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Abstract
Aims/hypothesis Insulin hypersecretion may be an indepen-
dent predictor of progression to type 2 diabetes. Identifying
genes affecting insulin hypersecretion are important in
understanding disease progression. We have previously
shown that diabetes-susceptible DBA/2 mice congenitally
display high insulin secretion. We studied this model to
map and identify the gene(s) responsible for this trait.
Methods Intravenous glucose tolerance tests followed by a
genome-wide scan were performed on 171 (C57BL/6 ×
DBA/2) × C57BL/6 backcross mice.
Results A quantitative trait locus, designated hyperinsulin
production-1 (Hip1), was mapped with a logarithm of odds
score of 7.7 to a region on chromosome 13. Production of
congenic mice confirmed that Hip1 influenced the insulin
hypersecretion trait. By studying appropriate recombinant
inbred mouse strains, the Hip1 locus was further localised
to a 2 Mb interval, which contained only nine genes.
Expression analysis showed that the only gene differentially
expressed in islets isolated from the parental strains was
Nnt, which encodes the mitochondrial proton pump,

nicotinamide nucleotide transhydrogenase (NNT). We also
found in five mouse strains a positive correlation (r2=0.90,
p<0.01) between NNT activity and first-phase insulin
secretion, emphasising the importance of this enzyme in
beta cell function. Furthermore, of these five strains, only
those with high NNT activity are known to exhibit severe
diabetes after becoming obese.
Conclusions/interpretation Insulin hypersecretion is asso-
ciated with increased Nnt expression. We suggest that NNT
must play an important role in beta cell function and that its
effect on the high insulin secretory capacity of the DBA/2
mouse may predispose beta cells of these mice to failure.
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Abbreviations
B6 C57BL/6 mouse
BC backcross
D2 DBA/2 mouse
Hip1 hyperinsulin production-1
IPGTT intraperitoneal glucose tolerance test
LOD logarithm of odds
NNT nicotinamide nucleotide transhydrogenase
QTL quantitative trait locus

Introduction

Type 2 diabetes is a polygenic disease which is often
revealed following exposure to detrimental environmental
influences such as obesity and inactivity [1, 2]. Despite
much investigation, the genetic components still remain
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unknown, due to the complex and interactive nature of the
genes involved [3, 4]. Many candidate genes have been
identified [5–10]; however, they do not fully explain the
mechanisms or the heritability of the disease. Quantitative
trait locus (QTL) analysis has been applied to type 2
diabetes, and while many regions of the human genome
have been implicated in studies of different susceptible
populations [11–15], only a few genes underlying these
QTLs have been identified [16, 17].

Islet beta cell dysfunction causing reduced insulin
secretion is a main contributor to hyperglycaemia in
diabetes. However, prior to the development of secretory
dysfunction it has been shown that some participants with
obesity and a family history of type 2 diabetes (who are
therefore at an increased risk of developing the condition)
paradoxically hypersecrete insulin. While this early insulin
hypersecretion may be in part secondary to insulin
resistance, studies in obese participants have shown that
insulin hypersecretion can be more prevalent than insulin
insensitivity [18]. The possibility that in some individuals
hypersecretion may be a primary defect is supported by the
following studies: (1) a variant in the sulfonylurea receptor
gene resulting in elevated fasting and glucose-induced
plasma insulin concentrations has been described in non-
diabetic Mexican Americans, an ethnic group with a high
incidence of type 2 diabetes [19]; (2) a large pedigree
segregating a defect in the sulfonylurea receptor causing
hyperinsulinaemia early in life displayed gestational or
permanent diabetes despite normal insulin sensitivity [20];
(3) a mutation in the glucokinase gene was described in a
family of hyperinsulinaemic–hypoglycaemic participants,
one of whom at the age of 48 years developed diabetes
requiring insulin [21]; and (4) fasting hyperinsulinaemia
has been shown to predict the development of type 2
diabetes independently of insulin resistance, again suggest-
ing that insulin hypersecretion is not only an adaptive
response to insulin resistance but may be a primary defect
[22]. These studies suggest a causal link, such that the
capacity to hypersecrete insulin may enhance the progres-
sion to failure by causing beta cell exhaustion [23] when
the beta cell is placed under stress.

