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The diabetes-associated allele in TCF7L2 increases the
rate of conversion to diabetes; however, the mechanism
bywhich this occurs remains elusive. We hypothesized that
the diabetes-associated allele in this locus (rs7903146) im-
pairs insulin secretion and that this defect would be exac-
erbated by acute free fatty acid (FFA)–induced insulin
resistance. We studied 120 individuals of whom one-half
were homozygous for the diabetes-associated allele TT
at rs7903146 and one-half were homozygous for the pro-
tective allele CC. After a screening examination during
which glucose tolerance status was determined, sub-
jects were studied on two occasions in random order
while undergoing an oral challenge. During one study
day, FFA was elevated by infusion of Intralipid plus hep-
arin. On the other study day, subjects received the same
amount of glycerol as present in the Intralipid infusion.
b-Cell responsivity indices were estimated with the oral
C-peptide minimal model. We report that b-cell respon-
sivity was slightly impaired in the TT genotype group.
Moreover, the hyperbolic relationship between insulin
secretion and b-cell responsivity differed significantly
between genotypes. Subjects also exhibited impaired
suppression of glucagon after an oral challenge. These
data imply that a genetic variant harbored within the
TCF7L2 locus impairs glucose tolerance through effects
on glucagon as well as on insulin secretion.

Type 2 diabetes is characterized by inadequate insulin
secretion for the prevailing level of insulin action and is
caused by a complex interaction between genes and the
environment. Although many genes have been associated
with type 2 diabetes, the T allele at rs7903146 in the
TCF7L2 locus arguably has the greatest effect on disease
predisposition (1). The diabetes-associated allele T raises

postprandial glucose concentrations and decreases peripheral
concentrations of insulin in response to an oral challenge
(2,3). On the basis of these observations, TCF7L2 has
been assumed to impair b-cell function.

This conclusion may be somewhat premature because
it is subject to several caveats. Most studies have used
qualitative measures of insulin secretion and action that
are based on changes in peripheral insulin concentrations
rather than on directly measured b-cell function. This is
problematic because changes in peripheral insulin concen-
trations are influenced by changes in insulin secretion
and by changes in hepatic insulin clearance (4,5). Further-
more, most studies typically have used qualitative mea-
sures of insulin action (e.g., HOMA), creating uncertainty
about the extent to which insulin secretion is appropriate
for the prevailing level of insulin action (5,6) and perhaps
explaining why some studies have reported that the T
allele is associated with defects in insulin action (7,8)
rather than in insulin secretion. This is important because
an inability of the b-cell to compensate for the prevailing
level of insulin action is an early step in the evolution of
type 2 diabetes (9–11).

To determine the mechanism by which the TT geno-
type causes glucose intolerance, we hypothesized that
the diabetes-associated allele in TCF7L2 causes glucose
intolerance by limiting the ability of b-cells to compen-
sate for (acute or chronic) insulin resistance. We studied
subjects matched for age, sex, weight, and fasting glucose
level during a 75-g oral glucose tolerance test (OGTT) at
the time of screening and then on two occasions in ran-
dom order. On one occasion, acute insulin resistance was
induced by means of an Intralipid and heparin infusion to
raise circulating concentrations of free fatty acids (FFAs)
(12). On the other occasion, an infusion of glycerol was
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administered at the same rate as that on the Intralipid
study day. We report subtle differences in b-cell responsivity
to oral glucose due to genotype and an altered relation-
ship of this parameter to insulin sensitivity. A novel finding
is that the diabetes-associated allele impaired suppression
of glucagon in response to an oral glucose challenge, espe-
cially during an accompanying elevation in FFA. Taken
together, these data imply that a genetic variant in the
TCF7L2 locus impairs glucose tolerance through effects on
glucagon as well as on insulin secretion.

