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The KCNJ11-E23K Gene Variant Hastens Diabetes
Progression by Impairing Glucose-Induced Insulin
Secretion
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Numerous genome-wide association studies have demonstrated that a common polymorphism (E23K) in the
KCNJ11 gene is linked to increased risk of type 2 diabetes
(T2D) in Caucasian, Asian, and Arabian populations (1).
Initial studies identiﬁed the polymorphism but failed to
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detect an association with T2D due to the small sample size
(2). This is because although the increase in risk is highly
signiﬁcant (P 5 4 3 10225 by meta-analysis [1]), its effect
size is relatively modest (odds ratio [OR] 1.18 for the EK,
OR 1.65 for the KK genotype [3]) and can only be detected
in large-scale studies or meta-analysis studies (1,3,4). Approximately 58% of Caucasians carry a K risk allele (EK or
KK), with 13% being of the KK genotype (3). A similar
(.20%) allelic frequency is found in Asian and Arabian
populations (4,5). Consequently, the effect on the global
population risk is substantial.
The KCNJ11 gene encodes the main subunit (Kir6.2) of
the ATP-sensitive K1 (KATP) channel in pancreatic b-cells,
which plays a key role in glucose homeostasis by coupling
glucose metabolism to insulin secretion (6,7). At low
plasma glucose levels, KATP channel activity keeps the
membrane hyperpolarized, preventing electrical activity
and insulin release. Enhanced b-cell glucose metabolism
at stimulatory plasma glucose concentrations elevates
cytosolic ATP, which binds to the KATP channel, causing
it to close. This triggers electrical activity and insulin
secretion.
The b-cell KATP channel is composed of four poreforming Kir6.2 subunits and four regulatory SUR1 subunits (encoded by the ABCC8 gene), which together form
an octameric complex. Activating mutations in KCNJ11 or
ABCC8 are a common cause of neonatal diabetes (8–13).
These mutations impair the ability of MgATP to close the
KATP channel, thereby preventing insulin secretion in response to an elevation of blood glucose (8,13,14). There is
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PATHOPHYSIOLOGY

The ATP-sensitive K1 (KATP) channel controls blood glucose levels by coupling glucose metabolism to insulin
secretion in pancreatic b-cells. E23K, a common polymorphism in the pore-forming KATP channel subunit
(KCNJ11) gene, has been linked to increased risk of type
2 diabetes. Understanding the risk-allele-speciﬁc pathogenesis has the potential to improve personalized diabetes treatment, but the underlying mechanism has
remained elusive. Using a genetically engineered mouse
model, we now show that the K23 variant impairs glucoseinduced insulin secretion and increases diabetes
risk when combined with a high-fat diet (HFD) and obesity. KATP-channels in b-cells with two K23 risk alleles
(KK) showed decreased ATP inhibition, and the threshold
for glucose-stimulated insulin secretion from KK islets
was increased. Consequently, the insulin response to
glucose and glycemic control was impaired in KK mice
fed a standard diet. On an HFD, the effects of the KK
genotype were exacerbated, accelerating diet-induced
diabetes progression and causing b-cell failure. We conclude that the K23 variant increases diabetes risk by
impairing insulin secretion at threshold glucose levels,
thus accelerating loss of b-cell function in the early stages
of diabetes progression.
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a positive correlation between the molecular and systemic
phenotypes, with mutations that cause the largest reduction in ATP sensitivity producing a more severe clinical
phenotype (15,16). Mutations that produce a lesser reduction in ATP sensitivity are often associated with
transient neonatal diabetes (10), and in some patients,
diabetes may not present until later life (17–19).
Although the link between the E23K polymorphism and
T2D risk has been known for more than two decades (20),
the underlying mechanism has remained largely obscure.
Data from several genome-wide association studies suggest that it is the initial transition from healthy glycemic
control to impaired glucose tolerance that is mainly affected by the E23K polymorphism (4,21), but with the
caveat that there is signiﬁcant heterogeneity between studies (interstudy heterogeneity P , 0.001) (1). On a smaller
scale, functional studies have shown that in people with
normal glucose tolerance, the K variant is associated with
a marked (40%) reduction in insulin secretion in response to
an oral or intravenous glucose challenge (22). Other studies
have also reported impaired insulin (or C-peptide) secretion
in response to oral or intravenous glucose and lower
fasting insulin levels (21,23). However, these ﬁndings
are not universal, as no signiﬁcant difference in insulin
or C-peptide release was found in some studies (24,25).
The role of the Kir6.2-E23 residue in KATP channel
function has proved equally elusive. The N-terminal ﬁrst
32 residues of the Kir6.2 subunit are unresolved in all cryoelectron microscopy structures known to date (26–29),
and biophysical studies of recombinant Kir6.2-E23K channels heterologously expressed in non–b-cells have produced conﬂicting data. Some studies found the K variant to
be associated with a very small reduction in sensitivity to
inhibition by ATP, in both the absence (22,30) and
presence of Mg21 (22,31). An increased open probability
was reported to underlie the reduced ATP sensitivity
(22,30). In contrast, other studies failed to observe
a change in open probability (32). Moreover, the decrease
in ATP inhibition does not always reach signiﬁcance (33),
and some studies have reported no effect of the K variant
on the MgATP sensitivity of the KATP channel (34). Similarly, increased activation by MgADP of Kir6.2-K23 channels was observed in one study (31) but not in another
(34). Enhanced activation of Kir6.2-K23 channels by longchain acyl-CoAs has also been observed (32). These data
suggest that the Kir6.2-K23 variant has only a small effect
on the ATP sensitivity of the KATP channel that may not
reach signiﬁcance in some studies.
A further complication is that the E23K polymorphism
is in strong linkage disequilibrium both with a second
missense polymorphism in KCNJ11 (I337V) (20) and
a missense polymorphism in ABCC8 (S1369A) (35).
More than 72% of individuals with the Kir6.2-E23K allele
also carry the Kir6.2-I337V variant, although the link to
diabetes risk is stronger for E23K than for I337V (20) or
other known Kir6.2 variants (36). Linkage disequilibrium
between S1369A and E23K arises because KCNJ11 and
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ABCC8 lie adjacent on chromosome 11. In one Caucasian
population, linkage disequilibrium was almost complete
(r2 5 0.98) (36). Lower degrees of linkage disequilibrium
have been found in other populations (r2 5 0.56) (1), but
the sample size was too small to separate S1369A and
E23K effect sizes statistically. A key question, therefore, is
whether the observed functional effects are mediated by
a single polymorphism or require the combination of two
or all three variants. Biophysical studies in heterologous
expression systems found functional effects of SUR1-A1369
on KATP channel function, implicating a role for SUR1S1369A in T2D risk (34,37).
In summary, while there is unequivocal evidence that
the Kir6.2-K23/SUR1-A1369 haplotype is linked to T2D, it
is far from clear whether this is due to the E23K polymorphism in KCNJ11 or the S1369A variant in ABCC8 (or
both). It is also unclear how the variant enhances diabetes
risk and at what stage of diabetes progression and etiology
it exerts its main effect. We therefore aimed to address
these questions using a genetically engineered mouse
model and speciﬁcally to determine whether the K23
variant in KCNJ11 alone is sufﬁcient to cause glucose
intolerance and/or diabetes, whether the diabetes results
from impaired insulin secretion or action, and whether the
variant enhances the risk of diabetes on a high-fat diet
(HFD).
RESEARCH DESIGN AND METHODS
Animals