The DBA/2 mouse is a model of diabetes susceptibility.
When exposed to genetically induced obesity and insulin
resistance [24], it displays pancreatic islet atrophy and beta
cell degranulation, leading to insulinopenia, overt hyper-
glycaemia and premature death. In contrast, the same
genetic mutation on the C57BL/6 or 129/J strains, while
also resulting in obesity, insulin resistance and islet
hyperplasia, only caused mild, transient hyperglycaemia
[24]. Furthermore, a high glucose environment can also
impair function of islets from DBA/2 (but not C57BL/6)
mice, and this defect was associated with oxidative stress
[25, 26]. In the normal ‘non-stressed’ state, we have shown

that insulin secretion is exaggerated in DBA/2 mice when
compared with other strains including C57BL/6 and 129T2
mice [27–29]. Furthermore, we determined this was not
attributable to insulin resistance (as assessed by the insulin
tolerance test) and was in fact intrinsic to the islet, as
glucose-stimulated insulin secretion from cultured islets
also showed an exaggerated response in the case of DBA/2
islets [27]. The aim of the present study therefore was to
identify the gene(s) responsible for the difference(s) in
insulin secretion in DBA/2 compared with C57BL/6 mice
in the normal state. Prior to the completion of this study,
Toye et al. reported the existence of a five exon deletion in
the mitochondrial enzyme nicotinamide nucleotide trans-
hydrogenase (NNT) gene (Nnt) in the C57BL/6 mouse, and
in their hands this was associated with lack of insulin
secretion in response to glucose and impaired glucose
tolerance compared with the C3H/HeH strain [30]. Since
we found that the Nnt gene was responsible for DBA/2
hypersecretion, we also evaluated the effect of the five exon
deletion on insulin secretion.

Methods

Animals DBA/2, C57BL/6, 129T2, FVB/N, (DBA/2 ×
C57BL/6) F1 and BALB/c mice were purchased from The
Walter and Eliza Hall Institute for Medical Research (Kew,
VIC, Australia). Backcross (BC) mice were generated by
breeding F1 male to C57BL/6 female mice. BXD recom-
binant inbred strains were a kind gift from H. C. Hsu and J.
Mountz of the University of Alabama [31]. All mice were
fed a standard laboratory rodent chow (74% carbohydrate,
20% protein and 6% fat by weight; Barastoc, Pakenham,
VIC, Australia). Only male mice were used for experi-
ments. All animal procedures were approved by the Royal
Melbourne Hospital or the Austin and Repatriation Medical
Centre Animal Research Ethics Committee.

Intravenous glucose tolerance tests The intravenous glu-
cose tolerance test (IVGTT) was performed as previously
described [27, 32]. A glucose bolus (1 g/kg) was infused
into the carotid artery and 200 μl blood samples were
collected at 0 min (before), and 2, 5, 10, 15 and 30 min
afterwards. Blood was centrifuged and the plasma was
removed and stored at −20°C for measurement of glucose
and insulin concentrations. Erythrocytes were resuspended
in heparinised saline and reinfused to prevent anaemic
shock and volume depletion.

Intraperitoneal glucose tolerance test The intraperitoneal
glucose tolerance test (IPGTT) was performed as described
above for the IVGTT, except that the glucose bolus (2 g/kg)
was injected into the peritoneal cavity and 200 μl blood
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samples were collected at 0 min (before), and 15, 30, 60
and 120 min following the glucose bolus. Blood was
centrifuged and the plasma was removed and stored at
−20°C for measurement of glucose concentration.

Determination of plasma glucose and insulin concentra-
tion Plasma glucose was determined using the Analox
GM7 Micro-Stat glucose analyser (Helena Laboratories,
Mount Waverley, VIC, Australia). The rat Linco Insulin
Radioimmunoassay kit (Linco Research Immunoassay, St
Charles, MO, USA) was used to assay plasma insulin
concentrations as per the manufacturer’s directions. Sam-
ples were counted in a gamma counter and concentration
calculated using an automated data reduction procedure.

