Diabetologia (2005) 48: 675-686
DOI 10.1007/s00125-005-1680-z

ARTICLE

A. A. Toye - J. D. Lippiat - P. Proks - K. Shimomura -
L.Bentley - A. Hugill - V. Mijat - M. Goldsworthy *
L.Moir - A. Haynes - J. Quarterman - H. C. Freeman -
F. M. Ashcroft - R. D. Cox

A genetic and physiological study of impaired glucose
homeostasis control in C57BL/6J mice

Received: 22 July 2004 / Accepted: 7 November 2004 / Published online: 24 February 2005

© Springer-Verlag 2005

Abstract Aims/hypothesis: C57BL/6] mice exhibit im-
paired glucose tolerance. The aims of this study were to
map the genetic loci underlying this phenotype, to further
characterise the physiological defects and to identify can-
didate genes. Methods: Glucose tolerance was measured
in an intraperitoneal glucose tolerance test and genetic de-
terminants mapped in an F2 intercross. Insulin sensitivity
was measured by injecting insulin and following glucose
disposal from the plasma. To measure beta cell function,
insulin secretion and electrophysiological studies were car-
ried out on isolated islets. Candidate genes were inves-
tigated by sequencing and quantitative RNA analysis.
Results: C57BL/6J mice showed normal insulin sensitivity
and impaired insulin secretion. In beta cells, glucose did not
stimulate a rise in intracellular calcium and its ability to
close Karp channels was impaired. We identified three
genetic loci responsible for the impaired glucose tolerance.
Nicotinamide nucleotide transhydrogenase (Nnt) lies within
one locus and is a nuclear-encoded mitochondrial proton
pump. Expression of Nnf is more than sevenfold and
fivefold lower respectively in C57BL/6J liver and islets.
There is a missense mutation in exon 1 and a multi-exon
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deletion in the C57BL/6J gene. Glucokinase lies within the
Gluchos?2 locus and shows reduced enzyme activity in liver.
Conclusions/interpretation: The CS57BL/6] mouse strain
exhibits plasma glucose intolerance reminiscent of human
type 2 diabetes. Our data suggest a defect in beta cell glu-
cose metabolism that results in reduced electrical activity
and insulin secretion. We have identified three loci that are
responsible for the inherited impaired plasma glucose tol-
erance and identified a novel candidate gene for contri-
bution to glucose intolerance through reduced beta cell
activity.

Keywords C3H/HeH - C57BL/6J - Gck - Gluchos -
Insulin - Islet - Karp channel - Nnt - Type 2 diabetes

Abbreviations Gapdh: Glyceraldehyde-3-phosphate
dehydrogenase - Gcek: Glucokinase - IPGTT:
Intraperitoneal glucose tolerance test - Kapp: ATP-
sensitive K" - Nnt: Nicotinamide nucleotide
transhydrogenase - QTL: Quantitative trait locus - TCA:
Tricarboxylic acid (Krebs) cycle

Introduction

Insulin release from pancreatic beta cells is stimulated by
increased beta cell uptake and metabolism of glucose. The
consequent changes in the intracellular concentrations of
adenine nucleotides cause closure of ATP-sensitive K"
(Karp) channels in the beta cell plasma membrane. In turn,
this leads to membrane depolarisation, opening of voltage-
gated Ca’" channels, Ca®" influx, fusion of insulin secretory
vesicles with the plasma membrane and insulin secretion.
Normally, insulin secretion in response to elevated plasma
glucose is biphasic. Intracellular messengers controlling
Karp channel-dependent first-phase insulin secretion also
regulate second-phase insulin secretion. However, addi-
tional Kxrp channel-independent messengers are also in-
volved [1]. There is evidence that loss of first-phase insulin
secretion leads to postprandial hyperglycaemia and is com-
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mon in patients with type 2 diabetes and individuals with
impaired glucose tolerance [2].

Defects in beta cell function are found in monogenic
diabetes, such as maturity-onset diabetes of the young
(reviewed in Ref. [3]) and permanent neonatal diabetes. It
is also apparent that abnormalities in insulin secretion and
beta cell function contribute to the onset and development
of polygenic type 2 diabetes [3]. In type 2 diabetes there is
gradual progression from normal glucose tolerance to im-
paired glucose tolerance and subsequently overt diabetes.
This is associated with a progressive decline in beta cell
function and reduced insulin secretion. Insulin resistance
may enhance the risk of diabetes by placing an increased
demand upon the beta cell, but by itself does not result in
diabetes. The genetic defects that produce inappropriate
homeostatic control in type 2 diabetes are poorly under-
stood (reviewed in Refs. [3, 4]).

Animal models of glucose intolerance provide valuable
information about glucose homeostasis that can ultimately
be applied to human diabetes. The C57BL/6J mouse ex-
hibits defects in glucose tolerance that are independent of
obesity [5, 6]. Feeding C57BL/6J mice with high-fat diets
results in insulin resistance, increased fasting plasma glu-
cose levels and diabetes [7-10]. On a high-fat diet these
mice also show higher weight gain per energy intake [11],
higher weight gain when the same amount of energy is
given as fat [12], and higher fat and lower protein and
water body composition [13] than A/J mice. Insulin action
was also reduced by between 32% and 60% in C57BL/6J
mice after 9 months on a high-fat diet [9]. Interestingly,
however, C57BL/6] mice are actually more insulin-sen-
sitive than AKR/J mice [14] and DBA/2 or 129X1 mice
[15].