The C57BL/6NTac-Kcnj11em1H/H (Kcnj11- K23) allele was
generated using clustered regularly interspaced short palindromic repeats (CRISPR)-aided genome editing technology (38), and heterozygous EK mice were maintained by
backcrossing to the same C57BL/6NTac genetic background on which the allele was generated (datasheet available online, DOI: 10.6084/m9.ﬁgshare.12200909). Homozygous
experimental EE and KK mice were bred as littermates
from heterozygous EK 3 EK matings. Phenotyping pipelines and animal maintenance are described in detail in the
Supplementary Material Part 1. Litters were randomized,
litter size was standardized, and experiments were random
order and genotype-blinded. Animal experiments and
maintenance were in accordance with UK Home Ofﬁce
guidelines and Animals Scientiﬁc Procedures Act (2012)
regulations and were approved by the Medical Research
Council Harwell Institute Animal Welfare and Ethical Review Board. The diets used were as follows. The standard
diet (SD) (RM3; Special Diets Services; Dietex, Witham,
U.K.) contained 11.5 kcal% fat (92% of fatty acids $C16),
23.9 kcal% protein, and 61.6 kcal% carbohydrate. The HFD
(D12492; Research Diets, New Brunswick, NJ) contained
60.0 kcal% fat (99% $C16), 20.0 kcal% protein, and 20.0
kcal% carbohydrate.
Blood Glucose Experiments and Glycated Hemoglobin

Free-fed blood glucose was measured (1–4 P.M.) on weeks 7,
9, 11, 13, 15, 17 (SD and HFD) and 28 (HFD). Glycated
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hemoglobin (HbA1c) was measured after terminal bleeds at
28 weeks using a degradation resistant assay (#80310;
Crystal Chem). For intraperitoneal glucose tolerance tests
(IPGTT), 2 g glucose/kg body weight (kgBW) was injected
after an overnight fast. For intraperitoneal insulin tolerance tests (IPITT) at 16 weeks, 0.75 IU/kgBW (females) and
1.0 IU/kgBW (males) was injected after a 4-h fast.
Islet Electrophysiology and Glucose-Stimulated Insulin
Secretion

Islets were isolated essentially as previously described
(39,40). K ATP currents were recorded from excised
inside-out patches at 260 mV under symmetrical K concentrations, as described (14). Individual MgATP concentrationresponse curves were ﬁt with the Hill equation, and the
mean IC50 was calculated as the mean of individual ﬁts. For
glucose-stimulated insulin secretion (GSIS), islets were used
after overnight culture and preincubated for 1 h in low
glucose solution (2 mmol/L). Insulin secretion was measured
in 1-h batch incubations, and the total insulin content per
batch was measured after sonication/acid-ethanol extraction.
Insulin was quantiﬁed by ELISA (10-1247-10; Mercodia).
Statistics

GraphPad Prism 8, OriginPro 9.1, and Microsoft Excel
2010 were used for analysis and plotting. Statistical tests
used are indicated in the ﬁgure legends. P values of #0.05
were considered statistically signiﬁcant. A capital N is used
to denote a single animal, a lower-case n to denote the
number of membrane patches or batches of islets.
Data and Resource Availability

