The results of the assay
accurately reﬂect the rate of secretion
of GLP-1 because the assay measures
the sum of intact GLP-1 and the primary
metabolite GLP-1 9-36–amide, into
which GLP-1 is rapidly converted. For
both assays, sensitivity was ,1 pmol/L,
intra-assay CV ,6% at 20 pmol/L, and
recovery of standard, added to plasma
before extraction, ;100% when
corrected for losses inherent in the
plasma extraction procedure.
Statistical Analyses

Statistical analyses were performed
with Stata statistical software (release
11.0; Stata Corp., College Station, TX)
and Mx, a software designed for the
analysis of twin data (18). Results are
expressed as mean 6 SE unless
otherwise informed. Comparisons
between the cotwins were made by
matched-pairs Wilcoxon rank sum tests.
Comparisons between lean-to-lean and
obese-to-obese cotwins in two
phenotypically different MZ discordant
groups were made by Mann-Whitney
U test. Sex distributions between the
groups were tested by x2 test. Withinpair differences (D) were calculated by
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determined defect predisposing to
diabetes. Genetic factors are difﬁcult to
isolate in demanding metabolic studies,
and thus the genetic inﬂuence on the
incretin response remains poorly
characterized. Although several
polymorphisms in the GIP receptor
(GIPR) have been associated with both
obesity and glycemia (3,4), genetic loci
predisposing to type 2 diabetes
identiﬁed so far do not directly involve
GLP-1 or GIP genes (5,6). Besides GLP-1,
intestinal L cells secrete peptide YY
(PYY), an anorexigenic hormone, in
response to nutrient stimuli.
Polymorphisms in the PYY gene may
contribute to obesity and diabetes risk
(7,8). Therefore, it is relevant to study
whether incretin responses to oral
nutrients impaired in obesity are
accounted for by genetic variation or
due to acquired factors.
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subtracting the leaner cotwin’s value
from the heavier cotwin’s values.
Intraclass correlation coefﬁcients (ICCs)
were computed for each variable and
zygosity group. A higher within-pair
resemblance in MZ twins as compared
with DZ twins is suggestive of potential
genetic inﬂuences in the traits.

RESULTS
Heritability of GLP-1 and Insulin
Sensitivity Measures

The means (SE), ICCs, and heritability
estimates of the best-ﬁtting models of
GLP-1 and insulin sensitivity measures
are given in Table 1. There were no
signiﬁcant differences between the MZ
and DZ twins in the means of HOMA
index, Matsuda index, fasting GLP-1,
and AUCs for glucose, insulin, and GLP1. Therefore, the assumption of the twin
method that the trait means do not
differ between MZ and DZ twins was
fulﬁlled. The ICCs were higher for MZ
than DZ pairs for all measures, except

for fasting GLP-1, suggesting the
presence of genetic variance for most
variables. The results from univariate
model ﬁtting analysis and ﬁt statistics
for the full and reduced models are
shown in Supplementary Table 1. For
HOMA index, Matsuda index, AUC
insulin, AUC glucose, and AUC GLP-1,
the AE model ﬁtted the data better than
the ACE or the ADE model. The AE model
was also superior to the E model. Hence,
the best-ﬁtting model contained only
additive genetic and unique
environmental components (AE model).
For AUC insulin, the ADE model had a
slightly lower AIC than the AE model
(AIC: 2101.751 for ADE and 2101.114
for AE). However, in the ADE model, all
of the genetic inﬂuence was placed on
the D effect. Since a model in which all
the variance is due to dominance and
none is additive is biologically
implausible, AE models were chosen as
the best-ﬁtting model. The heritability
of variables for insulin sensitivity/
resistance ranged from 52 to 60%, and
that of GLP-1 AUC was 67%. The
remaining variance was explained by
unique environmental factors. In
contrast, for fasting GLP-1, the genetic
contribution was not signiﬁcant, and the
variance in fasting GLP-1 was explained
solely by common (58% [95% CI 44–69])
and unique (42% [31–56])
environmental factors (Table 1).
MZ and DZ Pairs Discordant for
Obesity

