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ABSTRACT
Aims/Introduction: We previously showed that glucokinase haploinsufficiency
improves the glucose tolerance of db/db mice by preserving pancreatic b-cell mass and
function. In the present study, we aimed to determine the effects of glucokinase
haploinsufficiency on the b-cell mass and function of long-term high-fat, high-sucrose
(HFHS) diet-fed mice.
Materials and Methods: Four-week-old male glucokinase haploinsufficient (Gck+/-)
mice and 4-week-old male wild-type (Gck+/+) mice (controls) were each divided into two
groups: an HFHS diet-fed group and a normal chow-fed group, and the four groups were
followed until 16, 40 or 60 weeks-of-age. Their glucose tolerance, glucose-stimulated
insulin secretion and b-cell mass were evaluated. In addition, islets were isolated from 40-
week-old mice, and the expression of key genes was compared.
Results: Gck+/-HFHS mice had smaller compensatory increases in b-cell mass and
glucose-stimulated insulin secretion than Gck+/+HFHS mice, and their glucose tolerance
deteriorated from 16 to 40 weeks-of-age. However, their b-cell mass and
glucose-stimulated insulin secretion did not decrease between 40 and 60 weeks-of-age,
but rather, tended to increase, and there was no progressive deterioration in glucose
tolerance. The expression of Aldh1a3 in pancreatic islets, which is high in several models
of diabetes and is associated with an impairment in b-cell function, was high in Gck+/
+HFHS mice, but not in Gck+/-HFHS mice.
Conclusions: Glucokinase haploinsufficiency prevents the progressive deterioration of
pancreatic b-cell mass/function and glucose tolerance in long-term HFHS diet-fed mice.

INTRODUCTION
More than 500 million people around the world are currently
living with diabetes, the majority of whom have type 2
diabetes1. Because diabetes remains a substantial public health
issue, there is an urgent need to further elucidate the pathogen-
esis of type 2 diabetes and to identify effective treatments for
the disease. Although the pathophysiology of type 2 diabetes is
complex and not yet fully understood, the progressive loss of b-
-cell mass and function are central to its pathophysiology2–6.

Findings obtained through studies on many animal and
human genetic models have shown that the activation of gluco-
kinase improves pancreatic b-cell function and increases the
mass7–10. Glucokinase is an enzyme responsible for the conver-
sion of glucose to glucose 6-phosphate, and is expressed in the
pancreatic endocrine cells, liver, brain and gastrointestinal
tract11,12. In particular, glucokinase in the pancreatic endocrine
cells and liver cells plays an important role in the regulation of
systemic glucose metabolism. Since 2003, a number of glucoki-
nase activators have been developed, some of which have been
shown to be effective and safe in phase III clinical trials13–18. In
addition, glucokinase activators have been shown to enhanceReceived 7 May 2024; revised 7 August 2024; accepted 22 August 2024
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the function and proliferation of b-cells in clinical trials and in
our studies of mice19–21. However, it has been reported that the
efficacy of glucokinase activators is not maintained over the
long term22–26, suggesting that chronic glucokinase activation
may in fact cause pancreatic b-cell failure27,28.
Based on the above, we hypothesized that in the presence

of conditions, such as type 2 diabetes, in which people are
exposed to chronic hyperglycemia, the inactivation of
glucokinase may preserve pancreatic b-cell over the long
term29. To test this hypothesis, we previously investigated the
effects of glucokinase haploinsufficiency on the glucose toler-
ance and b-cell mass/function of db/db mice, a genetically
engineered model of obesity and diabetes30. The glucokinase-
haploinsufficient db/db mice showed less glucose intolerance
and had superior b-cell mass and insulin secretion than the
db/db mice. Furthermore, deoxyribonucleic acid (DNA)
microarray, real-time quantitative polymerase chain reaction
(PCR), immunohistochemical and metabolomic analyses have
shown that glucokinase haploinsufficiency in the islets of db/
db mice reduces the expression of stress-related genes,
increases the expression of transcription factors involved in b-
-cell function, such as MafA and Nkx6.1, reduces mitochon-
drial damage and improves intracellular metabolic patterns.
However, the protective effect of glucokinase inhibition on b-
-cells has not been studied in a model of obesity and diabe-
tes induced by an environmental factor, such as diet, which
would be more consistent with the pathogenesis of type 2
diabetes in humans. Therefore, in the present study, we char-
acterized the effects of glucokinase haploinsufficiency on the
b-cell mass and function of long-term high-fat, high-sucrose
(HFHS) diet-fed mice.