The data sets generated and analyzed during the current
study are available under DOI:10.6084/m9.ﬁgshare.12272873
and DOI:10.6084/m9.ﬁgshare.12420839 from ﬁgshare.com.
C57BL/6NTac-Kcnj11,em1H./H mice are available
from the European Mouse Mutant Archive (EMMA: www.
infrafrontier.eu, repository number EM:12523).
RESULTS
E23K Mouse Model Generation

We used CRISPR/Cas9 technology (38) to generate an
E23K point mutation in the single exon of the Kcnj11 gene
(Fig. 1A). This method has the advantage that the Kir6.2K23 variant is expressed from the endogenous promoter
and gene locus, and no additional, potentially confounding, genetic elements are introduced. Thus, physiologically regulated gene expression is ensured. In our mouse,
the E23 and K23 alleles differ by only two nucleotides:
one in codon 23, which causes the E23K amino acid exchange,
and a second, silent, mutation in codon 20 that creates a new
BamHI restriction enzyme cutting site. The latter was introduced to facilitate allele identiﬁcation. Successful generation of the K23 allele was conﬁrmed by PCR and
sequencing (Fig. 1A), by copy number PCR, and by PCR
and restriction digestion.

Figure 1—Generation and electrophysiological effect of the Kcnj11K23 allele. A: Schematic of the Kcnj11-K23 allele, generated from the
Kcnj11-E23 allele by CRISPR-assisted point mutagenesis. CDS is
the coding sequence for the KATP channel subunit Kir6.2. Codons for
residues 14–26 of the E23 allele are shown, with the K23 allele below
(point mutations are marked in red). Sequences for a silent BamHI
cutting site and the E23K codon are underlined. A DNA sequencing
trace of a heterozygous E23K animal is shown at the bottom (C: blue,
A: green, G: black, T: red), with the point mutations marked with
asterisks (*). B: Concentration-response curves for KATP current
inhibition by MgATP measured in inside-out patches from b-cells
isolated from EE and KK mice. Current amplitude at a given MgATP
concentration (IATP) is expressed as a fraction of that in MgATP-free
solution (I0). KK, n 5 13 patches, N 5 3 mice. EE, n 5 18 patches,
N 5 4 mice. Heterozygous EK animals were excluded because of the
small phenotypic effect expected for this group. Concentrationinhibition curves were individually ﬁt with a Hill equation (y 5 a 1
(1 2 a)/(1 1 ([x]/IC50)n) to determine IC50 values. Lines represent Hill
ﬁts to all the individual data. Symbols show arithmetic mean and
error bars the SEM. Some error bars are smaller than the symbol.
Underlying data are available online (DOI: 10.6084/m9.ﬁgshare
.12272873).

Electrophysiological Effects in Mouse Isolated b-Cells

Our mouse model enabled us to study the effect of the
Kir6.2-K23 variant in the b-cell, expressed under its native
promoter and in its native cellular environment. We
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isolated b-cells from mice with two K23 (KK) or two E23
(EE) alleles and measured the sensitivity of the KATPchannel to MgATP inhibition in inside-out membrane
patches (Fig. 1B). The difference between the IC50 for
MgATP inhibition in EE and of KK b-cells was not
statistically signiﬁcant (IC50 5 83 6 37 mmol/L [KK] and
IC50 5 25 6 3 mmol/L [EE], P 5 n.s., Welch t test).
However, the extent of block at 100 mmol/L MgATP was
signiﬁcantly reduced, the fractional current remaining
being 0.27 6 0.06 (n 5 13) for KK b-cells compared
with 0.13 6 0.02 (n 5 13) for EE b-cells (P 5 0.046).
Blood Glucose Control on an SD

On the SD (RM3; Special Diets Services; Dietex), there was
no difference in average body weight or body weight gain
between EE and KK mice during the ﬁrst 18 weeks of life
(Fig. 2A), for either sex. Fed and fasting blood glucose
levels were also similar in all groups (Figs. 2B and 3A). The
time course of blood glucose changes during an IPGTT and
the area under the curve (AUC) are shown for male and
female EE and KK mice in Fig. 3A. There was a signiﬁcant
effect of both genotype (Dgeno 5 288 min 3 mmol/L, P 5
0.005) and sex (Dsex 5 1,228 min 3 mmol/L, P , 0.0001)
on the AUC (mixed-model two-way ANOVA): male sex and
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the KK genotype reduced glycemic control compared with
female sex and the EE genotype.
To determine whether the elevated glucose during the
IPGTT reﬂects reduced insulin release or decreased insulin
sensitivity in KK animals, we performed an IPITT on
16-week-old mice (Fig. 3B). Note that because the insulin
dose had to be adjusted for sex to avoid hypoglycemia, the
data for male and female animals cannot be compared
directly. The results suggest that insulin sensitivity was
largely unaltered in both female and male KK mice. Thus,
the IPITT data indicate that impaired glucose tolerance in
KK mice was not caused by a decrease in insulin sensitivity. However, we cannot exclude the possibility that
insulin sensitivity was slightly increased in male KK
mice, as indicated by an increase of the AUC which was
almost signiﬁcant (EE: 19.1 6 2.4% 3 min, KK: 25.4 6
2.0% 3 min, P 5 0.06).
In contrast, plasma insulin concentrations measured
during IPGTTs revealed that impaired glucose tolerance
correlated with reduced glucose-dependant insulin secretion in KK mice. Plasma insulin was not signiﬁcantly
different between KK and EE mice when considered independently of blood glucose (Fig. 3C). However, after the
ratio between the plasma insulin AUC and the blood