RESEARCH DESIGN AND METHODS

Subjects
After approval from the Mayo Clinic Institutional Review
Board, we used the Mayo Clinic Biobank, a repository
of 20,000 DNA samples collected from volunteers, to
perform genotyping of 4,000 individuals at rs7903146.
Subjects were randomly selected from the biobank cohort,
their age spanned 20–70 years (thereby minimizing the
potential confounding effects of age on glucose tolerance
and insulin secretion), they had no history of diabetes,
and they resided within a 100-mile radius of Mayo Clinic in
Rochester, MN. Subjects homozygous for the disease-
causing allele TT were matched for age, sex, fasting
glucose level, and body weight with subjects homozygous for
the disease-protective allele CC, and all were invited
to participate in the study. After written informed con-
sent, subjects underwent a 2-h 75-g OGTT to characterize
their glucose tolerance status. All subjects were not
taking medications that could affect glucose metabolism
and had no history of chronic illness or upper gastroin-
testinal surgery. All were instructed to follow a weight-
maintenance diet (approximately 55% carbohydrate, 30%
fat, and 15% protein) for the duration of the study. Body
composition was measured with DEXA (iDXA scanner; GE
Healthcare, Wauwatosa, WI).

Experimental Design
Subjects were subsequently studied on two occasions in
random order 2 weeks apart. On one occasion (FFA),
subjects received an infusion of Intralipid and heparin to
raise FFA concentrations, whereas on the other occasion
(GLY), glycerol was infused at a rate of 5 mmol/kg/min to
match the amount of Intralipid infused during the FFA
study day. On each occasion, subjects were admitted to
the clinical research unit at 1700 h on the day before the
study. At 1800 h, they consumed a standard 10 kcal/kg
meal (55% carbohydrate, 30% fat, 15% protein) followed
by an overnight fast. At 0630 h (2210 min) the following
morning, a forearm vein was cannulated for infusions. In
addition, a cannula was inserted retrogradely into a vein
of the contralateral dorsum of the hand, which was placed
in a heated Plexiglas box maintained at 55°C to allow
sampling of arterialized venous blood.

At 0700 h (2180 min), an infusion of Intralipid (20%,
0.011 mL/kg/min; Baxter Healthcare, Deerfield, IL) and
heparin (200 units prime, 0.2 units/kg/min continuous)

was commenced as previously described (13). The infusion
was continued until the end of the study (1600 h [360 min]).
At time 0 (1000 h), subjects ingested a glucose drink (1 g/kg
body weight). Blood samples were obtained at periodic in-
tervals for hormone and substrate measurement over the
course of the experiment.

Analytical Techniques
Genotyping of the rs7903146 single nucleotide poly-
morphism was undertaken with TaqMan (Applied Bio-
systems, Foster City, CA). Plasma samples were placed on
ice, centrifuged at 4°C, separated, and stored at 220°C
until assayed. Samples for measurement of FFA were
placed in tubes containing 50 mL Paroxon (diethyl
p-nitrophenyl phosphate; Sigma-Aldrich, St. Louis, MO).
FFA concentrations were measured by high-performance
liquid chromatography (14,15). Glucose concentrations
were measured by a glucose oxidase method (Yellow
Springs Instruments, Yellow Springs, OH). Plasma insulin
was measured with a chemiluminescence assay (Access;
Beckman Coulter, Chaska, MN). Plasma glucagon and
C-peptide levels were measured by radioimmunoassay
(Linco Research, St. Louis, MO).

Calculations
Data are presented as mean 6 SEM. Values from –30 to
0 min were averaged and considered as basal. Area above
basal was calculated using the trapezoidal rule.

Net insulin action (Si) was measured using the oral
minimal model (16). b-Cell responsivity indices were es-
timated by the oral C-peptide minimal model (17), in-
corporating age-associated changes in C-peptide kinetics
(18). The model assumes that insulin secretion com-
prises static and dynamic components. The parameter
fd defines the dynamic responsivity index and is pro-
portional to the rate of increase of glucose concentra-
tions. The parameter fs represents the provision of new
insulin to the releasable pool. An index of total b-cell
responsivity to glucose (F) was then derived from both
indices (19).