MATERIALS AND METHODS
Study design
Four-week-old male glucokinase-haploinsufficient (Gck+/-) mice
and 4-week-old male wild-type (Gck+/+) mice (controls) were
each divided into two groups: an HFHS diet-fed group and a
normal chow (NC)-fed group, and these total four groups were
followed until 16, 40 or 60 weeks-of-age. We measured the
bodyweights and fed blood glucose concentrations of mice in
each group over these periods, then carried out oral glucose tol-
erance testing (OGTT), followed by tissue collection, at 16, 40
or 60 weeks of age. Both glucose tolerance and
glucose-stimulated insulin secretion (GSIS) were assessed by
OGTT, and pancreatic b-cell mass was evaluated using pancre-
atic tissue sections. Subsequently, to identify differences in islet
gene expression, we collected islets from 40-week-old Gck+/
+NC, Gck+/+HFHS, Gck+/-NC and Gck+/-HFHS mice, and stud-
ied their gene expression using DNA microarray analysis
(Gck+/+HFHS vs Gck+/-HFHS) and real-time quantitative PCR.

Animals
Gck+/+ mice and Gck+/- mice were generated as previously
described31. The mutant Gck allele in these mice affects the

expression of glucokinase in neuroendocrine cells, but not in
hepatocytes31. In fact, the messenger ribonucleic acid (mRNA)
expression of Gck in isolated islets from Gck+/- mice was only
approximately 50% of that in the Gck+/+ mice (Figure S1). The
mice were maintained at 25°C, under a 12-h light/dark cycle,
and had free access to drinking water and food.

Diet protocol
NC (MF; Oriental Yeast Co. Ltd., Tokyo, Japan) and the HFHS
diet (58R3; TestDiet, Richmond, VA, USA) were used.
Table S1 shows the energy composition of the diets.

Measurement of blood glucose concentration
Blood glucose concentration was measured using a Glutestmint
(Sanwa Chemical, Nagoya, Japan).

Oral glucose tolerance testing
The OGTT was performed after 16 h of fasting. 1.5 mg of glu-
cose per gram of bodyweight was administered orally, and
blood samples were collected before, and 15, 30, 60 and
120 min after glucose loading. GSIS was assessed by plasma
insulin concentration before and 15 min after glucose loading
in the OGTT. Insulin concentration was determined with a
Morinaga Ultra-sensitive Mouse/Rat Insulin ELISA Kit (Mor-
inga Institute of Biological Science, Yokohama, Japan).

Assessment of b-cell mass with immunohistochemistry
Isolated pancreatic tissue was fixed in 4% paraformaldehyde at
4°C overnight. After paraffin embedding, 5-lm sections were
cut and mounted on glass slides. To inactivate endogenous per-
oxidase activity, the sections were immersed in phosphate-
buffered saline containing 3% (vol/vol) hydrogen peroxide and
then in BLOXALL (Vector laboratories, Newark, NJ, USA) for
15 min each. The sections were then immunostained with goat
anti-rabbit insulin antibody (diluted 1:1,000; Proteintech, Rose-
mont, IL, USA) and counterstained with hematoxylin. Pancre-
atic area and b-cell area were calculated using a BZ-II analyzer
(Keyence Corporation, Osaka, Japan), and b-cell mass was
assessed as follows: b-cell mass (mg) = b-cell area / pancreatic
area 9 pancreatic weight (mg).

Islet isolation
Hanks’ balanced salt solution (HBSS; Sigma-Aldrich, St. Louis,
MO, USA) containing 0.9 mg/mL of collagenase from
Clostridium histolyticum (Sigma-Aldrich) was prepared
(collagenase-supplemented HBSS). The liver and intestine of
each mouse were exposed, the ampulla of Vater was clamped
to block bile drainage into the duodenum, and 2.5 mL of
collagenase-supplemented HBSS was injected from the common
bile duct toward the pancreatic duct. The distended pancreas
was then removed and placed in a 50-mL tube containing
7.5 mL of collagenase-supplemented HBSS and incubated at
37°C for 24 min to digest the pancreas. After the digested pan-
creas had been dispersed by pipetting, it was washed with
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HBSS containing fetal bovine serum to stop the digestive pro-
cess. The resulting solution, containing separated islets, was
transferred to a Petri dish, and the islets were collected using a
pipette under a microscope.