Figure 2—Body weight and fed blood glucose on the SD. A: Mean body weight of female and male animals carrying two risk alleles (KK) or
none (EE), from 3 to 18 weeks of age. Error bars 5 SEM. Some error bars are smaller than the symbol. B: Mean fed blood glucose
concentration of female and male KK mice and EE controls, from 7 to 17 weeks of age. Error bars 5 SD. Number of mice: female EE, N 5 21;
female KK, N 5 15; male EE, N 5 18; male KK, N 5 14. Underlying data are available online (DOI: 10.6084/m9.ﬁgshare.12272873).
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Figure 3—Glucose and insulin sensitivity on the SD. A: IPGTT for female (left) and male (middle) mice carrying two risk alleles (KK) or none
(EE), at 12 weeks of age. Right, AUC. Statistical signiﬁcance was analyzed using a mixed-model two-way ANOVA: P 5 0.005 (genotype), P ,
0.0001 (sex); no signiﬁcant sex-genotype interaction. Number of mice: female EE, N 5 10; female KK, N 5 10; male EE, N 5 13; male KK, N 5
10. B: IPITT for female (left) and male (middle) EE and KK mice at 16 weeks of age. Right, AUC below baseline (normalized 4-h fasted glucose).
In male mice, the AUC (in % 3 min) increased from 1,913 6 244 for EE mice to 2,540 6 197 for KK mice (P 5 0.06, Welch t test). Number of
mice: female EE, N 5 11; female KK, N 5 9; male EE, N 5 15; male KK, N 5 12. The analysis excluded animals that showed no glucose
response to the insulin injection (one female EE, two female KK, two male KK, and three male EE). Insulin dose was adjusted to 0.75 IU/kgBW
for female mice and 1.0 IU/kgBW for male mice to minimize risk of hypoglycemia. C: Plasma insulin concentrations measured during the IPGTT
for female and male EE and KK mice. Mean AUCs are shown to the right of traces. Number of mice: female EE, N 5 5; female KK, N 5 4; male
EE, N 5 8; male KK, N 5 6. The Welch t test was used to test for statistically signiﬁcant differences. D: Mean plasma insulin-to-blood glucose
ratios during the IPGTT for female and male EE and KK mice. Number of mice: female EE, N 5 5; female KK, N 5 4; male EE, N 5 8; male KK,
N 5 6. t0 denotes the overnight fasted state, preinjection. Insulin-to-glucose ratios were calculated by dividing insulin concentrations (t0) or AUC
(t0,120) by their corresponding blood glucose values for each animal. Data were then averaged. Female insulin-to-glucose (t0,120): EE, 35.1 6
4.3 (mg/L)/(mol/L); KK, 20.1 6 3.1 (mg/L)/(mol/L) (P 5 0.03). Male insulin-to-glucose (t0,120): EE, 40.6 6 2.8 (mg/L)/(mol/L); KK, 29.5 6 3.7 (mg/
L)/(mol/L) (P 5 0.04). The Welch t test was used to test for statistically signiﬁcant differences. Data points correspond to individual animals.
Error bars 5 SEM. Some error bars are smaller than the symbol. Underlying data are available online (DOI: 10.6084/m9.ﬁgshare.12272873).
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glucose AUC (AUCins-to-AUCglu) for each individual animal
was calculated, male and female KK mice both had significantly reduced insulin-to-glucose ratios (Fig. 3D). Preinjection (t0) insulin-to-glucose ratios were not signiﬁcantly
different. An alternative form of analysis, which involved plotting plasma insulin concentration as a function of blood glucose concentration for each individual
animal and then ﬁtting the insulin-glucose relationship
by linear regression (Supplementary Fig. 1A), yielded
equivalent results. Best-ﬁt analysis revealed that after
the glucose injection, KK mice secreted less insulin than
their EE counterparts at a given blood glucose concentration. This was reﬂected by a signiﬁcant change in the
slope (Dins/Dglu) of the linear ﬁts (Supplementary Fig. 1B).
GSIS From Isolated Pancreatic Islets

Next, we examined insulin secretion in isolated pancreatic
islets from EE and KK animals by batch incubation at
low (2 mmol/L), intermediate (5–7 mmol/L), and high
(20 mmol/L) glucose concentrations, and at 20 mmol/L
glucose plus 10 mmol/L glibenclamide to induce maximal
KATP channel inhibition. Data were normalized to insulin
content (Fig. 4A), which did not differ between experimental groups (Fig. 4B). Basal insulin secretion (2 mmol/L
glucose) and maximal secretion (20 mmol/L glucose) did
not differ between genotypes. However, insulin secretion
at glucose concentrations around the threshold was impaired in KK islets (0.24 6 0.14 %total/h), which secreted
only 39% as much insulin as EE islets (0.62 6 0.14 %total/h)
at 7 mmol/L glucose (P 5 0.01, mixed-model two-way
ANOVA). Although the data for 5 mmol/L glucose are
few, the trend is the same as for 7 mmol/L glucose. This
effect was seen for both male and female KK mice and
indicates that metabolism-secretion coupling is impaired at
threshold glucose levels.
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Blood Glucose Control on an HFD