Genotyping DNA was extracted from mouse-tail tips via
the salting-out method. PCR using 32P-labelled dATP was
performed with microsatellite markers chosen on the
basis of polymorphism markers (using the Massachusetts
Institute of Technology [Mit] database) between DBA/2
and C57BL/6 (Research Genetics, Huntsville, AL, USA) as
previously described [33, 34]. PCR products were separated
by PAGE and visualised by autoradiography.

Logarithm of odds analysis For the genome-wide scan, a
χ2 test was carried out at each microsatellite marker in the
hyperinsulinaemic BC progeny. Logarithm of odds (LOD)
was calculated from the χ2 value as described by Kruglyak
and Lander [35]. A LOD >3.3 was considered to indicate
significant genome-wide linkage [35].

Islet isolation Islets were isolated as previously described
[36, 37]. Briefly, pancreases were digested by intraductal
injection of collagenase P (0.5 mg/ml in RPMI medium with
100 U/ml penicillin, 100 μg/ml streptomycin and 11.1 mmol/l
glucose). After incubation at 37°C for approximately 20 min
the tissue was disrupted by hand shaking. Islets were purified
using a Ficoll gradient with a 25% (wt/vol.) stock solution and
23, 20.5 and 11% dilutions. Ficoll was diluted in Hanks’
balanced salt solution containing 4.2 mmol/l NaHCO3,
24 mmol/l HEPES, 100 U/ml penicillin and 100 μg/ml
streptomycin. Islets were then hand picked under a stereo-
scopic microscope (Olympus, Tokyo, Japan) and transferred
for overnight culture in RPMI medium with 10% (vol./vol.)
heat-inactivated fetal calf serum, in a 37°C humidified
atmosphere of 95% O2/5% CO2.

Insulin content Pancreases were homogenised in acid–
ethanol, followed by a freeze–thaw cycle at −20°C and
sonication for 20 min on ice. The lysate was centrifuged at
10,000×g for 10 min and the supernatant fraction assayed
for insulin. Protein concentration was measured by the
Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA, USA).

Islet cDNA preparation Islets were hand picked and
washed with 37°C PBS. Membranes were lysed and DNA
was sheared by drawing islets in solution D (4 mol/l
guanidinium thiocyanate, 25 mmol/l sodium citrate, 0.5%
sarcosyl, 0.1 mol/l β-mercaptoethanol) through a 23 gauge
needle. Sodium acetate and acid phenol were added before
vortexing followed by chloroform–isoamyl alcohol
isolation. The resulting upper aqueous phase was transferred
to an equal volume of isopropanol and RNAwas precipitated
overnight at −20°C. The RNA was pelleted, washed with
ethanol and resuspended in diethyl pyrocarbonate-treated
water. Total RNA was then reverse transcribed using the
Promega Reverse Transcription System kit (Promega
Corporation, Madison, WI, USA) and any contaminating
DNA removed by DNase treatment.

Real-time PCR analysis Specific primers for real-time PCR
analysis were designed using Primer Express (version 1.0)
software and synthesised by Geneworks Pty Ltd (Hindmarsh,
SA, Australia). Real-time expression was determined using
SYBR green PCR master mix (Applied Biosystems,
Scoresby, VIC, Australia) with the Perkin-Elmer ABI Prism
7700 Sequence Detector and Sequence Detection Systems
(version 1.9.1, Applied Biosystems) software. Insulin and
β-actin were used as controls and all expression levels were
normalised for cDNA concentration. Standard curves were
incorporated to ensure all assays were measured in the linear
detection range.

Hyperinsulin production-1 (Hip1) congenic strains Con-
genic mice were created by repeated backcrossing, from a
C57BL/6 × DBA/2 F1 mouse, while selecting for hetero-
zygosity at the Hip1 locus using the genotyping method as
above. The B6.D2-Hip1d mice were backcrossed to the
C57BL/6 parental strain while the D2.B6-Hip1b mice were
backcrossed to the DBA/2 parental strain for at least nine
generations.