DNA microarray analysis
RNA was extracted from isolated islets using an miRNeasy
Micro Kit (Qiagen, Hilden, Germany). The mRNA expression
profile of each was characterized using a Mouse Clariom S
Assay (Thermo Fisher Scientific, Waltham, MA, USA). Genes
showing at least a 1.5-fold difference in expression between
groups were defined as differentially expressed genes. The gene
expression profiles were established using Microarray Data
Analysis Tool Ver. 3.2 (Filgen, Nagoya, Japan).

Real-time quantitative PCR
RNA was isolated using an RNeasy mini kit (Qiagen), then
complementary DNA was synthesized using SuperScript III
(Invitrogen, Waltham, MA, USA) and Random primers (Pro-
mega, Madison, WI, USA). Real-time quantitative PCR was
carried out in duplicate using a 7500 Fast Real Time PCR sys-
tem with FAST SYBR Green PCR Master Mix (Applied Biosys-
tems, Foster City, CA, USA). Target mRNA expression was
quantified using the comparative cycle threshold method and
normalized to that of Actb. Table S2 lists the primer
sequences used.

Statistical analysis
The results are presented as the mean – standard deviation.
Comparisons between groups were carried out using one-way
ANOVA, followed by the Bonferroni test. Statistical significance
was accepted at P < 0.05.

RESULTS
Effects of glucokinase haploinsufficiency on the glucose
tolerance, insulin secretion and b-cell mass of mice consuming
an HFHS diet
The bodyweights of the HFHS-fed groups were significantly
higher than those of the NC-fed groups after 12 weeks-of-age,
irrespective of their genotype (Figure 1a). The fed blood glucose
concentrations of the Gck+/-NC mice were higher than those of
the Gck+/+NC mice, because of their genetic background, as
previously described10,30–32. The Gck+/+HFHS mice showed no
deterioration in fed blood glucose concentration during the
study up to 60 weeks-of-age. Gck+/-HFHS mice had high glu-
cose concentrations, but showed no further increase over the
long term (Figure 1b). OGTT showed that the glucose tolerance
of the Gck+/+HFHS mice had not deteriorated by 60 weeks-of-
age (Figure 2). The glucose tolerance of the Gck+/-HFHS mice
did not differ from that of the Gck+/-NC mice at 16 weeks-of-
age (Figure 2a,d), but had deteriorated by 40 weeks-of-age
(Figure 2b,e). Thereafter, however, the area under the glucose
curve for the Gck+/-HFHS mice at 60 weeks-of-age was not
larger than that at 40 weeks, implying that there was no deteri-
oration in glucose tolerance between 40 and 60 weeks-of-age
(Figure 2e,f). Insulin resistance, assessed using homeostasis
model assessment for insulin resistance was higher in the
HFHS-fed than in the NC-fed Gck+/+ and Gck+/- mice. How-
ever, there was no difference between the Gck+/+HFHS mice
and the Gck+/-HFHS mice (Figure S2).
The GSIS of the Gck+/+HFHS mice was higher than that of

Gck+/+NC mice at 16 weeks-of-age, whereas that of the
Gck+/-HFHS mice was not larger than that of the Gck+/-NC
mice (Figure 3a). At 40 weeks-of-age, the GSIS of the Gck+/
+HFHS mice had further increased, and that of the
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Figure 1 | Bodyweights and blood glucose concentrations of mice in each group up to 60 weeks-of-age. (a) Bodyweights and (b) blood glucose
concentrations of Gck+/+ normal chow (pale pink line), Gck+/+ high-fat, high-sucrose (pink line), Gck+/- normal chow (pale green line) and Gck+/- high-
fat, high-sucrose (green line) mice (n = 11–20). Data are presented as mean – standard deviation. **P < 0.01, *P < 0.05 versus Gck+/- normal chow.
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Gck+/-HFHS mice was higher than that of the Gck+/-NC mice
(Figure 3b). At 60 weeks-of-age, both the Gck+/+HFHS and
Gck+/-HFHS mice showed further increases in GSIS, and this
was more marked in the Gck+/+HFHS mice (Figure 3c). Thus,
the GSIS of both the Gck+/+HFHS and Gck+/-HFHS mice
increases with time, but the increase in the Gck+/+HFHS mice
occurs earlier and is more marked.
Figure 4a shows images of pancreatic sections stained for