Adiposity and metabolic measures for
MZ and DZ twin pairs are summarized in
Table 2. In the MZ obesity-discordant
pairs, the average intrapair difference
(Δ) of BMI was 5.7 kg/m2, in the MZ
concordant pairs 1.3 kg/m2, in the DZ
discordant pairs 6.2 kg/m2, and in the DZ
concordant pairs 1.6 kg/m2. The MZ

Table 1—Mean values, ICCs, and heritability estimates for OGTT-derived traits in 35 MZ and 75 DZ twin pairs adjusted for sex
Mean 6 SE
ICC (95% CI)
MZ

DZ

MZ

DZ

Heritability (95% CI)

HOMA index

1.50 6 0.14

1.45 6 0.09

0.58 (0.35–0.80)

0.16 (0.00–0.39)

0.52 (0.35–0.71)

Matsuda index
AUC glucose (mmol z h z L21)

8.41 6 0.76
13.5 6 0.43

9.00 6 0.43
12.9 6 0.25

0.67 (0.47–0.87)
0.56 (0.32–0.80)

0.18 (0.00–0.41)
0.22 (0.00–0.44)

0.60 (0.34–0.77)
0.52 (0.28–0.69)

AUC insulin (mU z h z L21)

89.27 6 8.06

85.55 6 4.33

0.69 (0.50–0.87)

0.12 (0.00–0.36)

0.59 (0.33–0.67)

AUC GLP-1 (pM z h z L21)

25.38 6 1.5

28.34 6 1.36

0.61 (0.39–0.83)

0.37 (0.16–0.57)

0.67 (0.45–0.80)

8.12 6 0.45

0.47 (0.20–0.73)

0.64 (0.50–0.77)

0 (0–0)

Fasting GLP-1 (pmol/L)

7.47 6 0.43

No signiﬁcant difference in means between MZ and DZ twins using the Wald test for equality of means.
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Quantitative genetic analyses were then
conducted by the method of maximum
likelihood to quantify the genetic and
environmental inﬂuences on the
variables. In this analysis, the
phenotypic variances are decomposed
into additive genetic effects of
individual alleles (A), dominant genetic
effects by allelic interactions inside a
locus (D), environmental effects shared
by the cotwins (C), and unique
(nonshared) environmental effects
unique to each twin (E). The estimates of
the variance components were
calculated as the proportion of variance
divided by the total variance. The
proportion of A in relation to total
variance (percent) is called heritability,
expressed as h2. Heritability is a
population-speciﬁc characteristic that
has no interpretation on the level of the
individual or family. One can ﬁt models
based on the different combinations of
these parameters (ADE, ACE, AE, and
CE), but effects due to dominance and
shared environmental effects cannot be
simultaneously modeled with data
limited to that from twins reared
together. Also, DE models, in which the
effects of D and E are estimated but the
additive genetic effects are ﬁxed to zero
were not ﬁtted because such models are
biologically implausible (19). The ACE
and ADE models were compared with
one another using the Akaike
information criterion (AIC) (20). The
model with the lower AIC was used as a

starting point of the modeling, from
which the signiﬁcance of variance
components was tested by removing
them sequentially in nested submodels.
Model ﬁt was assessed using the 22 log
likelihood. Submodels were compared
with the full models by use of
hierarchical x2 tests. The best model ﬁt
was evaluated according to the principle
of parsimony, in which models with
fewer parameters were considered
preferable if the removal did not result
in a signiﬁcant degradation of model ﬁt.
The goodness of ﬁt of the submodels
was also evaluated by the AIC. Classical
twin models assume that MZ and DZ
pairs share common environmental
factors to the same extent, no
interaction between genes, and no
gene-environment interactions (20).
Saturated models were used to test the
basic assumptions of twin modeling
(equal means and variances for twin 1
and twin 2 and for MZ and DZ pairs). No
age effect was seen in the saturated
models. For the estimation of variance
components and ICCs, log-transformed
and sex-adjusted values were used.
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Heavier
(n = 7)
27.2 6 1.6
3/4

Heavier
(n = 21)
29.2 6 0.5

Leaner
(n = 21)
12/9

Heavier
(n = 40)