Because an HFD predisposes to obesity and diabetes, we
next challenged mice with the HFD from 8 weeks of age
and monitored their progression toward the diabetic state
(Supplementary Material Part 1). As expected, all experimental groups gained more body weight on the HFD than
on the SD. Weight gain on the HFD did not differ between
female EE and KK mice, but male EE mice showed significantly more weight gain over time than their KK littermates (Fig. 5).
No animals developed uncontrolled diabetes (continuousfed blood glucose levels .20 mmol/L) during the study.
However, there was a trend toward an increase in the fed
blood glucose concentration (Supplementary Fig. 2), although data variability was too high to discern group
differences. To gauge the magnitude of the HFD effect,
we combined measurements for all animals that completed the phenotyping pipeline up to week 27 (N 5 33).
For the pooled data, fed blood glucose concentrations
(mean 6 SEM) were 10.6 6 0.5 mmol/L at week 7, 12.2 6
0.4 mmol/L at week 17 (P 5 0.009, paired t test), and
12.4 6 0.5 mmol/L at week 27 (P 5 0.004). There was
a comparable increase in fasted blood glucose, and measurements were less variable (Supplementary Table 1).
Mean fasted blood glucose concentrations increased signiﬁcantly on the HFD for female KK mice and for male KK
and EE mice, but the change for female EE mice was not
statistically signiﬁcant (compare 4 weeks vs. 18 weeks on
the HFD).
After the ﬁrst 4 weeks on the HFD, at 12 weeks of age,
male and female EE and KK mice both showed worse
glycemic control than those fed the SD (Supplementary
Fig. 3A). Insulin sensitivity, tested by IPITT at 16 weeks of
age, was unchanged (Fig. 6A). Data from IPGTT at 12 weeks
and IPITT at 16 weeks showed high variability, and

Figure 4—GSIS from pancreatic islets isolated from EE and KK mice fed the SD. A: Insulin secretion from islets was measured by batch
incubation. GB 5 10 mmol/L glibenclamide. Individual batch secretion data were normalized to respective batch insulin content. Data points
correspond to individual animals. The genotype effect at 7 mmol/L glucose was Dgeno 5 0.38 6 0.14 %total/h, (P 5 0.013, mixed-model twoway ANOVA); whereas mouse sex had no effect (Dsex 5 0.00 6 0.14 %total/h, P 5 n.s.). B: Mean islet insulin content, measured in batches.
Data points correspond to individual batches. Number of batches (n) and animals (N): female EE, n 5 54, N 5 11; female KK, n 5 50, N 5 10;
male EE, n 5 69, N 5 12; male KK, n 5 63, N 5 10. Error bars 5 SEM. Underlying data are available online (DOI: 10.6084/m9.ﬁgshare
.12272873).
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t test) (Supplementary Fig. 3B), even when adjusted for
blood glucose concentration (Supplementary Figs. 3C and 4).
Glucose tolerance tests at 26 weeks of age, after
18 weeks on the HFD, showed substantially reduced
glycemic control for both sexes and all genotypes (Fig. 6B).
Female KK mice were signiﬁcantly more impaired than EE
mice, and the AUC was increased (EE, 1.8 6 0.2 min 3
mol/L; KK, 2.5 6 0.3 min 3 mol/L; P 5 0.04, Welch t test).
Glycemic control was very poor in male mice, such that the
mean blood glucose remained ;30 mmol/L even 120 min
after injection, for both genotypes (Fig. 6B). Insulin
responses during an IPGTT varied tremendously for female KK mice, with two individuals showing very high
insulin secretion, while most other female KK mice secreted less insulin at a given glucose concentration than
their EE counterparts. This affected the mean of both the
plasma insulin concentration (Fig. 6C) and the insulin-toglucose ratio (Fig. 6D and Supplementary Fig. 5), and no
statistically signiﬁcant genotype differences could be
detected for female mice. However, male KK mice secreted
signiﬁcantly less insulin during an IPGTT than male EE
mice, both in the fasting state (t0) and after glucose
injection (t0,120) (Fig. 6C). As a consequence, their mean
insulin-to-glucose ratios were about half as large as the
mean ratios for male EE mice, both when calculated from
the AUC ratios (Fig. 6D) or when determined by scatter
plot linear regression (Supplementary Fig. 5).
Additionally, we measured postmortem levels of HbA1c,
which provides an indication of the integrated blood
glucose level during the preceding month (the half-life of
a mouse red blood cell is ;23 days; [41]). In addition to
EE and KK mice, we also used b-V59M mice (42), in
which diabetes can be induced, as technical controls for
the assay. Diabetic b-V59M mice were kept for 14 days
after induction (fed blood glucose .44 mmol/L) before
blood sampling alongside their nondiabetic littermates
(Fig. 7). The mean HbA1c level was 8.0 6 0.5% (64 6
5 mmol/mol) in diabetic mice (N 5 5), substantially
higher than that of 5.2 6 0.3% (33 6 3 mmol/mol) in
nondiabetic mice (N 5 5). Values for 28-week-old EE and
KK mice, which had been maintained on the HFD for
20 weeks, lay between these values.
Figure 5—Body weight gain on the HFD. Average body weight for
female (A) and male (B) EE and KK mice from 3 to 23 weeks of age. At
8 weeks of age (indicated by vertical dashed line), animals were
switched from the SD to the HFD. SD: the mean weight of mouse
cohorts that were not switched to the HFD is shown for comparison.
Mean body weight of female (C) and male (D) EE and KK mice at
17 weeks of age fed the SD and HFD. The increase in weight was
statistically signiﬁcant for each group (Welch t test). Data points
correspond to individual animals. Number of mice: female EE, N 5 11;
female KK, N 5 14; male EE, N 5 11; male KK, N 5 14. Error bars 5 SEM.
Underlying data are available online (DOI: 10.6084/m9.ﬁgshare.12420839).