A population-based approach was applied to each geno-
type group during the GLY and FFA study days by using
nonlinear mixed-effects modeling as first described by

Table 1—Demographic characteristics of each genotype
group

CC TT P value

Sex
Male 22 23 —

Female 38 37 —

Age (years) 41.1 6 1.7 41.9 6 2.0 0.75

Weight (kg) 82 6 3 80 6 2 0.40

BMI (kg/m2) 27.4 6 0.5 27.4 6 0.6 0.95

Lean body mass (kg) 47.4 6 1.2 48.7 6 1.4 0.47

Data are mean6 SEM. P value reports the result of an unpaired,
two-tailed t test.
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Denti et al. (20) to obtain genotype-specific estimates
of the power function law describing the disposition index
(DI) =F $ Si

a, which accommodates the relationship between
secretion and action under different experimental conditions.

Statistics
Data presented in the text are (observed) mean 6 SEM.
The primary analyses compared differences in values and
indices between genotype groups by unpaired, two-tailed
t test. Secondarily, we compared the effect of FFA eleva-
tion between genotype groups using (symmetric) percent
differences (21) calculated as 100 $ Loge (FFA value/GLY
value). Within-group changes in fasting, peak, and inte-
grated hormone concentrations or glucose flux (GLY vs.
FFA) were assessed separately for each group by a paired
t test or a signed rank test as warranted. P , 0.05 was
considered statistically significant.

RESULTS

Volunteer Characteristics
Sixty subjects with the TT genotype and 60 with the CC
genotype were studied (Table 1). The genotype groups
were well matched, with no between-group differences
in age, sex distribution, weight, and fasting glucose con-
centrations. Using a 120-min glucose value $7.8 mmol/L
during the 75-g OGTT to classify subjects as glucose in-
tolerant, 25 subjects in the CC group and 30 in the TT
group had impaired glucose tolerance.

Plasma Glucose, Insulin, C-Peptide, and Glucagon
Concentrations During a 75-g OGTT
Although fasting glucose concentrations did not differ, peak
(10.1 6 0.2 vs. 10.9 6 0.2 mmol/L, P = 0.009) and in-
tegrated (356 6 15 vs. 431 6 19 mmol per 2 h, P = 0.003)
glucose concentrations were lower in the CC group than in
the TT group, respectively (Fig. 1A). In contrast, fasting,
peak, and integrated concentrations of insulin (Fig. 1B)
and C-peptide (Fig. 1C) did not differ between groups. Al-
though fasting and nadir glucagon (Fig. 1D) did not differ
significantly, postchallenge suppression of glucagon was
greater in the CC group (21,107 6 159 vs. 21,610 6
180 ng per 2 h, P = 0.04) (Supplementary Table 1).

Plasma Glucose, Insulin, C-Peptide, and Glucagon
Concentrations During Challenge With 1 g/kg Glucose
and Concomitant Glycerol Infusion
The differences in fasting, peak (10.1 6 0.2 vs. 10.6 6 0.2
mmol/L, P = 0.06), and integrated glucose concentrations
between the CC and TT genotype groups, respectively, were
not significant (Fig. 2A). Similarly, fasting, peak, and in-
tegrated concentrations of insulin (Fig. 2B) and C-peptide
(Fig. 2C) did not differ between groups. Despite apparent,
but nonsignificant, differences in the time taken to sup-
press to nadir values (102 6 8 vs. 124 6 10 min, P =
0.08), the main difference in integrated glucagon concen-
trations (Fig. 2D) was observed in the first hour after oral
challenge when glucagon was suppressed less in the TT
group (2398 6 71 vs. 2178 6 71 ng per 1 h, P = 0.04).

Figure 1—Glucose (A), insulin (B), C-peptide (C ), and glucagon (D) concentrations in response to a 75-g oral glucose challenge in subjects
with the CC and TT genotypes. Data are mean 6 SEM. *P < 0.05 for a post hoc unpaired, two-tailed t test.
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Plasma Glucose, Insulin, C-Peptide, and Glucagon
Concentrations During Challenge With 1 g/kg Glucose
and Elevated FFAs
By design, FFA concentrations were raised threefold in the
FFA study compared with the GLY study (Supplementary
Fig. 1). Although glucose ingestion (and subsequent insulin
secretion) suppressed FFA in the postprandial state, differ-
ences in FFA concentrations compared with the GLY study
persisted throughout the experiment.

