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Materials and Methods: Pancreatic islets of control (fa’+) and fatty (fa/fa) rats at 8
and 12 weeks-of-age were isolated. The islets of fa/fa rats at 12 weeks-of-age were

separated into non-large islets (<200 um in diameter) and enlarged islets (>300 um in
diameter). Morphological analyses, insulin secretion experiments, transcriptome analysis,

J Diabetes Investig 2020; 11: 1434— metabolome analysis and oxygen consumption analysis were carried out on these
1447 islets.

Results: The number of enlarged islets was increased with age in fatty rats, and IlIS was
doi: 10.1111/jdi.13272 significantly reduced in the enlarged islets. Markers for B-cell differentiation were markedly

decreased in the enlarged islets, but those for cell proliferation were increased. Glycolysis
was enhanced in the enlarged islets, whereas the tricarboxylic acid cycle was suppressed.
The oxygen consumption rate under glucose stimulation was reduced in the enlarged
islets. Production of glutamate, a key signal for llIS, was decreased in the enlarged islets.
Conclusions: The enlarged islets of Zucker fatty diabetes mellitus rats, which are defec-
tive for llIS, show tumor cell-ike metabolic features, including a dedifferentiated state,
accelerated aerobic glycolysis and impaired mitochondrial function. The age-dependent
increase in such islets could contribute to the pathophysiology of obese diabetes.
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secretion. In addition to glucose-induced insulin secretion
(GIIS), neuronal and hormonal inputs are also required for
normal regulation of insulin secretion. The “incretin” gut hor-
mones, glucagon-like peptide 1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP), which are secreted from
enteroendocrine cells in response to meal ingestion, potentiate
insulin secretion in a glucose-dependent manner primarily
through cyclic adenosine monophosphate signaling in the B-
cells’. It has been shown that sensitivities of the P-cells to
endogenous incretins and exogenously administered incretins
or incretin-based antidiabetic drugs are reduced in type 2 dia-
betes and obesity” *. We previously found that glutamate pro-
duced by glucose through the malate-aspartate (MA) shuttle in
the P-cells links glucose metabolism to cyclic adenosine
monophosphate action in insulin granule exocytosis, and is a
critical cell signal in incretin-induced insulin secretion (ITIS)>°.
We also showed that impaired glutamate production in the
pancreatic islets is well correlated with impairment of IIIS in
animal models of diabetes (Goto-Kakizaki rat) and obesity
(Zucker fatty rat)°.

Pancreatic islets are morphologically and functionally
heterogeneous”®. It has been shown that smaller islets gener-
ally retain more insulin secretory capacity compared with lar-
ger islets™'’, and that smaller islets comprise more P-cells
with higher insulin content than larger islets'’. It has also
been reported that there is a preferential loss of larger islets
(>60 um in diameter) in type 2 diabetes patients compared
with non-diabetic individuals'>. Furthermore, the distribution
of small and large pancreatic islets might change in the
course of the development of diabetes and obesity, which
could contribute to the pathogenesis and pathophysiology of
the disease. However, the relationship between size and func-
tion of pancreatic islets in the diabetic state remains to be
determined. The Zucker fatty diabetes mellitus (ZFDM) rat
has recently been established as an animal model of obese
type 2 diabetes'”. The ZFDM rat originated from the obese
ZF rat, and harbors a missense mutation (fatty, referred to
as fa) in the leptin receptor gene. We found that IIIS from
pancreatic islets of ZFDM fa/fa rats is diminished at
11 weeks-of-age'®, and that their pancreata contain both non-
large and enlarged islets. Thus, the ZFDM rat is a useful
model for investigating morphological and functional hetero-
geneity of islets, as well as incretin unresponsiveness in obese
type 2 diabetes.