genotype differences were not statistically signiﬁcant,
except for male KK mice, which secreted signiﬁcantly
less insulin (93 6 11 ng/mL) than their EE counterparts
during an IPGTT (145 6 21 ng/mL; P 5 0.04, Welch

GSIS From Isolated Pancreatic Islets

We next measured GSIS from pancreatic islets isolated
from EE and KK animals at 23 weeks of age (15 weeks on
the HFD). Notably, GSIS from male (but not female) KK
islets was severely reduced at all glucose concentrations
(Fig. 8A). This correlated with a reduction in insulin
content in male KK islets, which was ;45% lower than in
the other HFD experimental groups, including male EE
mice (Fig. 8B). However, the low insulin content could not
fully account for the loss of insulin secretion seen in male
KK islets. We also plotted insulin release at 20 mmol/L
glucose 1 glibenclamide as a fraction of the insulin content
to determine whether stimulus-secretion coupling was
impaired (Fig. 8C). Content-normalized secretion was
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Figure 6—Insulin and glucose sensitivity on the HFD. A: IPITT for female (left) and male (middle) EE and KK mice fed the HFD at 16 weeks of
age. Right, AUC. Number of mice: female EE, N 5 7; female KK, N 5 14; male EE, N 5 11; male KK, N 5 11. Animals that showed no glucose
response to insulin injection (three female EE, one male EE, three male KK) were excluded from the analysis. Because the insulin dose had to
be adjusted for sex to avoid hypoglycemia, IPITT curves for male and female mice are not directly comparable. B: IPGTT for female (left) and
male (middle) mice carrying two risk alleles (KK) or none (EE) at 26 weeks of age (HFD from 8 weeks of age). Right, AUC. Number of mice:
female EE, N 5 7; female KK, N 5 10; male EE, N 5 6; male KK, N 5 9. *Some data points reached the upper detection limit of 44 mmol/L,
affecting traces of ﬁve female KK, two male EE, and three male KK mice. Genotype effects were not statistically signiﬁcant in mixed-model
two-way ANOVA, but the AUC of female KK mice was signiﬁcantly increased compared with EE when considered separately (EE 1.8 6
0.2 min 3 mol/L, KK 2.5 6 0.3 min 3 mol/L; P 5 0.04, Welch t test). C: Plasma insulin concentrations measured during the IPGTT for female
and male EE and KK mice. Number of mice: female EE, N 5 7; female KK, N 5 10; male EE, N 5 6; male KK, N 5 9. AUCs are shown to the
right of traces. Insulin secretion was signiﬁcantly reduced for male KK mice (EE, 403 6 44 ng/h/mL; KK, 262 6 24 ng/h/mL; P 5 0.02, Welch t
test). D: Mean plasma insulin-to-blood glucose ratios during the IPGTT shown in B for female and male EE and KK mice. t0 denotes the
overnight fasted state, preinjection. Ratios were calculated by dividing insulin concentrations (t0) or AUC (t0,120) by their corresponding blood
glucose values for each animal. Data were then averaged. Data points shown correspond to individual animals. Number of mice: female EE,
N 5 7; female KK, N 5 10; male EE, N 5 6; male KK, N 5 9. Ratios were reduced for male KK animals at t0 (EE, 238 6 30 (mg/L)/(mol/L); KK,
135 6 19 (mg/L)/(mol/L); P 5 0.02, Welch t test) and for the AUC (EE, 106 6 10 (mg/L)/(mol/L); KK, 74 6 8 (mg/L)/(mol/L); P 5 0.04, Welch t test).
Data points correspond to individual animals. Error bars 5 SEM. Some error bars are smaller than the symbol. Underlying data are available
online (DOI: 10.6084/m9.ﬁgshare.12420839).
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Figure 7—HbA1c at 28 weeks of age (HFD from week 8). Fraction of
HbA1c% in blood samples taken postmortem at 28 weeks of age.
b-V59M mice with inducible diabetes served as technical controls.
Here, blood samples were taken 2 weeks after induction of severe
diabetes (.44 mmol/L blood glucose) in b-V59M mice (DIAB), or
from normoglycemic littermates (CON). Mean 6 SEM and individual
data points are shown. Female EE: 6.4 6 0.4% (46 6 4 mmol/mol),
N 5 7; female KK: 7.0 6 0.2% (53 6 2 mmol/mol), N 5 11; male EE:
6.7 6 0.4% (50 6 4 mmol/mol), N 5 7; male KK: 6.9 6 0.4% (52 6
4 mmol/mol), N 5 9. The dotted line denotes the middle value
between the DIAB (8.0 6 0.5% [64 6 5 mmol/mol], N 5 5) and
CON (5.2 6 0.3% [33 6 3 mmol/mol], N 5 5) groups. P values shown
are for comparison with the nondiabetic control group (CON) and
were adjusted for post hoc multiple comparison with the
Dunnett test. Note the background strain is different for the experimental EE and KK mice (C57BL/6NTac) than for control and diabetic
b-V59M mice (C57BL/6J). Error bars 5 SEM. Underlying data are
available online (DOI: 10.6084/m9.ﬁgshare.12420839).