NNT enzyme assay Mitochondria were isolated from mouse
pancreases using a modified version of the method
described previously for rat pancreases [38]. The whole
pancreas was homogenised in 1 ml homogenisation
medium (192 mmol/l mannitol, 58 mmol/l sucrose,
2 mmol/l TRIS–HCl [pH 7.4], 0.5 mmol/l EDTA, 0.5%
bovine serum albumin [BSA]) and centrifuged at 700×g for
7 min to pellet cell debris. The supernatant fraction was
centrifuged at 8,000×g for 10 min to pellet the mitochon-
dria, which were washed twice with 500 μl homogenisation
medium, and the pellet resuspended in 1 ml homogenisa-
tion medium. The suspension was slowly homogenised for
30 s, then centrifuged at 8,000×g for 10 min. The resultant
pellet was washed twice in medium not containing BSA
(192 mmol/l mannitol, 58 mmol/l sucrose, 2 mmol/l TRIS–
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HCl [pH 7.4], 0.5 mmol/l EDTA) and resuspended in 50 μl
of the same medium.

The NNT enzyme assay was modified from the method
described by Rydstrom [39] using the substrate analogue
system. One millilitre of assay medium (250 mmol/l
sucrose, 50 mmol/l TRIS–acetate [pH 7.5], 0.33 mg
rotenone, 500 μmol/l NADH, 500 μmol/l acetylpyridine
NAD+ was incubated at 30°C for 3 min. The absorbance at
375 nm was then recorded for 1–2 min until a steady state
in absorbance was reached. Twenty microlitres of a
mitochondrial preparation were then added to the cuvette in
the spectrophotometer and the absorbance recorded for
another 2 min. The NNT reaction gradient was calculated
using Beer’s law from the period of greatest absorbance
increase after the mitochondrial preparation had been added.

Statistical analysis Data are presented as means ± SEM.
The AUC (for glucose or insulin) was calculated using the
trapezoidal rule. Statistical significance was determined
using Student’s t test. A p value <0.05 was considered
statistically significant.

Results

C57BL/6 (B6) mice are extremely well characterised in
terms of their physiology and genetics; they are commonly
used as controls in many studies. The insulin secretion
displayed by B6 mice (Fig. 1) was in the range that many
other researchers have published (e.g. [40, 41]). In contrast,
the DBA/2 mice secreted significantly more insulin in
response to a glucose challenge (Fig. 1a). This effect was
observed at all time-points and was not due either to
differing glucose concentrations eliciting an appropriate
insulin response (Fig. 1b) or to differences in pancreatic
insulin content (218±68 vs 207±27 mg/μg protein, DBA/2
vs B6). This hypersecretion phenotype was observed at all
ages from neonates (not shown) to 8 weeks (Fig. 1) and in
DBA/2 mice as old as 40 weeks of age [27–29].

To determine the genetic basis of this difference in insulin
secretion, (C57BL/6 × DBA/2) F1 mice were subjected to
IVGTTs. The F1 mice also exhibited insulin hypersecretion
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(Fig. 1a). These data suggested that the gene(s) controlling
insulin hypersecretion in DBA/2 mice acted in a dominant
fashion.

Next, (C57BL/6 × DBA/2) × C57BL/6 BC mice
(n=171) were generated and phenotyped using the IVGTT.
From Fig. 1a, it is clear that the early-phase (i.e. 2 min)
insulin secretion following the i.v. glucose bolus was
significantly different between the strains. Therefore, the
insulin concentration at this time-point was used to rank the
BC mice. Analysis of the 2 min insulin release in the BC
mice showed that they appeared to fall into three
populations that were each approximately normally distrib-
uted (Fig. 2a). The medium- and high-responding groups
were classified as ‘DBA/2-like’ and the lower responder
population ‘B6-like’, with the upper cut-off for this group at
a plasma insulin concentration of 950 pmol/l. Consequent-
ly, the high responder BC mice displayed higher plasma
insulin concentrations at all time-points following the
glucose bolus (Fig. 2b). Twenty-three per cent (39/171) of
BC mice had a 2 min plasma insulin concentration
>950 pmol/l. A phenotype controlled by a single gene
would be expected to be seen in 50% of the BC mice, so
the observation of only 23% of BC displaying hypersecre-
tion suggests that more than one gene contributed to this
trait.