On normal diets, C57BL/6J mice appear to have normal
free-fed plasma insulin levels, but postprandial first-phase
insulin release is impaired when compared to glucose-tol-
erant control strains, including C3H [5, 16]. Second-phase
insulin release is also impaired in comparison with AKR/J
[14] and DBA/2 [6] mice, but is not significantly different
to C3H mice (at least at 8 weeks of age) [5]. A defect in
first-phase insulin secretion also appears to be present in
C57BL/6J mice fed a high-fat diet [17], and is accompa-
nied by an unchanged insulin response and delayed glu-
cose clearance over the first 4 weeks of a high-fat diet [18].
Recent physiological [9] and genetic studies [8, 19] also
suggest that insulin and plasma glucose levels are poorly
correlated. Classification of C57BL/6J mice on a high-fat
diet into (1) lean non-diabetic (12%), (2) lean diabetic
(12%), (3) obese diabetic (about 50%), and (4) interme-
diates has allowed a microarray transcript profiling com-
parison to be made and shown striking differences in gene
expression between the groups [20]. These data suggest a
differential metabolic adaptation, not wholly under genetic
control, that contributes to the observed phenotypic diver-
sity in this strain [20].

In summary, C57BL/6] mice represent an important
model of diet-induced diabetes, which also exhibits de-
fects in glucose tolerance on a normal diet. This model
develops insulin resistance on a high-fat diet and appears

to have a complex insulin secretion deficit on normal and
high-fat diets.

Here, we use genetic mapping of F2 intercross mice,
physiological studies of whole mice, studies of isolated
liver and pancreatic tissues, and candidate gene analyses,
to define more precisely the genetic basis of glucose in-
tolerance in C57BL/6J mice.

Materials and methods

Animals Mice were kept in accordance with UK Home
Office welfare guidelines and project license restrictions.
C57BL/6] mice were obtained from Jackson Laboratory
(Bar Harbor, ME, USA) in 1999. C3H/HeH mice were from
the Harwell (Oxfordshire, UK) stock. Mice were main-
tained under controlled conditions and had free access to
a commercial diet (maintenance chow; Special Diet Ser-
vices, Essex, UK) containing 2.6% saturated fat.

Genotyping Genomic DNA was extracted from mouse tail
tissue using a Qiagen DNeasy tissue kit (Qiagen, Hilden,
Germany). Mice were genotyped by SSLP analysis. Primer
sequences were obtained from published records [21]. PCR
products were analysed using an ABI 377 sequencer and
Genescan and Genotyper software and protocols (Applied
Biosystems Europe, Warrington, Cheshire, UK). Markers
were spaced at a median interval of 11 cM, with an average
interval of 14.6 ¢cM and a largest interval of 46.7 cM.

Linkage analysis Phenotype and genotype data were main-
tained in Microsoft Excel, SPSS and MapManager QTX
([22]; see http://www.mapmgr.roswellpark.org/) formats.
Genetic maps were constructed using the published map
order of markers (http://www.informatics.jax.org). Linkage
between markers and phenotypes was evaluated using a
single marker, and interval mapping features of Map-
Manager. Thresholds for defining linkage were as outlined
by Lander and Kruglyak [23], with additional permutation
tests [22] where stated. Empirical thresholds were based on
analysis of 1,000 permutations of the original data set.
Thresholds derived from free model permutation were
LRS 15.7 (LOD 3.4) for TO glucose, LRS 16.1 (LOD 3.5)
for T30 glucose, LRS 15.5 (LOD 3.4) for T60 glucose,
LRS 15.7 (LOD 3.4) for AUC glucose and LRS 16.9
(LOD 3.7) for T30 insulin.

Intraperitoneal glucose tolerance tests Mice were fasted
overnight, weighed, and a blood sample collected by tail
venipuncture under local anaesthetic (lignocaine; Biorex,
Middlesex, UK) using lithium-heparin microvette tubes
(Sarstedt, Numbrecht, Germany) to establish a baseline
glucose level “T0O’. The mice were then injected intraper-
itoneally with 2 g glucose/kg body weight and blood
samples taken at 15, 30, 60 and 120 min after the injection
to monitor the rate of glucose clearance. Plasma glucose and
insulin were measured using a Beckman Glucose analyser
and a Mercodia Ultra-Sensitive Mouse ELISA kit.


http://mapmgr.roswellpark.org/
http://www.informatics.jax.org

Insulin tolerance test Insulin tolerance tests on free-fed
mice were performed as described [6].

Islet cell isolation Mice were killed by cervical disloca-
tion. The pancreas was removed and islets or dissociated
islet cells were prepared and cultured as previously de-
scribed [24]. Cells were exposed to glucose-free solution
for 15 min prior to experiment.

Insulin secretion studies Insulin secretion from isolated
islets (ten islets/well) was measured during 1-h static incu-
bations in Krebs—Ringer Buffer (in mmol/l: 118.5 NaCl,
2.54 CaCl,, 1.19 KH,PO,, 4.74 KCl, 25 NaHCO3;, 1.19
MgSO,, 10 HEPES, pH 7.4) containing either 2 or 10 mmol/
1 glucose. Each glucose concentration was replicated five
to eight times. Samples of the supernatant were assayed for
insulin. Insulin content was extracted using 95 : 5 ethanol/
acetic acid. Insulin was measured using a Mouse Insulin
ELISA kit (Mercodia, Uppsala, Sweden).

Fura-2 imaging Islet cells were cultured on 35-mm Fluoro-
dishes (World Precision Instruments, Stevenage, UK) and
incubated with 3 pmol/l Fura-2-AM (Molecular Probes,
Paisley, UK) for 40 min at 37°C. They were imaged at room
temperature (20-24°C) using a fluorescence system (lon-
Optix, Boston, MA, USA), with 340 and 380 nm dual ex-
citation. The 510-nm emission ratio was collected at 1 Hz.
Background subtraction was performed by measuring fluo-
rescence from a cell-free region in the field of view. Cells
were perfused continuously with extracellular solution (as
in perforated-patch experiments), plus glucose or tolbuta-
mide as indicated. Only data from cells that responded to
500 pmol/l tolbutamide were analysed.