DZ discordant pairs
(ΔBMI $3 kg/m2)

24/16

28.0 6 0.3

Leaner
(n = 40)
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Leaner
(n = 7)

Group 2 with Δliver
fat $2.5%

MZ discordant pairs (ΔBMI $3 kg/m2)
Group 1 with Δliver
fat ,2.5%
Heavier
(n = 7)

27.0 6 1.5

Leaner
(n = 7)
2/5

MZ concordant pairs
(ΔBMI ,3 kg/m2)

Table 2—Clinical characteristics of the MZ and DZ twin pairs by concordance and discordance for BMI

Age (years)
Sex (male/female)

DZ concordant pairs
(ΔBMI ,3 kg/m2)

Heavier
(n = 35)

28.4 6 0.3

Leaner
(n = 35)

171.6 6 1.4

19/16

73.7 6 2.6**

70.3 6 2.5

173.2 6 1.6

27.8 6 1.6

24.9 6 0.7***

174.9 6 1.5

23.2 6 0.6

75.3 6 2.1***

26.6 6 1.4

65.6 6 1.4

27.9 6 0.6***

173.6 6 1.2

33.2 6 1.6***

172.8 6 1.8

21.7 6 0.4

79.0 6 3.0***

21.7 6 1.7

74.8 6 3.4

30.2 6 1.9**

26.4 6 0.8***

172.4 6 1.9
25.1 6 0.8

NA
NA

98.0 6 7.7*

27.9 6 2.1

NA

175.4 6 4.3
31.7 6 1.7*

NA
NA

81.6 6 8.3

40.5 6 3.0*

NA

175.3 6 4.8
26.2 6 1.5

NA
NA

86.6 6 6.4*
32.5 6 4.3*

NA

171.3 6 3.7
28.6 6 1.1*

NA
NA

69.2 6 5.7
42.6 6 2.7*

NA

171.3 6 3.8
23.3 6 1.2

3.9 6 0.5
1.0 6 0.2

Height (cm)

33.3 6 2.7

2.6 6 1.2

Weight (kg)
Body fat (%)

BMI (kg/m2)

3.6 6 0.4
1.0 6 0.2

1.6 6 0.2
8.6 6 0.8
13.0 6 0.4
85.3 6 10.8
8.2 6 0.9
27.6 6 2.4
NA

1.3 6 0.3

1.4 6 0.1
8.6 6 0.7
12.8 6 0.4
76.7 6 6.2
8.1 6 0.7
29.2 6 2.9
NA

NA
NA
NA
NA

6.1 6 0.8*
1.4 6 0.2*#

1.9 6 0.2***
7.3 6 0.7**
13.3 6 0.5
103.0 6 10.0
7.7 6 0.6
25.6 6 1.9*
NA

NA
NA
NA
NA

6.0 6 0.9*##

1.5 6 0.1
10.9 6 0.9
12.5 6 0.5
79.5 6 6.9
8.6 6 0.7
31.6 6 2.4
NA

NA
NA
NA
NA

1.1 6 0.4

1.5 6 0.2
8.2 6 1.1
13.5 6 0.7
83.0 6 11.4
7.8 6 0.8
23.6 6 1.8
43.9 6 9.0

NA
NA
NA
NA

4.1 6 0.8
0.7 6 0.2

1.4 6 0.2
9.7 6 1.3
13.5 6 0.7
88.6 6 17.5
7.6 6 0.7
26.0 6 2.0
47.2 6 4.2

13.9 6 0.7
93.2 6 13.1
30.5 6 3.9

0.7 6 0.1

2.8 6 0.6*
3.7 6 0.4*
15.9 6 0.8*
129.2 6 11.2*
5.7 6 1.1
22.9 6 3.7
57.7 6 9.6

14.0 6 0.6
95.2 6 14.1
32.7 6 5.6

5.9 6 0.6*
0.8 6 0.09

1.5 6 0.3
7.8 6 2.0
13.0 6 0.7
77.4 6 9.3
6.7 6 0.9
28.3 6 2.1
40.3 6 6.5

15.5 6 0.8
150.2 6 29.1*
25.4 6 7.7

3.3 6 0.4
0.4 6 0.09

1.4 6 0.3
8.1 6 0.9
12.1 6 0.9
87.6 6 16.6
8.5 6 1.1
30.9 6 5.6
26.8 6 6.1

14.5 6 0.6
99.7 6 12.1
31.8 6 7.2

0.5 6 0.03
1.1 6 0.2
8.7 6 1.3
11.7 6 0.9
82.3 6 13.1
7.8 6 0.7
29.3 6 5.9
34.6 6 8.8