insulin (brown) as a marker of b-cells. There were no signifi-
cant differences in the b-cell masses of the four groups of mice
at 16 weeks-of-age (Figure 4b). At 40 weeks-of-age, the b-cell
mass of the Gck+/+HFHS mice was larger than that of the
Gck+/+NC mice, but there was no difference in the masses of
the Gck+/-HFHS and Gck+/-NC mice (Figure 4c). Subsequently,
at 60 weeks-of-age, b-cell mass was further increased in Gck+/
+HFHS mice, and an increasing trend was also observed in
Gck+/-HFHS mice (Figure 4d). Briefly, b-cell mass was

significantly increased in Gck+/+HFHS mice, but also showed
an increasing trend in Gck+/-HFHS mice.

Effects of glucokinase haploinsufficiency on the islet gene
expression of mice consuming an HFHS diet
When we compared the pancreatic islet gene expression profiles
of the Gck+/-HFHS and Gck+/+HFHS mice by DNA microarray
analysis, we identified statistically significant, 1.5-fold differences
in the expression of 356 of 22,206 genes. Of these, the expres-
sion of 128 genes was upregulated and that of 228 genes was
downregulated in Gck+/-HFHS mice versus Gck+/+HFHS mice.
The top 20 up- and downregulated genes are listed in Tables 1
and 2. The most downregulated genes included Spp1, Fos,
Aldh1a3 and Nupr1, which have been reported to be upregu-
lated by stress in pancreatic b-cells33–38. Pathway analysis was
carried out on the up- and downregulated genes, and signifi-
cant differences were identified in six pathways, including the

(a) (b) (c)

(d) (e) (f)

Figure 2 | Glucose tolerance of the mice in each group over time. (a–c) Blood glucose concentrations during oral glucose tolerance testing of the
Gck+/+ normal chow (NC; pale pink line), Gck+/+ high-fat, high-sucrose (HFHS; pink line), Gck+/-NC (pale green line), and Gck+/-HFHS (green line)
groups at (a) 16 (n = 6–16), (b) 40 (n = 17–27) and (c) 60 (n = 7–12) weeks-of-age. (d–f) Areas under the blood glucose curves during oral glucose
tolerance testing of the Gck+/+NC (pale pink bar), Gck+/+HFHS (pink bar), Gck+/-NC (pale green bar) and Gck+/-HFHS (green bar) mice at (d) 16, (e)
40 and (f) 60 weeks-of-age. Data are presented as mean – standard deviation. **P < 0.01, *P < 0.05.
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Jun-Dmp1 and transforming growth factor-b pathways
(Table 3).
We next used real-time quantitative PCR analysis to mea-

sure the expression of Ki67, which is involved in cell prolifer-
ation; Mafa, Nkx6.1 and Pdx1, which are transcription factors
involved in b-cell function; Slc2a2, which is responsible for
the uptake of glucose by b-cells; and Spp1, Fos, Aldh1a3 and
Nupr1, which were substantially downregulated according to
the results of the microarray analysis (Figure 5). Although we
showed that Gck+/+HFHS mice had high b-cell mass, Ki67
gene expression, evaluated using real-time quantitative PCR,
was higher in Gck+/-HFHS mice than in Gck+/-NC mice.
However, there was no significant difference in the expression
of this gene between Gck+/+HFHS mice and Gck+/+NC mice
(Figure 5a). The expression of Mafa, Nkx6.1 and Pdx1 was
not decreased by HFHS diet-feeding in either the Gck+/+ or
Gck+/- mice (Figure 5b–d). Rather, the expression of Pdx1
was higher in Gck+/-HFHS mice than in Gck+/-NC mice, and
a similar trend was obtained with respect to the expression of
Mafa (Figure 5b,d). There were no differences in the expres-
sion of Slc2a2 between the four groups of mice (Figure 5e).
Of note, the real-time quantitative PCR analysis showed that
Aldh1a3 was upregulated in Gck+/+HFHS mice vs Gck+/+NC
mice, but not in Gck+/-HFHS versus Gck+/-NC mice. Its
expression was also significantly higher in Gck+/+HFHS mice
than in Gck+/-HFHS mice, consistent with the results of the
microarray analysis (Figure 5f). With respect to the other
downregulated genes that have previously been reported to be
upregulated in pancreatic b-cells in response to stress, the
expression of Nupr1, but not that of Spp1 or Fos, was signifi-
cantly lower in Gck+/-HFHS mice than in Gck+/+HFHS mice
(Figure 5g–i).