Electrophysiology Glucose concentration—response rela-
tions for whole-cell K,tp currents were measured using
the perforated patch configuration of the patch-clamp
technique [25]. The pipette solution contained (mmol/l):
70 K,SO,4, 1 CaCl,, 1 MgCl,, 10 NaCl, 10 HEPES (pH
7.2 with KOH), and amphotericin B (0.24 mg/ml). The
extracellular (bath) solution contained (mmol/l): 137 NaCl,
5.6 KCl, 2.6 CaCl,, 1.2 MgCl,, 10 HEPES (pH 7.4 with
NaOH) plus glucose as indicated. Currents were filtered
at 3 kHz and digitised at 1 kHz. The K rp component of
the whole-cell current was taken as the current blocked by
200 pmol/1 tolbutamide.

The ATP sensitivity of Krp channels was measured at
—60 mV in inside—out patches. Currents were digitised at
5 kHz and filtered at 2 kHz. The pipette (extracellular) con-
tained (mmol/l): 140 KCl, 2.6 CaCl,, 1.2 MgCl,, 10 HEPES
(pH 7.4 with KOH). The bath (intracellular) solution con-
tained (mmol/l): 107 KCI, 1 MgCl,, 1 CaCl,, 10 HEPES
(pH 7.2 with KOH), and K,ATP as indicated.

Concentration—response relations were obtained by al-
ternating test solutions with control (glucose- or ATP-free)
solution. The control conductance was taken as the mean
of that obtained in control solution before and after ap-
plication of the test agent. The current in the presence of
glucose or nucleotide (/) was plotted as a fraction of that
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obtained in control solution (/). Data were the best fit
with the Hill equation

1ie =1/ 1+ [{x}/1Ca]")

where {X} is the concentration of glucose or ATP, ICsy is
the concentration giving half-maximal inhibition of the
current and /% is the Hill coefficient. Data are given as
means+1SEM.

Quantitative RT-PCR Quantitative RT-PCR was performed
using ABI SYBR Green on an ABI PRISM 7700 Se-
quence Detection System (Applied Biosystems). To quan-
titate nicotinamide nucleotide transhydrogenase (Nnt), it
was PCR-amplified from cDNA (RT-PCR), together with an
endogenous control Gapdh (glyceraldehyde-3-phosphate
dehydrogenase). RT-PCR primers listed in 5’ to 3’ orien-
tation are for Gapd,; Gapd888F-CCTGCGACTTCAACAG
CAACT and Gapd979RV-CCAGGAAATGAGCTTGAC
AAA; and for Nnt: NntXn5intF-GATAGTTGGTGGTGG
CGTTG and NntXn6intR-GATGTCCACCTCCTTGCACT.

The t-tests for significant differences between strains are
based on RQ (Nnt/Gapd) values. Relative RQ is the ratio
of the C3H/HeH RQ relative to that for C57BL/6]J.

Statistical analysis and multilocus model Multiple regres-
sion was performed by univariate ANOVA using the GLM
feature of SPSS. F statistics were based on type III sums of
squares. All markers that exceeded LOD 1.9 suggestive
linkage threshold [23] were included in the regression
model. Terms not significant at the 0.1% level were se-
quentially eliminated to produce the final multiple regres-
sion model. C57BL/6J homozygotes were coded 0.5, C3H/
HeH homozygotes were coded —0.5 and heterozygotes were
coded 0 in all regression analyses.

Results
Whole-animal studies

To identify suitable strains for mapping loci that determine
obesity-independent impaired glucose tolerance, we sur-
veyed four nonobese inbred mouse strains (C57BL/6J,
C3H/HeH, DBA/2 and BALB/c) for variation in glucose
tolerance during an intraperitoneal glucose tolerance test
(IPGTT). Male mice were less glucose-tolerant than female
(data not shown). Consistent with previous studies [5, 16],
male C57BL/6J mice were also significantly less glucose-
tolerant than other strains (Fig. 1a; p<0.05). Therefore, we
used genetic analysis to identify loci that determine glucose
homeostasis in 260 F2 male mice produced by intercross-
ing first the C57BL/6J strain with a control strain (C3H/
HeH), and then their F1 progeny.

To elucidate whether epigenetic effects determine C57
BL/6J glucose intolerance, we first compared the F1 off-
spring of C57BL/6J mothers with those of C3H/HeH moth-
ers (Fig. 1b). We saw no significant differences between



678

30
20 !
10

ol ) ) L)
60

Glucose (mmol/l) @

1
0 30 120
Time (min)

90

(o

3000

2000

1000

Glucose AUC

Mouse strain

Fig. 1 Male mice at age 12 weeks showing (a) results of intra-
peritoneal glucose tolerance tests (IPGTT) and (b) the IPGTT AUC in
min'mol I"! (mean value profiles of four inbred strains). (a) Open
circles, DBA/2 (n=10); open triangles, BALB/C (n=10); open
squares, C3H/HeH (n=10); filled triangles, C57TBL/6] (n=10). Bars
(b) represent from left to right: BALB/C (n=10); C3H/HeH (n=10);
C57BL/6J (n=10); DBA/2 (r=10); F1 (B/C, n=53) male offspring of
a cross between C57BL/6 mothers and C3H/HeH fathers; F1 (C/B,
n=72) F1 male offspring of a cross between C3H/HeH mothers and
CS57BL/6 fathers. Y-error bars represent SEM

male (n=125) and female mice (n=91, p<0.05). F1 males
(n=125) had significantly (p<0.0001) lower plasma glucose
than their C57BL/6J mothers (B, n=10), but not their C3H/

HeH parents (C, n=10) (Fig. 1b). We then examined the
F2 phenotypes in the four possible F1 cross-combinations
(CBxCB, CBxBC, BCxCB and BCxBC) in order to eval-
uate epigenetic effects in this generation. The T30, T60,
T120 min and AUC glucose phenotypes were significantly
(albeit weakly, i.e., close to the <0.05 threshold) different in
some, but not all, of the pairwise comparisons. For T0, two
of the six phenotype comparisons were significantly dif-
ferent (»p<0.01) and one at a p value of less than 0.05 (data
not shown). Thus there may be some weak epigenetic ef-
fects that influence the TO phenotype in particular. All four
cross-combinations are equally represented in the F2 pop-
ulation for linkage analysis.