12.7 6 0.9
109.6 6 24.2
32.8 6 7.1

Liver fat (%)†
OGTT
HOMA index
Matsuda index
AUC glucose (mmol z h z L21)
AUC insulin (mU z h z L21)
Fasting GLP-1 (mmol/L)
AUC GLP-1 (pM z h z L21)
AUC GIP (pg z h z mL21)
11.9 6 1.0
99.5 6 22.6
26.5 6 1.8

Subcutaneous fat (dm3)†
Intra-abdominal fat (dm3)†

Meal test
AUC glucose (mmol z h z L21)
AUC insulin (mU z h z L21)
AUC GLP-1 (pM z h z L21)

Data are mean 6 SE. Only signiﬁcant differences are shown. NA, not assessed. *P , 0.05, **P , 0.01, ***P , 0.001 for differences between leaner vs. heavier cotwin (paired Wilcoxon test). #P , 0.05, ##P ,
0.001 for differences between heavier cotwins between group 1 and group 2 discordant MZ pairs. †n = 11 concordant pairs
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The MZ obesity-discordant groups 1 and
2 differed signiﬁcantly for metabolic
health. Whereas the obese twins in
group 1 did not differ from their lean
cotwins for HOMA in fasting (P = 0.50) or
Matsuda index during the OGTT (P =
0.69), the obese twins in group 2 had
signiﬁcantly higher HOMA (P = 0.018)
and lower Matsuda (0.028) than the
lean twin pair members. In the DZ pairs,
liver fat was not measured and
groupings for liver fat could not be done.
In the whole DZ obesity-discordant
group, HOMA (P = 0.0022) and Matsuda
indexes (P = 0.0023) revealed
signiﬁcantly poorer insulin sensitivity in
the obese as compared with the lean
cotwins. Concordant MZ and DZ twin
pairs had statistically signiﬁcant
adiposity differences between leaner
and heavier cotwins, but metabolically
the cotwins resembled each other
within pairs.
Effects of Acquired Obesity on
Glucose, Insulin, and Incretin
Responses

In the OGTT, glucose, insulin, and GLP-1
responses did not differ within group 1
obesity-discordant MZ pairs (Fig. 1 and
Table 2), suggesting that obese
individuals who remain insulin sensitive
do not have altered GLP-1 secretion. In
contrast, within group 2 obesitydiscordant MZ pairs, GLP-1 was blunted
at 60 min in every obese cotwin as
compared with their leaner
counterparts (P = 0.022). Both AUC

glucose (P = 0.028) and AUC insulin (P =
0.028) were signiﬁcantly higher in group
2 obese than nonobese cotwins. Similar
tendencies were observed for the meal
test, although they were signiﬁcant only
for the AUC insulin, which was increased
in group 2 obese as compared with the
nonobese cotwins (P = 0.047).
In the DZ obesity-discordant pairs, the
AUC GLP-1 during the OGTT was
signiﬁcantly lower in the obese than in
the nonobese cotwins (P = 0.029). The
obese cotwins also had higher glucose
and insulin values at 0 and 120 min
(P , 0.05).
GIP was measured in MZ pairs during
the OGTT. Neither the group 1 nor group
2 obesity-discordant pairs revealed
signiﬁcant differences between the
cotwins. However, it is of note that the
GIP response was not lower (rather the
opposite) in the insulin-resistant group
2 obese twins (Fig. 1 and Table 2).
In MZ and DZ concordant pairs, all
incretin, glucose, and insulin measures
were the same for all cotwins within
pairs (Figs. 1 and 2 and Table 2).
Effects of Obesity on the Relative
Responses of Incretins to Glucose and
Insulin