FFA elevation resulted in higher postchallenge peak
and integrated glucose concentrations (P , 0.05) (Sup-
plementary Table 2) within both genotype groups than in
the GLY study. Although there was a tendency to higher
peak glucose concentrations in the TT group (Supplemen-
tary Tables 1 and 2), fasting, peak, and integrated glucose
concentrations did not differ between genotype groups
during FFA elevation (Fig. 3A).

Fasting and postprandial insulin and C-peptide con-
centrations were increased by FFA elevation (P , 0.05)
(Supplementary Table 2) compared with the GLY study.
However, insulin and C-peptide concentrations did not
differ between genotype groups during FFA elevation
(Fig. 3B and C).

FFA elevation raised fasting glucagon concentrations
to a greater extent from the fasting concentrations
observed during the GLY study in subjects with the TT
genotype than in those with the CC genotype (P , 0.05)
(Supplementary Table 2). Compared with subjects with
the CC genotype, postprandial glucagon concentrations

suppressed to a lesser degree, resulting in a higher nadir
value of glucagon in the TT group (Supplementary Table
1). Indeed, although nadir glucagon was unchanged from
the GLY study in the CC group (51 6 2 vs. 52 6 2 ng/L,
P = 0.47), nadir glucagon in the TT group was increased by
FFA elevation (53 6 2 vs. 59 6 2 ng/L, P , 0.001)
(Supplementary Table 2).

Indices of Insulin Secretion and Insulin Action
Si did not differ between genotype groups (Fig. 4A) during
OGTT. However, F (Fig. 4B) was lower (556 3 vs. 486 2
1029min21, P = 0.03) in the TT group, a difference mainly
explained by the dynamic component of b-cell responsiv-
ity (fd 46 6 2 vs. 41 6 2 1029, P = 0.03) (Supplementary
Table 3).

Si (Fig. 4C) and F (Fig. 4D) did not differ significantly
between groups during the GLY study. As expected, ele-
vation of FFA by infusion of Intralipid and heparin low-
ered Si in both groups compared with the glycerol
infusion. Si did not differ between genotype groups dur-
ing this experiment (Fig. 4E); however, F was lower (506
3 vs. 42 6 2 1029min21, P = 0.02) in the TT group (Fig.
4F). Differences were observed in both the dynamic (fd)
and the static (fs) components of b-cell responsivity
(Supplementary Table 3).

Relationship of b-Cell Responsivity to Oral Glucose
and Insulin Action in Genotype Groups
To examine the relationship between Si and F, individ-
ual values of Si and F were used to calculate a DI for each

Figure 2—Glucose (A), insulin (B), C-peptide (C), and glucagon (D) concentrations in response to a 1 g/kg body weight glucose challenge
with accompanying glycerol infusion in subjects with the CC and TT genotypes. Data are mean 6 SEM. *P < 0.05 for a post hoc unpaired,
two-tailed t test.
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genotype group during the GLY and FFA studies by using
a population instead of an individual approach as pre-
viously described (20) (Fig. 5). This approach includes
an exponential parameter a to accommodate the (shape
of the) relationship between insulin secretion and
b-cell responsivity, where DI = F $ Si

a. The DI during
the GLY study was significantly decreased in the TT
genotype group compared with the CC genotype group
(931 6 76 vs. 188 6 8 10214 dL/kg/min2 per pmol/L,
P, 0.001). FFA elevation resulted in a significant decrease
in DI in the CC group but in no change in the TT group so
that DI did not differ between groups during the FFA
study (2096 8 vs. 2066 9 10214 dL/kg/min2 per pmol/L,
P not significant). Differences in the exponent a (a pa-
rameter of the power function law describing insulin
secretion and action [DI = F $ Si

a]) were evident during
the GLY study (1.16 6 0.03 vs. 0.61 6 0.01, P ,
0.001) but to a lesser extent during the FFA study
(0.72 6 0.02 vs. 0.78 6 0.02, P = 0.04) between CC
and TT genotype groups, respectively (Supplementary
Fig. 2).