A genome-wide scan of those BC mice exhibiting
insulin hypersecretion identified a locus on the distal
portion of chromosome 13 with highly significant linkage
(LOD=7.7; Fig. 3). QTL analysis using all 171 BC mice,
including the low responders, placed this locus between
D13Mit130 and D13Mit35, a distance of 17 Mb (according

to University of California Santa Cruz Assembly, May
2004) with a 90% CI (p=2.6×10−7). The very significant
linkage score prompted us to designate this locus for insulin
hypersecretion in the DBA/2 mouse as Hip1.

BXD recombinant inbred mice [31] have mosaic
chromosomes derived from the DBA/2 and B6 parental
strains. BXD strains with recombinations on distal chro-
mosome 13 were used to refine further the location of Hip1.
While the BXD-28 strain showed insulin secretion compa-
rable with B6 mice, the BXD-12 strain exhibited insulin
hypersecretion, like the DBA/2 mouse, indicating this line
inherited the DBA/2-derived alleles required for the
phenotype (Fig. 4a).

The relevant genotypes of the BXD-12 and -28 strains
are shown in Fig. 4b. Using the data from the genome-wide
scan, and the physiological data from the recombinant
inbred strains, it was determined that a 2 Mb region at the
end of chromosome 13 (between D13Mb115 and the
telomere, indicated in Fig. 4b) harboured a gene capable
of modifying insulin secretion.

This interval harbours seven annotated genes, two
expressed sequence tags and one pseudogene. The expres-
sion of these genes in B6 and DBA/2 islets was examined
using real-time PCR. The expression of nine of these genes
was comparable between DBA/2 and B6. In addition, the
expression levels of control genes for β-actin and insulin
(Ins2) were determined and found to be comparable
between B6 and DBA/2. Only one of the genes in this
interval showed a significant difference between strains.
This was Nnt, which encodes NNT, and its expression was
more than fivefold higher in DBA/2 islets (Fig. 5).

Fig. 3 Genome-wide analysis
of (C57BL/6 × DBA/2) ×
C57BL/6 BC mice showing
significant linkage (LOD=7.7,
p=2.6×10−7) on chromosome
13 for the insulin hypersecretion
trait
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To provide further support that Nnt influences glucose-
stimulated insulin secretion, we produced two reciprocal
congenic strains. The first, B6.D2-Hip1d, contained a very
small segment of DBA/2 chromosome 13 on the B6
background. The DBA/2-derived congenic region in this
strain contained only the fibroblast growth factor 10 (Fgf-10,
also known as Fgf10) and Nnt genes. Expression of Nnt was
2.5-fold increased in the B6.D2-Hip1d congenic line (Fig. 6a)
and this was confirmed by a threefold increase in enzyme
activity (Fig. 6b). Analyses of this congenic line by IVGTT
and IPGTT showed that replacement of the B6 Nnt allele with
the DBA/2 copy made no change from the B6 phenotype for
either insulin secretion (Fig. 6c) or overall glucose tolerance
(Fig. 6d). These data suggest that the truncated Nntb allele
[30] is not responsible for the lower insulin secretion

observed in B6 mice. Rather, the full-length Nnt allele is
not even sufficient to increase its level of expression and
activity to that seen in the DBA/2 strain (fivefold increase
compared with C57BL/6), suggesting the involvement of
other gene(s) that regulate the expression of Nnt.