DISCUSSION
In the present study, HFHS diet-feeding resulted in a deteriora-
tion of glucose tolerance in Gck+/- mice because of smaller
compensatory increases in b-cell mass and insulin secretion.
However, over the long term, there were no further decreases
in b-cell mass or insulin secretion, but rather, tendencies for
these to increase, and no progressive deterioration of glucose
tolerance was identified. Terauchi et al.10 showed that glucoki-
nase is important for the compensatory increase in b-cell mass
associated with the feeding of Gck+/+ and Gck+/- mice with a
high-fat diet for 20 weeks. This finding would suggest that
high-fat diet-feeding would lead to a progressive deterioration
in the glucose tolerance of Gck+/- mice, and indeed, between 16
and 40 weeks-of-age, the Gck+/-HFHS mice in the present
study showed a deterioration in glucose tolerance, which was
associated with a less substantial increase in b-cell mass than
that of Gck+/+HFHS mice. Because there was no difference in
the insulin resistance of the Gck+/+HFHS mice and the
Gck+/-HFHS mice (Figure S2), we can conclude that glucoki-
nase plays an important role in the compensatory increase in
b-cell mass and function that is associated with HFHS diet-
feeding, as well as with high-fat diet-feeding. However, over the
long term, the Gck+/-HFHS mice also showed upward trends
in b-cell mass and insulin secretion, suggesting that the patho-
genesis of the deterioration in glucose tolerance differs from
that of the non-compensatory phase of pancreatic b-cell func-
tion, and mass that characterizes in type 2 diabetes (Figure S3).
We fed the same mice used in the high-fat diet-feeding

experiment described above a high-starch diet for 15 weeks,
and found that glucokinase plays an important role in the com-
pensatory increase in b-cell mass, even when fed this diet39.
Thus, it has already been shown that the same mechanism

(a) (b) (c)

Figure 3 | Glucose-stimulated insulin secretion of the mice in each group over time. Plasma insulin concentrations before and 15 min after
glucose loading in the Gck+/+ normal chow (pale pink bar), Gck+/+ high-fat, high-sucrose (pink bar), Gck+/- normal chow (pale green bar) and Gck+/-

high-fat, high-sucrose (green bar) mice at (a) 16 (n = 5–11), (b) 40 (n = 17–26) and (c) 60 (n = 7–12) weeks-of-age. Data are presented as
mean – standard deviation. **P < 0.01.
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underpins the compensatory increases in b-cell mass that occur
in response to high-fat and high-starch diet-feeding. What
makes the present study different from the previous two studies
is the composition of the diet and the long study period. The
reason we used an HFHS diet was to increase the level of stress
placed on the b-cells. The HFHS diet used in the present study
contains a high proportion of saturated fatty acids. Palmitic
acid, a saturated fatty acid, has been reported to induce the
dysfunction of b-cells40. However, the present study was carried
out under ad libitum feeding conditions, and the increases in
bodyweight and blood glucose concentration seemed to be
smaller than those achieved by high-fat diet-feeding (data not

shown). Therefore, it is not known whether the HFHS diet-
feeding increased the stress on the b cells. However, the length
of the study period is a strength of the present study. Through
longer-term observations, it has become clear that glucokinase
haploinsufficiency slows the development of the phenotype, but
does not result in a loss of the potential for an increase in b-
cell mass over the long term.
Another important finding of the present study is that the

Aldh1a3 expression in pancreatic islets was high in Gck+/
+HFHS mice, but not in Gck+/-HFHS mice. Aldehyde dehydro-
genase activities typically increase in response to stress, and,
therefore, the metabolism of endogenous and exogenous