Plasma Glucagon Concentrations in Subjects
Classified by Glucose Tolerance Status
When classified by glucose tolerance status, fasting and
nadir postprandial glucagon concentrations did not differ
between subjects with CC and TT genotypes who had
normal glucose tolerance during either the GLY (Fig. 6A)
or the FFA (Fig. 6C) study. In contrast, in subjects with

impaired glucose tolerance, glucose ingestion resulted in
less suppression of glucagon in subjects with the TT geno-
type as represented by nadir values during either the GLY
(51 6 3 vs. 58 6 3 ng/L, P = 0.02) (Fig. 6A) or the FFA
(54 6 3 vs. 64 6 3 ng/L, P = 0.05) (Fig. 6C) study.

DISCUSSION

The TCF7L2 T allele at rs7903146 is reproducibly associ-
ated with type 2 diabetes in various populations (22). The
mechanism is uncertain, with some studies reporting that
risk genotype is associated with defective insulin secretion
(2,23–25). Some studies have reported an association
with a decreased insulin action (8,26), and others have
reported both (27). The present studies measured insulin
secretion and insulin action in a large number of subjects
with the TT genotype on three separate occasions and
compared the results to those observed in carefully
matched subjects with the CC genotype. On one occasion,
subjects underwent a typical 2-h 75-g OGTT. On another
occasion, they received a 1 g/kg oral glucose challenge
during FFA-induced acute insulin resistance (by using an
infusion of Intralipid and heparin). Finally, the subjects
were studied after an identical challenge in the presence
of glycerol infusion (to control for the glycerol infused
with Intralipid). We reasoned that a modest effect of
the TT phenotype on b-cell function only becomes evident
when insulin secretory reserve is challenged by a decrease
in insulin action.

Figure 3—Glucose (A), insulin (B), C-peptide (C ), and glucagon (D) concentrations in response to a 1 g/kg body weight glucose challenge
with accompanying infusion of Intralipid and heparin in subjects with the CC and TT genotypes. Data are mean6 SEM. *P< 0.05 for a post
hoc unpaired, two-tailed t test.
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In response to a 75-g OGTT, the glycemic excursion
was greater in subjects with the TT genotype. This was
accompanied by insulin concentrations that did not differ
from those in subjects with the CC genotype, implying an
inadequate secretory response for the prevailing glucose
concentrations. Indeed, corrected insulin response, a com-
monly used surrogate of insulin secretion in genetic
association studies, was lower in the TT group (Supple-
mentary Table 3) in response to 75 g of glucose. The dynamic
component of b-cell responsivity to glucose (believed to
represent the secretion of preformed insulin secretory
granules in response to rising glucose concentrations) as
well as total b-cell responsivity (5) was slightly, but signif-
icantly decreased in the TT group (Fig. 3 and Supplemen-
tary Table 3). Insulin action was unaffected by genotype. Of
note, there was an unexpected subtle impairment in gluca-
gon suppression in subjects homozygous for the diabetes-
associated allele of rs7903146.

An acute decrease in insulin action produced by FFA
elevation worsened glucose tolerance comparably in both
genotype groups. However, fasting and postprandial
glucagon concentrations during these conditions were
higher in the TT group (Supplementary Table 1). These
differences in glucagon concentrations were accompanied
by decreased b-cell responsivity to glucose during FFA
elevation in the TT group (Fig. 3 and Supplementary Table
3). This was due to differences in both the static and
the dynamic contribution to b-cell responsivity during
the experimental conditions. Overall, these data suggest
that impaired insulin secretion and impaired suppression
of glucagon secretion function contribute to the diabetes

predisposition conferred by TCF7L2. DI (which reflects
the appropriateness of the b-cell response in light of
the prevailing insulin action) differed significantly be-
tween genotype groups during the GLY study largely
due to subtle differences in the hyperbolic relationship
between insulin secretion and insulin action (Supplemen-
tary Fig. 3).