To identify contributing loci, 260 F2 male mice were
genotyped with 84 markers [21], providing genome cover-
age at an average intermarker distance of 15 ¢cM. Plasma
glucose levels during an IPGTT were significantly higher at
T30 and T60 in the C57BL/6J strain, and were linked to
D13Mit77 (LRS 22.8) (Table 1, Fig. 2). This locus was
named Gluchosl for glucose homeostasis locus-1.

The fasting plasma glucose level was linked to chro-
mosome 11 (D11Mit 2, LRS 23.7) and is designated
Gluchos?2 (Table 1, Fig. 2). Plasma glucose levels at T15
and T120 were not significantly linked to any locus.

The plasma insulin level at T30 provides a measure of
second-phase insulin secretion [5, 16]. It was significantly
(p<0.05, *=0.0433, =0.208), but poorly, correlated to
plasma glucose at the same IPGTT time point, and linked to
a locus on chromosome 9 (D9Mit1001, LRS 30.9), which
was named Gluchos3 (Table 1, Fig. 2). Insulin was cor-
related with body weight (+’=0.2319, =0.48) but body
weight was not correlated with T30 glucose (+*=0.0196,
r=0.014).

Table 1 Genome scan for plasma glucose and insulin QTLs in male mice aged 12 weeks

Plasma trait® Chromosome LRS Percentage p CI° Add® Dom® Phenotype at closest marker’

(locus) (LOD)” value C3H (n) F1 (n) C57BL/6J (n)
TO glucose 11 (D11Mit2)  23.75 (52) 9  1E-05 23 —0.78 —0.32 4.91+1.87 (66) 5.4+1.89 (139) 6.44+1.81(68)
(mmol/l)
T30 glucose 13 (D13Mit77)  22.8 (5) 8 1E-05 24 —2.16 —0.11 17.05+£5.14 (71) 18.96+5.16 21.39+5.2(64)
(mmol/l) (126)
T60 glucose 13 (D13Mit262) 22.1 (4.8) 8 2E-05 25 -19 —0.5 13.6+4.75 (72) 14.97+4.71 17.36+4.71
(mmol/1) (132) (66)
AUC 13 (D13Mit77)  21.3 (4.6) 8 2E-05 26 —180 —19 1,535.76+444 1,685.45+444  1,898.31+444
(min'mmol ' 1) (70) (125) (64)
T30 insulin 9 (D9Mit1001) 30.9 (6.7) 24 2E-07 20 0.19 —0.15 0.59+0.24(23) 0.3+0.23(61)  0.26+0.27(29)

(ng/ml)

Free model LOD score profile across autosomes for T0, T30, T60, AUC glucose and T30 insulin measurements. #=280 random mice for all
glucose traits. #=120 mice, 60 each from opposite extremes of AUC distribution, for T30 insulin. Only significant (Lander and Kruglyak

[23]) linkages are shown

Percentage % of variance explained by this locus (at DnMitn microsatellite marker name)

*Measure of blood plasma trait at time indicated or AUC
®Likelihood ratio statistic (LOD score)

“The interval around the marker, in which the QTL will localise in 95% of attempts to map it

dAdditive regression coefficient
“Dominance regression coefficient

fAverage+SD phenotype values for the indicated locus marker in the three possible genotype states: C3H homozygous, F1 heterozygous,

C57BL/6J homozygous (n number of animals)
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Glucose intolerance can arise through the coordinated
action of several loci [19, 26]. We therefore explored the
role of gene interactions. The combined action of Gluchos
and seven additional loci (suggestive of linkage to plasma
glucose) explains 35% of the variation in AUC, which is a
measure of postprandial plasma glucose clearance (Table 2).

We explored whether insulin sensitivity was affected in
C57BL/6J mice using an intraperitoneal insulin tolerance
test. C57BL/6J mice (n=10) had significantly higher free-
fed plasma glucose prior to insulin injection than C3H/HeH
mice (p<0.001; Fig. 3), and responded significantly better to
insulin within the first 10 min (p<0.03). We saw no signif-
icant difference (p>0.05) between strains in plasma glucose
levels in response to insulin at 10, 20, 30 and 60 min after
insulin injection.

We therefore looked for differences in insulin secretion
by carrying out an IPGTT, taking samples for insulin
analysis at 0, 10, 20 and 30 min after glucose injection
(Table 3). Insulin secretion by C57BL/6J mice was signif-
icantly lower (for the same glucose challenge per gram
bodyweight) than for C3H/HeH mice. On average C57BL/
6J mice were about 6 g lighter than C3H/HeH mice. Thus
our data favour a defect in insulin secretion rather than
insulin action.

Isolated islet studies
To test the idea that a defect in beta cell function underlies the

glucose intolerance of C57BL/6] mice, we compared the
ability of glucose to stimulate insulin secretion from islets
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Fig. 3 Plasma glucose dynamics of 12-week-old free-fed male mice
in an insulin tolerance test. Free-fed plasma glucose is significantly
higher in C57BL/6J mice (filled triangles, p=0.001). Plasma glucose
clearance is significantly more rapid in C57BL/6 mice than C3H/
HeH mice (filled squares) in the first 10 min of the test (p=0.03).
There was no significant difference in plasma glucose clearance rate
or level at any other time points. Y-error bars represent SD values

isolated from C3H/HeH and C57BL/6J mice. Figure 4 shows
that there was no difference in basal secretion (at 2 mmol/l
glucose) between the two mouse strains, but that insulin
secretion in response to 10 mmol/l glucose was impaired in
C57BL/6] islets in comparison with C3H/HeH islets
(p<0.01). The data are representative of three experiments.