The reciprocal congenic strain, D2.B6-Hip1b, has the B6
Hip1b allele on the DBA/2 background. Compared with the
parental DBA/2 strain, these congenic mice did exhibit the
expected reduction in Nnt expression (Fig. 6e) and NNT
activity (Fig. 6f ) levels, and these in turn resulted in both
reduced first-phase insulin levels (Fig. 6g) and poorer
glucose tolerance (Fig. 6h). Combined, these congenic data
suggest that the presence of the DBA/2 allele of Hip1 is
necessary but not sufficient for insulin hypersecretion and
glucose tolerance.

To investigate further the impact of Nnt on insulin
secretion, we determined pancreatic Nnt activity and
compared this with first-phase insulin secretion in five
strains of mice with different capacities for glucose-
mediated secretion. As mentioned earlier, it has recently
been shown that a five exon deletion in Nnt was associated
with a totally blunted insulin secretory response to glucose
and impaired glucose tolerance in B6 compared with C3H/
HeH mice [30]. Of the five strains we tested, only B6 mice
had the five exon deletion in Nnt (Fig. 7a). We also checked
the status of Nnt in the two congenic lines we generated. As
expected, the B6.D2-Hip1d congenic mice contained the
full-length gene, while the D2.B6-Hip1b congenic mice had
the truncated version of Nnt (Fig. 7b). As shown in Fig. 7c,
a strong correlation (r2=0.901, p=0.01) was observed
between NNT activity and first-phase insulin secretion,
suggesting that Nnt is a powerful modulator of secretion.

It has been suggested [30] that the deletion in the B6 Nnt
allele results in reduced secretion and was associated with
poor glucose tolerance. We also found a significant
correlation between reduced first-phase insulin release and
glucose intolerance (Fig. 7d). However, this was indepen-
dent of whether the deletion in Nnt was present (B6) or not
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(129T2) (Fig. 7a). Thus, the level of functional Nnt is the
most important factor in first-phase insulin secretion and
mice with low expression of full-length Nnt (e.g. 129T2)
also have reduced insulin secretion.

Discussion

The DBA/2 mouse is a good animal model for studying
susceptibility to beta cell dysfunction following exposure to
a hyperglycaemic environment [25, 26] or genetically
induced insulin resistance [24]. Our data indicate that
DBA/2 mice hypersecrete insulin in response to glucose
challenge, a trait that is strongly influenced by the Hip1
locus, which we mapped to a 2 Mb region of chromosome
13. Analysis of the nine known genes in this region, and of
only two in a further subcongenic region, indicated that
Nnt, encoding NNT, was the probable causative gene
underlying the Hip1 QTL and affecting the insulin
hypersecretion phenotype in the DBA/2 mouse.

The Hip1 locus corresponds to a locus for glucose
intolerance in the C57BL/6 compared with the C3H/HeH
strain [30], for which these authors identified Nnt as the
probable causative gene. The identification of the same
gene in two independent studies, using different crosses of
mouse strains and assessing different outcomes (insulin
secretion and glucose tolerance), highlights the importance
of Nnt in glucose homeostasis. Therefore, Nnt may be
considered as a strong candidate gene in type 2 diabetes.