Net insulin action during all three studies did not
differ in the TT and CC genotype groups. As anticipated,
the Intralipid plus heparin infusion elevated plasma FFA
and decreased insulin action. Of note, the increment in
FFA and the accompanying decrement in insulin action
did not differ in the TT and CC groups. Together, these
observations imply that the TT genotype does not alter
insulin action and does not exacerbate the fall in insulin
action produced by an acute increase in FFA. These data
argue against impaired insulin action as the mechanism
by which the TCF7L2 TT genotype predisposes to the de-
velopment of type 2 diabetes.

Glucagon is not suppressed or may increase paradox-
ically after glucose ingestion in people with type 2
diabetes (28). In addition, although lack of glucagon sup-
pression does not alter glucose tolerance when insulin
secretion is intact (29,30), it can cause substantial post-
prandial hyperglycemia when insulin secretion is reduced
or delayed (30,31). Therefore, the impaired suppression
of glucagon in the TT relative to the CC genotype is par-
ticularly intriguing. This pattern is consistent with our
previous observation that suppression of glucagon is
lower in subjects with the TT genotype during a hypergly-
cemic clamp. Of particular interest, suppression of glucagon

Figure 4—Si (A, C, and E ) and F (B, D, and F) in response to a 75-g oral glucose challenge (A and B), in response to a 1 g/kg body weight
glucose challenge with accompanying glycerol infusion (C and D), and in response to a 1 g/kg body weight glucose challenge with
accompanying infusion of Intralipid and heparin (E and F ) in subjects with the CC and the TT genotypes.
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during that experiment did not differ in subjects with the
CT and CC genotypes (32). As in the current series of
experiments, Lyssenko et al. (33) reported no effect of
TCF7L2 on fasting glucagon concentrations. Smushkin
et al. (32) and Færch et al. (34) reported a trend suggest-
ing impaired suppression of glucagon in subjects with the
diabetes-associated allele. However, the small numbers of
subjects mean that those studies may have been under-
powered to detect a subtle abnormality in glucagon sup-
pression. The current large cohorts used to study the
effect of TCF7L2 on diabetes predisposition did not re-
port postprandial glucagon concentrations.

Defects in glucagon secretion are seen in prediabetes
(35) and early in the course of type 1 diabetes, suggesting
that subtle defects in insulin secretion also contribute to
a-cell dysregulation (36). In the present cohort, post hoc
examination of glucagon concentrations in subjects clas-
sified by glucose tolerance status at the time of screening
suggests that genotype differences in postchallenge gluca-
gon concentrations are most apparent in the group with

impaired glucose tolerance, despite no apparent differ-
ences in insulin and C-peptide concentrations or b-cell
responsivity (Supplementary Figs. 3 and 4) between ge-
notypes of subjects with impaired glucose tolerance. Al-
though impaired glucose tolerance is associated with
impaired b-cell function (9), in the present cohort, groups
discordant for genotype at rs7903146 differed in their
ability to suppress glucagon, despite similar indices of
b-cell function.

Of note, intravenous but not oral glucose suppresses
glucagon in type 2 diabetes, leading to speculation that
enteral signaling to the a-cells contributes to the patho-
genesis of this disease (37). Glucagon arises from post-
translational processing of proglucagon within the a-cell
through the actions of prohormone convertase 2. On the
other hand, prohormone convertase 1 processes proglu-
cagon to produce GLP-1, an incretin hormone produced
by enteroendocrine cells that produces glucose-dependent
stimulation of insulin secretion and suppression of gluca-
gon (38). Indeed, TCF7L2 acts as a regulator of proglucagon

Figure 5—Relationship of F and Si in subjects with the CC or TT genotypes during glycerol infusion (A) and during Intralipid and heparin
infusion (B). The hyperbolic relationship for the two parameters during glycerol infusion (C ) and Intralipid and heparin infusion (D) is shown.
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expression in the gut, promoting synthesis and secretion of
GLP-1 (39).