We next measured the effect of glucose on intracel-
lular calcium, using the calcium indicator Fura 2. Figure Sa
shows representative recordings of the fluorescence ratio
(F340/F3g0) from islet cells of both mouse strains. Although
both responded to 500 pmol/l tolbutamide with a rise in
[Ca2+]i, only beta cells from C3H/HeH mice showed an
increase in [Ca”']; following exposure to 5 or 10 mmol/l

Table 2 ANOVA table for regression of multiple QTL on plasma glucose tolerance AUC (min-mol ""™")

Factor Type III SS Degrees of Mean square F statistic® p value® Exp (%)°
freedom

Corrected model 22,412,056.41 24 933,835.68 6.642044 7.56141E-16 41.36

Intercept 427,405,402.26 1 427,405,402.26 30.39.984 4.6828E—133

D13Mit77 3,394,911.79 2 1,697,455.90 12.07341 1.04285E-05 9.65

D13Mit64 492,705.72 2 246,352.86 1.752221 0.175735623 1.53

DI19Mit41 1,032,581.65 2 516,290.82 3.672195 0.026949558 3.15

D13Mit64 * D19Mit41 4,354,787.68 4 1,088,696.92 7.743517 7.2731E-06 12.05

D2Mit200 101,147.70 2 50,573.85 0.359714 0.698274735 0.32

DI9Mit311 578,235.94 2 289,117.97 2.056394 0.130301167 1.79

D2Mit200 * DIMit311 2,895,102.84 4 723,775.71 5.147961 0.000548529 8.35

D7Mit91 2,844,846.90 2 1,422,423 .45 10.1172 6.19226E-05 8.22

D6Mit268 3,263,969.15 2 1,631,984.57 11.60773 1.58957E-05 9.32

D16Mit146 1,839,186.94 2 919,593.47 6.540744 0.001732053 5.47

Error 31,774,385.23 226 140,594.62

Total 781,242,405.41 251

Corrected total 54,186,441.64 250

7=0.414

(Adjusted *=0.351)

Factor is source of plasma glucose AUC variation; SS is type III sum of squares adjusting for all other terms in the model
“Based on adjusted sum of squares

"Based on the F distribution

“Estimate of variance explained by a factor or ‘eta square’, expressed in percentage terms (Exp%=100xSSfactor/[SSfactor+SSerror])
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Table 3 Male C57BL/6J mice secrete less insulin than C3H/HeH mice in response to a glucose challenge in an IPGTT

Strain Body weight, Plasma insulin at timepoints in an IPGTT+SD (in ng/ml)

gESD*#* 0 min** 10 min** 20 min** 30 min*
C3H/HeH (n=8) 31.77+0.99 0.46+0.22 0.81+0.50 1.00+0.57 0.63+0.44
C57BL/6J (n=8) 25.45£1.18 0.19+0.00 0.19+0.00 0.32+0.32 0.23+0.06

Mice were approximately 11.5 to 13 weeks old. The lower sensitivity of the insulin ELISA assays is 0.19 ng/ml and thus the levels of insulin
in C57BL/6J mice at 0 and 10 min may actually be lower than shown. Differences are significant at the values of *<0.05, **<0.01 and

**%<0.001

glucose. This explains the lack of insulin secretion in re-
sponse to 10 mmol/l glucose of C57BL/6J islets. The mean
increase in [Ca®']; produced by tolbutamide was not sig-
nificantly different (¢-test) between the two strains (Fig. 5b).
In contrast, responses to 5 and 10 mmol/l glucose were sig-
nificantly different (»p<0.05). Furthermore, oscillations in
[Ca®']; on exposure to 10 mmol/I glucose were observed in
seven of 11 C3H/HeH beta cells, but were absent from all
seven C57BL/6J cells studied. These data indicate that the
loss of insulin secretion derives from the failure of glucose to
stimulate a rise in intracellular calcium. Furthermore, be-
cause tolbutamide elicits an equivalent rise in [Ca®']; in
both mouse strains, the data further suggest that glucose
fails to close Katp channels and thereby elicit membrane
depolarisation and Ca®" entry.

To examine this possibility, we studied the ability of
glucose to close Katp channels in C3H/HeH and C57BL/
6] beta cells, using the perforated patch configuration to
maintain metabolism intact. Strikingly, K rp currents in
C57BL/6J beta cells were significantly less sensitive to
glucose than those of C3H/HeH beta cells, the ICs, being
24.742.9 mmol/l (n=13) and 5.7+0.2 mmol/l (n=6), re-
spectively (Fig. 6a, b). This result is consistent with the
higher fasting glucose levels and lower glucose tolerance of
C57/BL6 mice. To explore if this difference in glucose

Insulin secretion
(normalised by contents)
—

1

2 mmol/l 10 mmol/l
Glucose

Fig. 4 Insulin secretion in response to glucose is impaired in isolat-
ed islets from C57BL/6] compared to C3H/HeH mice. White bars,
C57BL/6] islets; black bars, C3H/HeH islets. The numbers above the
bars indicate the numbers of replicated wells (each well contained ten
islets). Y-error bars represent SEM. **p<0.01