substantially lower in islets from both male EE (40%
remaining) and KK mice (24% remaining) on the HFD.
This suggests a decline in b-cell function that is characterized by reduced insulin content and impaired stimulussecretion coupling.
DISCUSSION

The effect of the E23K polymorphism on KATP channel
function has long been controversial. Our results are the
ﬁrst characterization of the Kir6.2-K23 variant in pancreatic b-cells and expressed under its native promoter (previous studies were conﬁned to recombinant channels
heterologously expressed in cell lines or Xenopus oocytes).
The results suggest that the Kir6.2-K23 subunit confers
a slight, and therefore, hard-to-detect reduction in sensitivity to inhibition by MgATP compared with its E23
counterpart (Fig. 1B). Because insulin secretion in vivo
is regulated at glucose levels at which the KATP channel is
almost totally inhibited, small changes in KATP current at
these threshold concentrations (5–7 mmol/L) have a dramatic effect on membrane potential and electrical activity.
Thus, insulin secretion is exquisitely sensitive to the KATP
current magnitude at these concentrations, and a very
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small decrease in current has the potential to signiﬁcantly
shift the insulin concentration-response curve to glucose.
This is consistent with the reduced insulin secretion seen
in isolated islets at 7 mmol/L glucose (Fig. 4A). Our data
agree with a spectrum of previous studies, which report
a small gain-of-function (22,30,31), no change (32,34), or
a statistically insigniﬁcant decrease in ATP inhibition (33).
Moreover, a small shift in the concentration dependence of
ATP inhibition is the best explanation for our ﬁnding that
isolated pancreatic islets with the KK genotype secrete less
insulin than EE islets at intermediate (5–7 mmol/L), but
not at high (20 mmol/L) or low (2 mmol/L) glucose concentrations (Fig. 4A). Importantly, this effect was observed
in islets from both male and female mice.
When fed the SD, KK mice exhibited reduced systemic
insulin secretion in response to glucose injection (Fig. 3D
and Supplementary Fig. 2), resulting in slightly impaired
glycemic control (Fig. 3A). Although we found no statistically signiﬁcant genotype-sex interaction, this effect was
more obvious in male mice. There was no effect on the
fasting or the fed blood glucose concentration (Supplementary Table 1 and Fig. 2B). Our results resemble those of
a human study that found the K23 risk allele was associated with reduced systemic insulin secretion and a compensatory increase in insulin sensitivity, but no overall
change in blood glucose concentrations (22). Because the
variability of the IPITT data were too high to detect a statistically signiﬁcant difference (Fig. 3B), we cannot exclude the
possibility that KK mice also have increased insulin sensitivity. Therefore, it might be worthwhile to investigate
glycemic control and insulin sensitivity in KK animals at
a later time point (after .6 months on the HFD), when
phenotypes have stabilized.
Because the risk of T2D is exacerbated by an HFD and
by obesity, we challenged EE and KK mice with the HFD
from the age of 8 weeks. Consistently, the KK genotype,
male sex, and HFD duration were correlated with poorer
outcomes, whereas the EE genotype, female sex, and the
SD were protective. However, in some experiments, a combination of two or more factors was required to produce
a signiﬁcant effect. For example, b-cell failure occurred in
islets of male mice with the KK genotype after 15 weeks on
the HFD, but not in female KK or male EE mice (Fig. 8).
Analogously, female EE mice on the HFD appeared to be
protected from an increase in fasted blood glucose levels,
whereas blood glucose rose in female KK and male EE mice
(Supplementary Table 1). In some experiments, we observed trends that were consistent with the risk factors
mentioned above, but which would require unfeasible
statistical power (N . 200) to determine whether they
were statistically signiﬁcant (Figs. 7 and 8B and C). Overall,
differences in glycemic control between EE and KK genotypes were harder to detect in female mice (Figs. 3 and
6D). However, sex did not inﬂuence genotype effects on
insulin secretion at threshold glucose concentrations
(Fig. 4). To date, several hundred thousand case and
control subjects have been analyzed in .90 genome-wide
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Figure 8—GSIS from pancreatic islets isolated from EE and KK mice at 23 weeks of age after 15 weeks on the HFD. Insulin secretion from
islets was measured by batch incubation. GB 5 10 mmol/L glibenclamide. Mean 6 SEM and individual data points are shown. Underlying
data are available online (DOI: 10.6084/m9.ﬁgshare.12420839). A: Mean insulin secretion per isolated islet per hour (not normalized to
content). Data points correspond to individual animals (female EE, N 5 3; female KK, N 5 3; male EE, N 5 5; male KK, N 5 4). At 7 mmol/L: EE
0.121 6 0.031 ng/h/islet, KK 0.026 6 0.006 ng/h/islet; P 5 0.037(Welch t test). B: Mean insulin content per islet for each experimental group.
Data points correspond to individual batches. Overall SD average (39.6 6 1.4 ng/islet, n 5 236) is marked by a horizontal dashed line. Number
of batches (n) and animals (N): female EE, n 5 29, N 5 3; female KK, n 5 30, N 5 3; male EE, n 5 50, N 5 5; male KK, n 5 34, N 5 4. Insulin
content was signiﬁcantly reduced in male KK mice (26.5 6 2.4 ng/islet) compared with EE littermates (45.9 6 4.8 ng/islet; P 5 0.0006, Welch t
test). C: Insulin secretion from isolated islets stimulated with 20 mmol/L glucose 1 GB and normalized to total insulin content for all
experimental groups. Data points correspond to individual batches. Number of batches (n) and animals (N): SD female EE, n 5 19, N 5 12; SD
female KK, n 5 21, N 5 10; SD male EE, n 5 23, N 5 11; SD male KK, n 5 23, N 5 20; HFD female EE, n 5 6, N 5 3; HFD female KK, n 5 6, N 5
3; HFD male EE, n 5 8, N 5 5; HFD male KK, n 5 6, N 5 3. **Male EE: 0.57 6 0.14 %total/h, P 5 0.008; male KK: 0.34 6 0.06 %total/h, P 5
0.003; one-way ANOVA, Dunnett test with SD overall average (1.42 6 0.08 %total/h) as control (dotted line).