Figure 4 | b-Cell mass of mice in each group over time. (a) Immunohistological analysis of the pancreatic islets of mice in the four groups (Gck+/+

normal chow [NC], Gck+/+ high-fat, high-sucrose [HFHS], Gck+/-NC and Gck+/-HFHS mice) at 16, 40 and 60 weeks-of-age. b-Cells are stained brown.
Black scale bars represent 500 lm. (b–d) b-Cell masses of the Gck+/+NC (pale pink bar), Gck+/+HFHS (pink bar), Gck+/-NC (pale green bar) and
Gck+/-HFHS (green bar) groups at (b) 16 (n = 5–8), (c) 40 (n = 6–11) and (d) 60 (n = 7–11) weeks-of-age. Data are presented as mean – standard
deviation. **P < 0.01, *P < 0.05.

Table 1 | Top 20 upregulated genes in the microarray analysis

Gene symbol Gene accession P-value Ratio

Nrcam NM_001146031 0.02950 4.529
Gria3 NM_001281929 0.02421 2.853
Pdk4 NM_013743 0.00748 2.468
Rbp4 NM_001159487 0.02038 2.303
Slc16a7 NM_011391 0.04280 2.233
Hrh3 NM_133849 0.00395 2.204
Rab3c NM_023852 0.02065 2.198
1700086L19Rik NR_030733 0.04217 2.191
Pcdh15 NM_001142735 0.03069 2.181
Myo3a NM_148413 0.00016 2.175
Dpp10 NM_199021 0.04415 2.154
Fbxo47 NM_001081435 0.03417 2.098
Galnt13 NM_173030 0.02984 2.078
Scn3b NM_001083917 0.04781 2.075
Ptprz1 NM_001081306 0.03182 2.049
Asic2 NM_001034013 0.01799 2.027
Epb41l4a NM_013512 0.00189 2.023
Hcar1 NM_175520 0.02590 2.022
Ankrd34c NM_207260 0.00601 2.006
Dpp6 NM_001136060 0.03635 2.003

Table 2 | Top 20 downregulated genes in the microarray analysis

Gene symbol Gene accession P-value Ratio

Spp1 NM_001204201 0.00355 0.071
Gucy2c NM_001127318 0.01929 0.208
Fos NM_010234 0.00940 0.283
Necab2 NM_054095 0.00305 0.290
Dapl1 NM_029723 0.00745 0.306
Rasd2 NM_029182 0.00259 0.312
Gm3298 ENSMUST00000165289 0.02709 0.342
Aldh1a3 NM_053080 0.01939 0.350
Fabp4 NM_024406 0.01750 0.360
Serpina7 NM_177920 0.00559 0.365
Nupr1 NM_019738 0.02311 0.374
Cpne4 NM_028719 0.00799 0.374
Creld2 NM_029720 0.04892 0.378
Rasl10b NM_001013386 0.01203 0.387
Jchain NM_152839 0.03197 0.393
Apof NM_133997 0.00135 0.397
Gm8281 ENSMUST00000100893 0.03760 0.405
Gabra4 NM_010251 0.00058 0.411
Pcp4 NM_008791 0.04728 0.413
Thbs1 NM_011580 0.01510 0.419

Table 3 | Results of the pathway analysis carried out using the microarray data

Pathway Total Up Down P-value Up list Down list

Mm_Triacylglyceride_synthesis_WP386_117951 23 2 1 0.009607 Lpl, Gk Plpp1
Mm_Novel_Jun-Dmp1_pathway_WP3654_116721 26 0 3 0.013013 Jun, Fos, Myc
Mm_TGF-beta_signaling_pathway_WP113_116497 52 0 4 0.015194 Thbs1, Jun, Spp1, Fos
Mm_Electron_transport_chain_WP295_117879 94 0 5 0.027087 Cox6a1, Ndufs7, Atp5o, Ndufs8, Cox8a
Mm_Retinol_metabolism_WP1259_106842 39 2 1 0.034876 Lpl, Rbp4 Aldh1a3
Mm_GPCRs,_peptide_WP234_117936 69 3 1 0.036202 Avpr1b, Cxcr6, Sstr2 Ednrb
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Figure 5 | Expression of key genes in the pancreatic islets of mice in each group at 40 weeks-of-age. Expression of the Ki67, Mafa, Nkx6.1, Pdx1,
Slc2a2, Aldh1a3, Spp1, Fos and Nupr1 genes in the Gck+/+ normal chow (NC; pale pink bar), Gck+/+ high-fat, high-sucrose [HFHS; pink bar), Gck+/-NC
(pale green bar) and Gck+/-HFHS (green bar) groups at 40 weeks-of-age (n = 4–8). Data are normalized to the expression of Actb and are
presented as mean – standard deviation. **P < 0.01, *P < 0.05.
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aldehydes increases, thereby reducing oxidative stress and lipid
peroxidation35. Although no previous studies have identified
the mechanism by which Aldh1a3 expression is upregulated in
pancreatic islets, Shimamura et al.36 showed that Aldh1a3
expression in pancreatic islets is high in mice with high-fat
diet-induced diabetes and db/db mice with poor glucose toler-
ance. Another study showed that Aldh1a3 expression is high in
various models of diabetes, and that high Aldh1a3 expression is
a common feature of diabetic b-cells41. Indeed, Son et al.42