sensitivity is due to differences in beta cell metabolism or
in the K 1p channel itself, we measured the concentration—
response curve for channel inhibition by ATP. Figure 6¢c, d
shows that half-maximal inhibition of C57BL/6J Katp
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Fig. 5 a Representative changes in intracellular Ca**, measured by
Fura-2 fluorescence, in response to glucose and tolbutamide in single
beta cells isolated from CS57BL/6J (upper panel) and C3H/HeH
(lower panel) mice. The bar indicates when glucose (2, 5, 10 mmol/1)
and tolbutamide (500 pumol/l) were applied. Mean change (b) in
fluorescence ratio in response to glucose (2, 5 and 10 mmol/l) or
tolbutamide (as indicated) in beta cells from C57BL/6J mice (black
bars, n=T) and C3H/HeH mice (grey bars, n=11). *p<0.05 (t-test)
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Fig. 6 Effects of glucose and ATP on Karp currents. a Representa-
tive whole-cell perforated patch recordings from a C3H/HeH and a
C57BL/6J mouse beta cell in response to £20 mV pulses from —70
mV. Glucose (5 mmol/l) or tolbutamide (200 umol/l) were applied to
the external solution as indicated. The dotted lines show the zero-
current level. b Mean glucose concentration—response relationships
for whole-cell K opp currents from C57BL/6J (circles, n=13) or C3H/
HeH (squares, n=6) beta cells. Current (/) is expressed as a fraction
of the mean (/y) of that obtained in control solution before and after
exposure to glucose. The lines are the best fit of the Hill equation to
the data. For C57BL/6J mice, IC5y=24.742.9 mmol/l, #=1.15+0.16
(n=13). For C3H/HeH mice, 1C5¢=5.7+£0.2 mmol/l, #=1.16+0.04
(n=6). Single-channel currents (¢) recorded at =60 mV from inside—
out patches excised from a C57BL/6J or CH3/HeH beta cell. ATP (10
pmol/l) was applied to the intracellular solution as indicated. The
dotted line indicates the zero-current level. Mean ATP concentration—
response relationship (d) for Karp channels from C57BL/6J beta
cells. Channel activity (NPo[ATP]) is expressed as a fraction of the
mean (NPo) of that obtained in control solution before and after
exposure to ATP. The /ine is the best fit of the Hill equation to the
data: 1C5o=5.7+0.5 pumol/l, #=0.89+0.06 (n=5). Y-error bars repre-
sent SEM

channels by ATP (ICso 10 wmol/l) is similar to that ob-
served for NMRI mice [27] and for cloned Kp channels
[28]. This suggests that the defect in C57BL/6J mice lies
prior to K orp channel closure, probably at the level of beta
cell metabolism.

Candidate gene studies

Gluchosl (chromosome 13) In a 5-cM sweep around
Gluchos1 on chromosome 13 at 6512 ¢cM we identified

several potential candidate genes: in particular, the tran-
scription factor islet gene enhancer protein 1 (Isl/), (113
Mbp) and Nnt (64 cM or 116 Mbp). The coding sequence
of Isl] was sequenced and no mutations found.

We sequenced the coding region of Nnut and found two
mutations. First, an exchange of T (C3H/HeH) for C
(C57BL/6J) at nt 104 of exon 1 that results in a missense
methionine to threonine mutation at amino acid 35 of the
protein. This mutation is located in the mitochondrial leader
peptide sequence of the Nnt precursor protein [29]. The
second mutation was found in islet and liver cDNA PCR-
amplified between exon 5 and 13, numbered according to
the Nnt gene structure and sequence that have been derived
from 129/SvJ mice ([30]; GENBANK AAF72982, AF257137
—AF257157). The amplified fragment was ~508 bp from
C57BL/6J but ~1,261 bp from C3H/HeH cDNA. Sequenc-
ing of these products confirmed that exons 7 to 11 were
completely missing in the C57BL/6J fragment, although the
transcript remained in frame between exons 6 and 12 (see
electronic supplementary material [ESM], link on first page
of this article). In silico analysis of cDNA database se-
quences from 129/SvJ, NOD, FVB, C57BL/6J and B6(CBAF1
mouse strains independently confirmed that most C57BL/6
annotated transcripts also lack a 753-bp segment that en-
compasses the whole of exons 7 to 11 expected from the
structure of the 129/SvJ gene and that of other mouse strains
[30]. PCR amplification of exons from genomic DNA of 26
different inbred strains and substrains indicated that only
C57BL/6J is missing exons 7 to 11 and that in the other
strains all exons are present (data not shown). This is con-
sistent with BLAST searches of the ENSEMBL C57BL/6J
mouse sequence (releases v13.30.1, May 2003 and NCBIM
32 feb 2004) that revealed no homology to these exons.

Finally, we assayed the RNA expression level of Nnt by
RT-PCR, by amplifying a 277-bp fragment bridging exons
5 and 6 of the gene. Gene expression in C3H/HeH com-
pared to C57BL/6] mice was at least sevenfold higher in
the liver and approximately fivefold higher in islet RNA

(Fig. 7).

Gluchos2 (chromosome 11) Gluchos2 lies in a region of
comparative homology with a rat chromosome 14 diabetes
quantitative trait locus (QTL), Dmo3 [31]. There are a
number of potential candidate genes that lie under the peak
of linkage, most notably CamK2B and Gck. We sequenced
the entire coding sequence of CamK2B and found no mu-
tations capable of disrupting protein function. Given the
crucial role of glucokinase in glucose homeostasis [32-37],
we compared in vitro glucokinase function in liver of 12-
week-old male C57BL/6J and C3H/HeH mice. C57BL/6J
mice had significantly (p<0.01) lower glucokinase activity
despite similar hexokinase activity: glucokinase activity
was 16.61£2.144 (SD) mU/mg protein (n=5) for C57BL/6J
compared to 22.7342.09 mU/mg protein (n=4) for C3H/
HeH (enzyme activity level was measured using triplicate
Vmax assays). We sequenced the islet promoter and entire
coding region of the Gck gene in both strains and found one
silent polymorphism in C57BL/6J, namely a C-to-G trans-
version at base 131 of exon 7.
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Gluchos3 (chromosome 9) There are a large number of
genes in the Gluchos3 region including several of potential
interest. For example, A#p5] encodes a subunit of the mito-
chondrial FO complex involved in ATP synthesis and proton
transport. Given its role in ATP synthesis, and the tight
coupling between ATP generation and insulin secretion, it
seems a good causal candidate for Gluchos3. The islet-2
gene (a relative of islet-1) also lies on chromosome 9, but at
the edge of the potential linkage.