The ratios of GLP-1 or GIP AUC to
glucose and insulin AUC are shown in
Fig. 3. Relative to the prevailing glucose
concentration in the OGTT, the GLP-1
secretion was blunted in group 2 obese
MZ twins (P = 0.028), whereas in group
1, the obese and nonobese twins had
similar GLP-1/glucose AUC ratios. The
same applied to GLP-1/insulin AUC,
which was lower in group 2 obese
relative to nonobese cotwins both in
OGTT (P = 0.018) and the meal test (P =
0.046). Similar low GLP-1/glucose and
GLP-1/insulin AUC ratios were observed
for obese cotwins within the DZ obesitydiscordant pairs. Neither MZ nor DZ
concordant twins differed from each
other in these measures.
PYY3-36

PYY3-36 was measured during the meal
test in MZ twins. It did not differ
between the group 1 and group 2
obesity-discordant groups (data not
shown). PYY3-36 AUC in the leaner
versus heavier cotwins was 108.9 6 7.7
vs. 119.6 6 10.8 pg/mL (P = 0.18) in the

discordant and 104.4 6 15.8 vs. 105.3 6
25.4 pg/mL (P = 0.71) in the concordant
twin pairs.
CONCLUSIONS

We studied the contribution of genes
and environment to incretin response
after an OGTT in a population of healthy
MZ and DZ twin pairs using a classic twin
design. Based on measurements of the
major incretin, GLP-1 after an OGTT, we
estimate the heritability of GLP-1
response to be 67%. Furthermore, we
demonstrate in a unique sample of
weight- and liver fat–discordant twin
pairs that defective incretin response to
OGTT or mixed meal associates with
features of high liver fat and insulin
resistance.
Because incretin defect in type 2
diabetes appears early and apparently
uniformly, the question under study has
long been if altered secretion of
incretins represents a primary genetic
defect (21). To our knowledge, our study
is the ﬁrst one to address the question of
whether the incretin defect is genetic or
associated with acquired obesity. We
found that the response of GLP-1 after
OGTT is highly correlated within MZ and
to a lesser extent within DZ twin pairs,
and that genetic factors explain a large
part of the variance in GLP-1 in young
adulthood. Heritability estimates for
HOMA index, Matsuda index, AUC
insulin, and AUC glucose were generally
in the same range as those reported for
OGTT-derived measures of glucose
tolerance and indices of insulin
sensitivity and secretion in a large
population–based sample of adult
female and male twin pairs free of
diabetes or cardiovascular disease (22).
An acquired “healthy” pattern of obesity
determined by low liver fat and/or
normal HOMA and Matsuda indexes
was not associated with an altered
incretin response. Further, the PYY-36
and GIP responses to oral nutrients
were not altered in acquired obesity per
se. Previous data on healthy subjects
demonstrate that the incretin response
is independent of prevailing glucose
concentration and that GLP-1 response
is rather reproducible among individuals
(23). In line with our results, no incretin
defect was demonstrated in the ﬁrstdegree relatives of patients with type 2
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obesity-discordant pairs could be
further divided to liver fat–discordant or
–concordant groups, based on a cutoff
of 2.5%, the mean Δliver fat within all
MZ discordant pairs. In group 1, all
obese and nonobese cotwins had low
liver fat contents (range 0.3–0.8%, mean
Δliver fat 0.04%), whereas in group 2,
the liver fat in the obese (range 3.8–
9.4%) was on average 4.9 percentage
points higher than in the nonobese
cotwins (range 0.4–3.5%). Group 1 (Δ5.8
kg/m2) and group 2 (Δ5.4 kg/m2) had
equally large BMI differences. The obese
twins in group 2 had signiﬁcantly higher
liver fat content (P = 0.0012) and intraabdominal fat volume (P = 0.037) than
obese twins in group 1, but the other
adiposity measures did not differ. Lean
cotwins between the groups did not
differ on any adiposity measures or sex.
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Figure 1—The responses of glucose, insulin, GLP-1, and GIP after OGTT in MZ and DZ twin pairs either discordant or concordant for BMI. Dashed lines
represent leaner cotwins and solid lines heavier cotwins. Group 1 is MZ twin pairs discordant for BMI but not for liver fat. Group 2 is MZ twin pairs
discordant for both BMI and liver fat. *P , 0.05, **P , 0.01, ***P , 0.001 for differences between leaner vs. heavier cotwin (paired Wilcoxon test).