showed that db/db mice with b-cell-specific knockout of
Aldh1a3 show superior glucose tolerance and insulin secretion.
These data imply that Aldh1a3 expression is associated with
pancreatic b-cell function.
In the present study, although the b-cell mass and insulin

secretion of the Gck+/+HFHS mice were substantially higher
than those of mice fed normal chow, the high expression of
Aldh1a3 suggests that a higher level of metabolic stress and
poorer pancreatic b-cell function were also present. In con-
trast, Gck+/-HFHS mice did not show high Aldh1a3, suggest-
ing that even when their b-cells are challenged by a high
glucose load, they have a low level of metabolic stress, owing
to less post-glucokinase metabolic signaling, which prevents
the deterioration of pancreatic b-cell mass and function. The
associated upregulation of the Jun-Dmp1 and transforming
growth factor-b pathways identified using pathway analysis of
the DNA microarray analysis data (the appropriate genes were
downregulated in Gck+/-HFHS mice vs Gck+/+HFHS mice),
and the low Nupr1 expression identified using DNA microar-
ray analysis and real-time quantitative PCR analysis are con-
sistent with this contention. Aldh1a3 expression is also known
to be upregulated in association with b-cell dedifferentiation43.
The higher Aldh1a3 mRNA expression in the Gck+/+HFHS
mice versus the Gck+/-HFHS mice might indicate that the
HFHS diet induces such dedifferentiation in the Gck+/+ mice.
However, there was no difference in the expression of Neu-
rog3, a marker of islet progenitor cells, between the Gck+/
+HFHS mice and the Gck+/-HFHS mice, as shown by DNA
microarray analysis (ratio 1.209, P = 0.40) and real-time
quantitative PCR (Figure S4). Therefore, to determine whether
dedifferentiation is part of the phenotype, further research is
needed.
As mentioned in the Introduction, we previously estab-

lished and analyzed Gck+/-db/db mice, and reported that glu-
cokinase haploinsufficiency improves intracellular metabolism,
and preserves pancreatic b-cell mass and function in db/db
mice29,30. The results of the present study of HFHS-fed mice
suggest that glucokinase haploinsufficiency also prevents the
progressive decline in pancreatic b-cell mass and function in
this model. However, we identified some differences between
the findings obtained using this model and those of our pre-
vious study of db/db mice. We found that Gck+/+db/db mice
experience a marked deterioration in glucose tolerance, but
the glucose tolerance of Gck+/+HFHS mice was found not to
deteriorate up to 60 weeks-of-age. Furthermore, the db/db

mice showed significantly lower expression of the Ki67, Mafa,
Nkx6.1 and Pdx1 genes in the pancreatic islets of Gck+/+db/db
mice than in those of Gck+/-db/db mice, although there were
no significant differences between Gck+/+HFHS and
Gck+/-HFHS mice in the present study. This might be
because the glucose load on the b-cells induced by long-term
HFHS diet-feeding was much lower than that of db/db mice.
Therefore, another model of diet-induced obesity and diabetes
in which glucose tolerance is impaired should be established
for future studies. This model would more clearly show the
protective effect of glucokinase inhibition on pancreatic b-
cells.
In conclusion, glucokinase haploinsufficiency prevents the

progressive deterioration of pancreatic b-cell mass/function and
glucose tolerance in long-term HFHS diet-fed mice.
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