Discussion

IPGTT comparisons between four nonobese inbred mouse
strains revealed that C57BL/6J mice were less glucose-
tolerant than C3H, DBA/2 and BALB/c, and that male
mice were significantly less glucose-tolerant than females.
Sex differences in glucose tolerance are common and well
documented in several mouse strains and are possibly due
to hormonal differences [38—40].

Studies on F1 male mice resulting from reciprocal cross-
es indicated that glucose intolerance in C57BL/6J mice did
not appear to be the result of mitochondrial genome, intra-
uterine environment or other maternal environment effects
on progeny. However, we did observe effects in some of the
pairwise comparisons of the four F2 cross-combinations,
although the cause of these differences is unknown. More-
over, if the trait data are adjusted to take account of the cross
direction effects then reanalysed for linkage, there is no
significant change in the mapped QTLs or their LOD scores
(data not shown).

In an intercross between nonobese C3H/HeH and
C57BL/6J mice we identified three loci that influence glu-
cose homeostasis under fasting conditions (=0, Table 1)
and in response to a glucose challenge (=30, =60 and AUC;

Table 1). These were Gluchosl, Gluchos2 and Gluchos3,
located on chromosomes 13, 11 and 9, respectively.

Other crosses with C57BL/6J or related B6 strains have
mapped loci to a number of chromosomes and are sum-
marised in Table 4 [15, 19, 40—44]. These crosses support
by replication loci on chromosomes 2, 6, 13 and 19, al-
though strain combination and cross design differences
may account for the discordance of the other loci, and
within a chromosome could also represent different QTLs.
Linkages close to Gluchosl on chromosome 13 have been
detected in two different studies (Table 4). The locus mapped
in the TallyHo cross may overlap somewhat in position
with ours but actually maps inheritance of T alleles con-
tributing to increased nonfasting glucose [40]. In the other
cross, the F2 map position overlaps with our locus and
corresponds to the inheritance of C57BL/6J alleles causing
elevated 30-min glucose and therefore may provide rep-
lication [16].

Since the post-glucose-challenge plasma glucose QTL
Gluchos2 and the T30 insulin QTL Gluchos3 map to
different genomic positions they are clearly not directly
dependent on one another (indeed, the phenotypes are
poorly correlated, =0.28). Given that insulin lowers blood
glucose, they might well have been correlated. In our
experiments, inheritance of C57BL/6] alleles at Gluchos3
more than halves plasma insulin and this effect is domi-
nant (Table 1). Further, we have shown that C57BL/6J
mice secrete less insulin than C3H/HeH mice over 30 min
of a glucose tolerance test (Table 3), consistent with doc-
umented defects in glucose-stimulated first- and second-
phase insulin secretion, as previously shown for C57BL/6J
mice relative to C3H [5, 16], DBA/2 [6] or AKR [14]
mice. Insulin tolerance tests showed that administration of
exogenous insulin suppresses plasma glucose as effec-
tively in C57BL/6J as in C3H/HeH mice (Fig. 3). This is
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Table 4 Summary of significant quantitative trait loci linkages in crosses involving C57BL/6J and related strains

Chr cM High allele Trait and genetic cross Reference
6 61 C57BL/6] Increased plasma insulin; F2 C57BL/6J and CAST/Ei. Atherogenic diet [41]
2 87 C57BL/6] Increased 30-min IPGTT blood glucose; F2 C57BL/6J and C3H/HeH [16]
13 45-61 C57BL/6] As above [16]
8 72 KK Increased blood glucose in IPGTT; F2 C57BL/6J and KK-A(y) [42]
14 10.5  C57BL/6J Hyperinsulinaemia; F2 C57BL/6J [43]
(congenic, doubly heterozygous for IR and IRS-1 knockouts) and 129S6/SvEvTac
1 38 B6 Increased plasma insulin levels; F2 B6 and 129/Sv carrying heterozygous IR knockout [44]
2 28 Bo6 As above [44]
6 57 B6 As above [44]
10 48 B6 As above [44]
12 44 129/Sv As above [44]
2 52 BTBR High fasting plasma insulin; F2 ob/ob population segregating B6 and BTBR alleles [19]
19 53 BTBR As above [19]
16 28 BTBR High fasting plasma glucose; F2 ob/ob population segregating B6 and BTBR alleles [19]
13 60 TallyHo (TH) Increased nonfasted plasma glucose; backcross (C57BL/6JxTH)F1 and TH [40]
19 50 TallyHo (TH)  Increased nonfasted plasma glucose; backcross (C57BL/6JxTH)F1 and TH or [40]

(CASTEixTH)F1 and TH

Chr chromosome, ¢cM centimorgan, high allele the strain contributing the allele associated with an increased phenotype value, trait and
genetic cross the trait showing linkage and brief details of the genetic mapping cross used

consistent with reports that C57BL/6J mice are more in-
sulin-sensitive than AKR mice on a standard diet [14]. On
a high-fat diet, C57BL/6] are still more sensitive to insulin
than AKR mice but the difference is reduced. This sug-
gests that the lack of a glucose (T30 and T60) phenotype
colocalisation with Gluchos3 (24% of the T30 insulin
variance being controlled by this locus; Table 1) is not due
to differences in insulin sensitivity. These data also support
the possibility that blood glucose at T30 reflects earlier
events in insulin secretion, for example, the rapid first-
phase response (or lack of it); that plasma insulin at T30
reflects differences in second-phase insulin secretion; and
that the gene being mapped at Gluchos3 is involved in the
latter [1, 45].