In the present study, we studied islets of control lean fa/+
rats and non-large islets (defined as <200 pm in diameter) and
enlarged islets (defined as >300 pm in diameter) of fa/fa rats of
the ZFDM strain separately, to clarify the mechanism underly-
ing functional differences between non-large islets and enlarged
islets. We found that enlarged pancreatic islets show tumor
cell-like metabolic features of glucose metabolism accompanied
with reduced glutamate production. Such metabolic changes
could contribute to the development of incretin unresponsive-
ness in obese diabetes.
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METHODS

Animals

Male ZFDM rats (Hos:ZFDM-Lepr®* and Hos:ZFDM-Lepr™™)
were provided by Hoshino Laboratory Animals, Inc. (Ibaraki,
Japan). All animals were maintained under specific pathogen-
free conditions with a 12-h light-dark cycle, and were provided
with a commercial diet CE-2 (CLEA Japan, Inc., Tokyo, Japan)
at the Animal Facility of Kobe Biotechnology Research and
Human Resource Development Center of Kobe University. At
the end of the experiments, animals were killed by an overdose
of anesthetic with pentobarbital sodium. All animal experi-
ments were approved by the Committee on Animal Experi-
mentation of Kobe University, and carried out in accordance
with the Guidelines for Animal Experimentation at Kobe
University.

Oral glucose tolerance test and intravenous glucose tolerance
test

The oral glucose tolerance test was carried out as described
previously'®. In brief, glucose (2.0 g/lkg bodyweight) was
administered orally to 6-h fasted rats, and blood samples were
collected from the tail vein at indicated time points. The intra-
venous glucose tolerance test was carried out as described pre-
viously'”. In brief, glucose (1.0 glkg bodyweight) was
administered into the jugular vein of 16-h fasted rats after
anesthesia by intraperitoneal injection of pentobarbital sodium
and subcutaneous injection of ketoprofen, and blood samples
were taken from the femoral vein at indicated time points.
Blood glucose levels were measured by a portable glucose
meter (ANTSENSE III, HORIBA, Ltd., Kyoto, Japan). Plasma
GLP-1 and GIP levels were measured by total GLP-1 kit (ver-
sion 2; Meso Scale Diagnostics, Rockville, MD, USA) and Rat/
Mouse total GIP ELISA kit (Millipore, Billerica, MA, USA),
respectively.

Isolation of the pancreatic islets

Pancreatic islets were isolated by the collagenase digestion and
Ficoll gradient method'®". Isolated pancreatic islets were cul-
tured for 3 days in RPMI1640 (Sigma-Aldrich, St. Louis, MO,
USA) before experiments.

Insulin secretion experiment
Insulin secretion experiments were carried out as described pre-
viously'.

Immunohistochemistry

Immunohistochemistry was carried out as described previ-
ously'®. Primary antibodies were: guinea pig polyclonal anti-in-
sulin (ab7842; Abcam, Tokyo, Japan; 1:100), mouse monoclonal
anti-glucagon (G2654, Dako Japan, Tokyo, Japan; 1:2,000), rab-
bit monoclonal anti-Glplr (ab218532; Abcam; 1:500), rabbit
polyclonal anti-Pdx1 (5796; Cell Signaling Technology, Tokyo,
Japan; 1:400), rabbit monoclonal anti-Myc (10828-1-AP;
Proteintech Japan, Tokyo, Japan; 1:50) and rabbit monoclonal
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anti-Ki67 (9129; Cell Signaling Technology, Tokyo, Japan;
1:400). The B-cell area was detected by insulin staining, and the
number of B-cells was detected by 4',6-diamidino-2-phenylin-
dole staining. The size of the B-cells in each islet was calculated
by the formula “total B-cell area divided by number of B-cells”
(50 islets of 3—4 rats for each genotype). The o-cell area was
detected by glucagon staining, and ratio of the o~ or B-cell area
in the whole pancreas was calculated by the formula “total o-
or P-cell area divided by whole pancreas area” (6-9 pancreas
sections of 34 rats for each genotype).