The possibility that TCF7L2 predisposes to diabetes
through effects on GLP-1 secretion was raised at the time
of association of this locus with diabetes (40). Indeed, other
investigators suggested that the diabetes-associated allele
decreased responsivity to exogenous GLP-1 in humans
without diabetes (7,41). However, an effect of TCF7L2 on
GLP-1 secretion (based on GLP-1 concentrations in the
peripheral circulation) and action was not borne out in a
larger study that used quantitative measures of insulin
secretion in response to GLP-1 (32). Lyssenko et al. (33)
reported that diabetes is associated with increased TCF7L2
mRNA in islets, which is inversely correlated with glucose-
stimulated insulin secretion. On the other hand, in a separate
experiment, type 2 diabetes was associated with decreased
islet TCF7L2 expression as well as with downregulation of
islet incretin receptors (42). Islets obtained from humans
with the TT genotype at rs7903146 exhibited a relative in-
crease in a-cells and glucagon immunoreactivity (43), which
supports the present findings.

By design, these experimental interventions were acute
and may not replicate b-cell secretory response to a chronic
decrease in insulin action produced by obesity or other
chronic environmental influences. However, direct model-
based measures of b-cell function during an intravenous
glucose tolerance test (8,25,27,33,44) or insulin stimula-
tion by arginine (33) have suggested an impairment of
b-cell function attributable to the diabetes-associated allele
of TCF7L2. The current study supports these conclusions

to some extent. Diabetes-associated genetic variation in
TCF7L2 has been associated with elevated fasting glucose
concentrations in subjects without diabetes (3). However,
in the present cohort, genotype groups were matched for
fasting glucose concentrations, which may have minimized
genotype-attributable differences in b-cell function because
subjects with higher fasting glucose concentrations (45)
and subjects with both impaired fasting glucose and im-
paired glucose tolerance exhibit a decreased DI compared
with subjects with normal fasting glucose and normal glu-
cose tolerance (9).

Another limitation is that we only studied subjects homo-
zygous for the diabetes-associated or diabetes-protective allele
at rs7903146 to maximize TCF7L2-attributable differences in
b-cell function (2). Whether the effects on a-cell function will
be observed in subjects heterozygous for the T allele at
rs7903146 remains to be determined.

FFA directly affects insulin secretion through the GPR40
receptor (46,47), likely explaining the small, but significant
changes in fasting glucose, insulin, and C-peptide concen-
trations during FFA elevation (Supplementary Table 2).
Theoretically, this could obscure differences in b-cell
responsivity attributable to genotype. However, the exper-
imental conditions clearly impaired insulin action, with
evident differences in b-cell responsivity during FFA eleva-
tion. Of note, the between-group differences observed in
response to a 75-g OGTT and during FFA elevation were
not clearly demonstrated during the GLY experiment. We
are unaware of evidence to suggest that glycerol might have
salutary effects on b-cell function. Overnight admission

Figure 6—Glucagon concentrations in response to 1 g/kg oral glucose challenge during glycerol (A and B) and Intralipid and heparin (C and
D) infusion in subjects with normal (A and C ) and impaired (B and C) glucose tolerance at the time of screening OGTT. Data are mean 6
SEM. *P < 0.05 for a post hoc unpaired, two-tailed t test.
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and standardization of dietary intake also may have ob-
scured the effects of lifestyle in subjects with the TT geno-
type that may have been evident at the time of screening
and during FFA elevation.

We conclude that the diabetes-associated allele of
TCF7L2 is associated with impaired postprandial suppres-
sion of glucagon, suggesting an additional mechanism by
which TCF7L2 predisposes to type 2 diabetes. Whether
this can be explained by alterations in the synthesis of
glucagon or other proglucagon derivatives and their sig-
naling pathways remains to be ascertained (42,48). Deter-
mining the temporal relationship, if any, between TCF7L2
genotype and defects in glucagon suppression and b-cell
responsivity in a longitudinal study examining progression
of glucose tolerance status in subjects without diabetes also
will be important.
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