The combined action of Gluchosl and seven additional
loci (suggestive of linkage to plasma glucose) explained
35% of variation in the area under the IPGTT curve.
Clearly, postprandial glucose intolerance in C57BL/6J has
a complex basis, as multiple unlinked C57BL/6J alleles
determine glucose intolerance in the current cross. These
results are consistent with other rodent studies [26, 40, 46].

The hypothesis that defective glucose-stimulated insulin
release rather than insulin resistance is at least partly re-
sponsible for C57BL/6J glucose intolerance on a standard
diet is further confirmed by our finding that C57BL/6J
islets fail to release insulin in response to 10 mmol/l
glucose, unlike C3H/HeH islets (p<0.01). We have shown
that Karp channels in C57BL/6J pancreatic beta cells
exhibited impaired closure in response to glucose metab-
olism, which accounts for the smaller increase in intracel-
lular calcium and, in turn, the reduced insulin secretion of
these mice. K rp channels in C57BL/6J beta cells retain
normal ATP sensitivity. This suggests that the cause of
impaired glucose-stimulated insulin release in C57BL/6J

mice lies prior to Krp channel closure, at the level of beta
cell glucose metabolism. These results are supported by
genetic mapping data that rule out an involvement of the
Katp channel subunit genes Kir6.2 and SURI, which map
to mouse chromosome 7, outside the glucose tolerance loci
identified here (data not shown).

Metabolism of glucose by the pancreatic beta cell is
required for stimulation of insulin secretion by glucose
(the main physiological determinant) (reviewed in Ref.
[47]). Consequently, we studied Gck, a strong candidate
gene located in the Gluchos2 candidate region. This is a
high Ky, hexokinase that is rate-limiting for glycolysis and
is strongly expressed in beta cells and liver. Its importance
in insulin secretion is exemplified by the fact that ho-
mozygous mutations cause permanent neonatal diabetes in
man [36] and heterozygous mutations cause an early-onset
form of diabetes (MODY?2) [32-37]. Previous work [6]
has suggested that C57BL/6J mice secrete less insulin
during an intravenous glucose tolerance test and have
lower in vitro Gck protein activity (but similar protein
levels) than DBA/2 mice. We therefore compared gluco-
kinase in vitro phosphorylation activity in C57BL/6J and
C3H/HeH mice. C57BL/6J mice had significantly lower
glucokinase activity than C3H/HeH mice, despite similar
(low) Ky hexokinase activity. We were unable to find any
functional sequence changes to account for this, suggest-
ing transcriptional or post-transcriptional regulation dif-
ferences between the two mouse strains (however, it has
been reported that Gek RNA levels are similar in these two
strains [48]).

The Gluchosl candidate gene Nnt is a nuclear-encoded
mitochondrial gene that functions as a redox-driven proton
pump and catalyses the reversible reduction of NADP" by
NADH [29]. Studies suggest that Nnt acts to buffer



NADPH levels by recruiting reducing equivalents from
NAD-linked substrates during high demand for NADPH
and limiting uncontrolled changes in metabolites associated
with NAD-linked substrates [49]. Hoek and Rydstrom [49]
propose that Nnt is important for integrating mitochondrial
and cytosolic metabolism and for maintaining mitochon-
drial function under conditions of anoxia or high energy
demand. It has also been argued that Nnt is involved in a
substrate cycle with NAD- and NADP-linked isocitrate
dehydrogenase, which contributes to regulation of the TCA
cycle in mitochondria [50]. Recent studies have shown that
an adequate supply of NAD(P)H to the mitochondria is
necessary to generate the mitochondrial electrochemical
gradient essential for ATP synthesis, and thereby insulin
release [51]. In mice, Nnt is expressed to varying degrees in
all cell types, and at the highest levels in kidney, testes,
adrenal, liver, pancreas, bladder, lung, ovary and brain [52].
Given that glucose intolerance in susceptible humans de-
velops with age, it is interesting that Nnt expression in mice
declines more than twofold between 5 and 30 months, and is
correlated with a typical decline in expression of other
genes involved in mitochondrial bioenergetics [53].

Our studies revealed a mutation resulting in a missense
(Met to Thr) mutation in the mitochondrial leader poly-
peptide of the Nnt precursor protein. We also found a five
exon deletion in the C57BL/6J gene that removes four
putative transmembrane helices and connecting linkers,
and is expected to have a detrimental effect on protein
function. Expression of Nnt RNA is more than sevenfold
and fivefold lower in C57BL/6J liver and islets than in
C3H/HeH control organs.

The nature of this mutation, its genomic position within
the Gluchosl locus, the mitochondrial location, and the
predicted biological role of Nnt [29, 49, 50, 54], coupled
with the large difference in gene expression between the
two strains, make it a strong candidate for the Gluchosl
locus causal gene. The human NNT gene maps to 5p13.1-
Scen; interestingly a genetic modifier of the age of diag-
nosis of MODY3 (an early-onset form of diabetes resulting
from impaired insulin secretion) also maps to Sp15 [55].

At this stage we have no evidence for the nature of the
gene underlying Gluchos3 on chromosome 9.

In conclusion, impaired glucose tolerance in C57BL/6J
mice is under the control of three main genes with several
other genes having smaller effects. Our studies suggest that
a large component of glucose insensitivity results from
impaired glucose-stimulated insulin release due to defective
beta cell metabolism. The deletion that we observed in the
Nnt gene makes Nnt a strong causal candidate for Gluchos!
and the reduced expression of Gck suggests it could be the
gene underlying Gluchos2. We hypothesise that a mild re-
duction in glucokinase is compounded by a defect in mito-
chondrial metabolism that further reduces ATP production,
leading to increased K arp currents and thus to the reduced
insulin secretion that produces glucose intolerance. It seems
possible that a similar deficiency in metabolism may
contribute to the impaired insulin secretion found in human
type 2 diabetes.
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