association studies (1), but except for one small-scale study
with mixed results (43), no sex-speciﬁc effects of the E23K
variant have been reported. In addition to enhancing T2D
risk, the E23K polymorphism has also been found to increase the risk of gestational diabetes (44).
Our data show that a small reduction in the glucose
sensitivity of insulin secretion, such as that conferred by
the E23K mutation, has only a small effect on glycemic
control when animals are maintained on the SD (Fig. 3).
However, the HFD (and/or the accompanying obesity),
together with the KK genotype, causes impairment of
glucose tolerance in female mice (Fig. 6B) and markedly
reduced glucose-induced insulin secretion in male mice
(Fig. 8). The extent of glucose intolerance in male mice

could not be reliably determined because of off-scale glucose
readings in some animals (Fig. 6B). Our data indicate that
even mild impairment of b-cell function may cause loss of
glycemic control in response to stress, such as that imposed
by an HFD. The resulting incremental hyperglycemia causes
further impairment of b-cell function, leading to a vicious
cycle in which rising blood glucose exacerbates b-cell failure
leading to a further increase in hyperglycemia (45,46).
It is noteworthy that on the SD, male KK mouse islets
secreted less insulin at glucose concentrations around
threshold (7 mmol/L) than EE islets (Fig. 4). However,
on the HFD, insulin secretion was impaired at all glucose
concentrations (Fig. 8A). This was, at least partly caused by
a failure to increase their insulin content in response to the
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increased demand (Fig. 8B). It is important to recognize,
however, that a decrease in insulin content does not
necessarily translate into a parallel reduction in insulin
secretion. Only a tiny proportion of the insulin granules
in the cell—those docked at the plasma membrane—are
released in response to elevation of blood glucose. It is
quite possible that the number of docked granules is
unaffected in KK mice. It is likely that stimulus-secretion
coupling is also affected given the reduced ATP sensitivity of
the KATP channel in KK mice—indeed, this must be the case
initially. Experiments on mice carrying more severe KATP
channel mutations suggest that a loss of insulin content and
impaired insulin stimulus-secretion coupling are both involved (46,47). Our data also support the ﬁnding that in
human T2D, b-cell function declines substantially (by ;50%)
before diabetes diagnosis (48).
Our data suggest that the E23K polymorphism is
important early in the development of diabetes and underlies the initial loss of glycemic control. This is in agreement
with two genome-wide association studies that found
a strong effect of the E23K polymorphism on the transition from normal glucose tolerance to prediabetes, but
little effect on the progression from impaired glucose
tolerance to full diabetes (4,21). Thus, the E23K risk effect
may have been signiﬁcantly underestimated in some studies, depending on whether the examined cohort had
mostly healthy or already impaired glycemic control at
the time of study. This can therefore at least partly explain
why reported ORs for the E23K polymorphism vary from
1.0 to 1.7 between studies (1). Our ﬁndings have implications for risk-allele-speciﬁc personalized diabetes treatment. They emphasize it is particularly advisable for
individuals with the KK genotype to avoid weight gain
and maintain good glycemic control to reduce their chance
of progression to diabetes. It would therefore be of interest
to determine whether early lifestyle intervention and
weight loss are indeed especially beneﬁcial for KK carriers.
The KK genotype has been linked to an increased likelihood of secondary failure of sulfonylurea treatment (49),
which can result from an increased decline of b-cell function (50).
In summary, we conclude that the KCNJ11--K23 variant
alone is sufﬁcient to increase diabetes risk. This does
not, of course, exclude a role of other gene variants (e.g.,
ABCC8-S1369A). Our results also help to explain how the
K23 allele increases diabetes risk. It does so by producing
a small decrease in KATP channel inhibition by MgATP,
which causes a right-shift in the relationship between
insulin secretion and glucose concentration. Consequently, the threshold for GSIS from islets is increased,
and insulin release in response to glucose injections is
reduced. When other risk factors are present (HFD/obesity), the deleterious effects of the KK genotype are
exacerbated, leading to an earlier decrease of b-cell function.
Chronic hyperglycemia further impairs insulin secretion,
triggering a vicious cycle that fuels a progressive deterioration
in b-cell function and conversion of impaired glucose tolerance to overt diabetes. The K23 allele mouse model
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represents an important resource that will aid our understanding of the risk-allele-speciﬁc pathogenesis and inform future studies on K23-speciﬁc personalized diabetes
treatment.
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