diabetes as compared with healthy
control subjects with comparable insulin
sensitivity (24) or in women with a
history of gestational diabetes (25).
These studies support our ﬁndings that
obese cotwins with preserved insulin
sensitivity had normal GLP-1, GIP,

insulin, and glucose concentrations
after OGTT and meal test.
We could identify an extremely
informative subset of MZ twin pairs who
are discordant for obesity, liver fat, and
insulin resistance, i.e., each pair
includes a metabolically healthy lean

versus an unhealthy obese twin with
identical genotype. The heavier, more
insulin-resistant cotwin group with
higher liver fat showed blunted GLP-1
response to both oral challenges. That
ﬁnding was conﬁrmed among weightdiscordant DZ twin pairs, among whom
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the heavier cotwin group also displayed
blunted GLP-1 and higher insulin
response to OGTT as compared with the
leaner cotwin group. It must be noted
that the DZ weight-discordant twin pairs
did not undergo liver fat measurement
but as a group they clearly represent the
unhealthy obesity pattern based on
signiﬁcantly higher HOMA-IR and lower
Matsuda indices. Most of the previous
data also support our view that impaired
incretin response develops
concomitantly with the features of
insulin resistance rather than
represents a primary genetic trait that

drives the progress to type 2 diabetes
(1,26,27). In the current study, a
clustering of metabolic risk factors with
increased liver fat and insulin resistance
was required on top of simple obesity
for impaired incretin response to
develop. However, whether the
metabolically unhealthy obesity pattern
is acquired or represents interactions
between susceptibility genes and
environment remains to be determined.
Single nucleotide polymorphisms
affecting diabetes risk that are
associated with incretin secretion or
action are surprisingly few and do not

reveal if incretin defect precedes
diabetes or requires insulin resistance to
develop. So far, identiﬁed genes include
TCF7L2, GIPR, WSF1, and KCNQ1, which
mostly regulate the incretin effect on
islet cells rather than concentrations of
GLP-1 and GIP (3,4,6). Carriers of the
T allele of TCLF7 variant rs7903146
demonstrate 30% loss of the incretin
effect, suggesting impaired b-cell
capacity to respond to incretin stimulus
(28). Also GIPR and WSF1 affect the
pancreatic incretin-dependent insulin
signaling pathways. Only KCNQ1 single
nucleotide polymorphisms theoretically
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Figure 2—The responses of glucose, insulin, and GLP-1 after mixed meal in MZ and DZ twin pairs either discordant or concordant for BMI. Dashed
lines represent leaner cotwins and solid lines heavier cotwins. Group 1 is MZ twin pairs discordant for BMI but not for liver fat. Group 2 is MZ twin
pairs discordant for both BMI and liver fat. *P , 0.05 for differences between leaner vs. heavier cotwin (paired Wilcoxon test).
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may impair ileal incretin secretion (6).
Recently, Smushkin et al. (29) reported
in healthy individuals that TCF7L2,
WFS1, and KCNQ1 genotypes had no
effect on GLP-1 concentrations after an
OGTT, or on b-cell responsiveness to
hyperglycemic clamp and GLP-1
infusion. Based on these ﬁndings, we
assume that the b-cells of the healthy
subjects in our study respond normally
to GLP-1. Furthermore, we found that
the heavier MZ weight-discordant twins
with low liver fat were able to even
increase their GLP-1 secretion during
OGTT and mixed meal at 30 min with
simultaneous increase in insulin
secretion. This resulted in maintenance
of identical glucose levels, as observed
in their leaner twin pairs. Our data
suggest that the incretin response to
oral nutrients is well preserved and may
even compensate for the increased
insulin requirements in metabolically
healthy obese subjects. Instead, the
heavier MZ weight-discordant twins
with high liver fat showed slightly
decreased GLP-1 levels and clearly
elevated insulin and glucose levels
during the OGTT and mixed meal. The
data suggest that the enhanced insulin
response in the metabolically unhealthy,
heavier MZ is not accounted for by GLP-1