It is important to note that the phenotype of the BC mice
presented in this article suggests the involvement of at least
two genes in insulin hypersecretion in the DBA/2 mouse.
Despite much effort investigating suggestive links on
chromosomes 5, 6 and 7, the only significant linkage found
was on chromosome 13, leading us to Nnt. Of interest are
the results obtained from the B6.D2-Hip1d congenic mice,
in which the truncated Nnt was replaced by the full-length
version of this gene. If Nnt were the only gene contributing
to the phenotype, these mice would be expected to increase
the expression level of Nnt and insulin secretion to
approximately the levels seen in the DBA/2 mouse.
However, the B6.D2-Hip1d congenic mice showed only a
two- to threefold increase in Nnt expression and activity
levels, and these had no effect on insulin secretion. This
was unexpected in light of the data presented by Freeman et
al. showing that expression of the full-length Nnt (from
129S6/SvEvTac) resulted in improvement in glucose
tolerance and an increase in insulin secretion in the B6
mouse. However, these authors used a transgenic bacterial
artificial chromosome containing Nnt and found an expres-
sion level of Nnt similar to that of C3H/HeH mice [42]. The
combined data suggest that Nnt upregulation is required for
insulin hypersecretion. Therefore, the second (and possibly
other) gene(s) influencing insulin hypersecretion in the
DBA/2 mouse may do so at least in part by affecting the
expression of Nnt. There have been many genome-wide
scans performed in humans for type 2 diabetes susceptibil-
ity loci, but to date none has shown significant linkage to
the chromosome region containing Nnt (5p13.1–cen). This
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may indicate that Nnt does not play an important role in
human type 2 diabetes. However, as the current study
indicates the epistatic role of another gene in influencing
the expression of Nnt, it may in fact be that this second
gene plays a more significant role in conferring either or
both insulin hypersecretion and diabetes development.
Therefore, identifying this second gene in the DBA/2
mouse model will allow researchers to test the role of the
human orthologues of these genes in human diabetes. It is
important to note that when we replaced the functional D2-
Nnt allele with the five exon-deleted variant in the D2.B6-
Hip1b congenic strain, we did find a decrease in secretion,
supporting the important role of this gene in insulin release.

NNT catalyses a direct transfer of hydride ions between
NAD(H) and NADP(H) in a reaction that is coupled to
proton translocation across the mitochondrial inner mem-
brane [43]. Additionally, since Nnt is involved in NADP(H)
production, and one NADPH can be converted to three
ATPs, it has the potential to result in increased ATP
generation when its level is upregulated. As mitochondrial
function and energy production within the islet beta cells is
imperative for glucose-mediated insulin production and
secretion, a change in Nnt function has the potential to alter
the rate and amount of insulin released. An increase in ATP

levels is critical in the early, first-phase, glucose-mediated
insulin secretion, closing the KATP potassium channels and
depolarising the plasma membrane as well as providing the
energy for trafficking, docking and fusion of the secretory
granules. We have previously shown that glucose metabo-
lism [27] and ATP levels [37] are increased in DBA/2 islets,
providing support for Nnt being the causative gene in
insulin hypersecretion in this strain.

It has previously been shown that FVB/N and BALB/c
are highly susceptible to developing diabetes when put
under physiological stress [44, 45]. It was significant that,
like DBA/2, both FVB/N and BALB/c mice displayed both
high Nnt activity and high insulin secretion capacity. Why
could an increase in insulin secretory capacity lead to beta
cell failure? An increase in glucose-induced insulin secre-
tion requires an increase in glucose utilisation and metab-
olism and thereby mitochondrial metabolism. Normal
functioning of the mitochondria produces free radicals,
which react with oxygen and produce reactive oxygen
species. These can cause a reduction in mitochondrial
operations, decreased ATP synthesis, dysregulated calcium
homeostasis and ultimately cell death. As mentioned earlier,
we have previously shown that the DBA/2 islets do have an
increase in glucose utilisation and ATP content when
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hypersecreting insulin [27, 37]. Furthermore when the islets
were placed under conditions of stress resulting in beta cell
failure, a decrease in ATP content and an increase in
oxidative stress was observed [26]. If Nnt is the cause of
insulin hypersecretion, it is possible that, when the animal
is placed under insulin-resistant conditions such as severe
obesity, overexpression resulting in increased mitochondrial
metabolism is more harmful to the islet beta cell than
underexpression.

In summary, we have shown the genetic basis of
hyperinsulinaemia in a mouse model of type 2 diabetes to
be under the control of at least two dominantly acting
genes. The major gene effect was mediated by a strong
QTL associated with glucose-mediated insulin hypersecre-
tion mapping on chromosome 13 and it is probable that the
gene responsible for this QTL is Nnt, which encodes the
mitochondrial enzyme Nnt. Identification of genes involved
in hyperinsulinaemia may lead to identification of individ-
uals at risk of developing type 2 diabetes, which may
improve the ability to initiate early treatment in order to
prevent or delay disease onset.
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