secretion but presumably by direct effects
of elevated glucose concentrations.
A severely reduced incretin response is a
uniform ﬁnding in type 2 diabetes, in
which the b-cell insulin secretion due to
incretins may be reduced to ,20% from
that of healthy subjects (2). The data in
subjects with diabetes on GLP-1 and GIP
plasma levels are conﬂicting with
studies reporting especially reduced,
unaltered, and increased GIP
concentrations after OGTT (2,30–33). It
must be noted that these studies
include subjects from mixed
populations with variable genetic
background and duration of full-blown
diabetes in which both reduced
secretion and impaired action of
incretins have been suggested as the
culprit. Our young and healthy study
population, on the other hand, does not
have diabetes, originates from a
genetically homogeneous Finnish
population, and is perfectly matched for
genes between the obese and nonobese
subjects. Therefore, one can assume
that the differences in GLP-1 and GIP
responses relative to insulin and glucose
responses detected between weightand liver fat–discordant MZ twin pairs
are representing the true impairment in

GLP-1 metabolism and relatively more
preserved GIP response elicited by the
phenotype. Because of our study design,
we are not able to estimate if
insulinotropic action of GIP on b-cells is
impaired or not in the metabolically
unhealthy pattern of obesity.
Our ﬁnding that leaner and heavier
cotwins of obesity-discordant MZ pairs
demonstrate a similar AUC for PYY levels
is in contradiction with reports of
decreased PYY secretion after meal in
obesity in individuals (34,35). This
ﬁnding suggests that common genetic
or environmental factors may underlie
obesity and PYY response to oral
nutrients. Also, our subjects were young
with a very homogeneous background
and only a moderate degree of obesity,
which may also account for
discrepancies between ﬁndings.
Young-adult obesity-discordant MZ
twins with no major confounding factors
such as medications and other diseases
are extremely rare, and despite
screening of 10 yearly cohorts with well
over 5,000 twin pairs, the ﬁnal sample
size was quite small and therefore
potentially underpowered. However,
this selection procedure provided a
highly informative sample for studying
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Figure 3—The relationships between area responses of GLP-1 to glucose and GLP-1 to insulin after OGTT (A and D) and meal test (C and F) and the
relationships between area responses of GIP to glucose and GIP to insulin after OGTT (B and E) in MZ and DZ twin pairs either discordant or
concordant for BMI. Group 1 is MZ twin pairs discordant for BMI but not for liver fat. Group 2 is MZ twin pairs discordant for both BMI and liver fat.
Open bars, leaner cotwins; black bars, heavier cotwins. *P , 0.05, ***P , 0.001 for differences between leaner vs. heavier cotwin (paired Wilcoxon test).
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In conclusion, in the present twin study,
the estimated heritability of GLP-1
response to OGTT is 67%. The incretin
responses of GLP-1 and GIP as well as
PYY to oral nutrients do not differ
between cotwins who are concordant
for obesity or discordant for obesity but
metabolically healthy. A defective GLP-1
response emerges concomitantly with
increase in liver fat content and
impairment of insulin sensitivity as an
early sign of unhealthy obesity.
Whether such a pattern is determined
by susceptibility genes or depends on
lifestyle choices over and above obesity
remains to be studied. Our ﬁndings
suggest that GLP-1–based therapies
may be widely applicable treatment
options in the unhealthy pattern of
obesity.

of the data and the accuracy of the data
analysis.
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Northern Sweden Monitoring of Trends and
Determinants in Cardiovascular Disease
(MONICA). Impaired incretin response
after a mixed meal is associated with insulin
resistance in nondiabetic men. Diabetes
Care 2001;24:1640–1645

29. Smushkin G, Sathananthan M,
Sathananthan A, et al. Diabetes-associated
common genetic variation and its
association with GLP-1 concentrations and
response to exogenous GLP-1. Diabetes
2012;61:1082–1089

30. Ross SA, Brown JC, Dupré J. Hypersecretion
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