Ribonucleic acid sequencing

Ribonucleic acid (RNA) sequencing was carried out on 1 ug
each of total RNA, using an Illumina HiSeq 2500 system by
Eurofins Genomics (Ebersberg, Germany). Sequence reads were
cleaned using Trimmomatic (version 0.32), and then aligned to
the mouse genome (GRCm38) using Bowtie (version 2-2.2.2)
and TopHat (version 2.0.11). Raw read counts and fragments
per kilobase of transcript per million mapped reads were gener-
ated using Cufflinks (version 2.2.1). Transcripts were merged
using Cuffmerge (version 2.2.1) and differential gene expression
was determined using Cuffdiff (version 2.2.1). The RNA
sequencing data have been deposited in DDBJ Sequence Read
Archive (DRA) with the accession number DRA007109 and
DRA007371.

Pathway analysis

Pathway analysis of differentially expressed genes among islets
of fa/+ and fa/fa rats at 12 weeks-of-age (nominal P < 0.05
and fold change >1.5) was carried out by using the Functional
Annotation Tool of the DAVID Bioinformatics Resources
6.8'%.

Metabolome analysis

Pancreatic islets were pre-incubated for 30 min in HEPES-bal-
anced Krebs-Ringer bicarbonate buffer containing 0.1% bovine
serum albumin (H-KRB) with 2.8 mmol/L glucose, and then
incubated for 30 min in H-KRB with 2.8 mmol/L or
11.2 mmol/L glucose. Extraction and quantification of hydro-
philic metabolites were carried out as described previously.
The contents of metabolites were normalized by the cellular
protein content.

Lactate measurement

Pancreatic islets were cultured in RPMI containing 11.1 mmol/
L glucose for 20 h. The culture medium was corrected, and lac-
tate in the medium was measured by Lactate Assay Kit-WST
(Fujifilm Wako, Osaka, Japan). The amount of lactate was cor-
rected by the amount of protein in the pancreatic islets used
for the culture.

Transmission electron microscopy
Transmission electron microscopy was carried out as described
previously?'.
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Oxygen consumption rate
The oxygen consumption rate (OCR) was measured as
described previously*.

Statistical analysis

Data are expressed as the mean + standard error of the mean.
Differences among the groups were analyzed with Holm’s
method (also known as sequentially rejective Bonferroni test)
or Welch’s t-test, as indicated in the figure legends. P < 0.05
was regarded as statistically significant.

RESULTS

Glucose tolerance to oral but not intravenous load is
deteriorated with age in ZFDM fa/fa rats, without a defect in
incretin secretion

Glucose tolerance to oral load was deteriorated markedly in fa/
fa rats at 12 weeks-of-age (Figure la). In contrast, glucose tol-
erance to intravenous load was not changed with age (Fig-
ure 1b). During the oral glucose tolerance test, both plasma
GLP-1 and GIP levels of fa/fa rats were higher than those of
fa/+ rats, and there was no difference in GLP-1 and GIP levels
of falfa rats between 8 and 12 weeks-of-age (Figure lc,d).
These results show that incretin responsiveness, but not incretin
secretion, is deteriorated with age in ZFDM fa/fa rats.

Pancreata of ZFDM fa/fa rats at 12 weeks-of-age contain both
non-large and enlarged islets

Microscopic examination of isolated islets showed that a major-
ity of islets of control fa/+ rats were normal in size (<200 pm
in diameter) at both 8 weeks and 12 weeks-of-age (Figure 2a).
In ZFDM fa/fa rats, although the size of pancreatic islets was
normal or slightly larger at 8 weeks-of-age, a significant portion
of the islets showed diameter >300 pm at 12 weeks-of-age. We
then determined the size distribution of the islets by measuring
diameters under microscopy, and found that islets exceeding
300 pm in diameter (enlarged islets) were present specifically in
falfa rats, whereas a majority of the islets of fa/+ rats were
<200 pum in diameter (non-large islets; Figure 2b, Figure Sla).
Although the number of enlarged islets occupied ~10% of total
islet number at 12 weeks-of-age, the estimated volume of
enlarged islets occupied ~60% of total islet volume (Figure S1b).
We also found that the sizes of the islets were widely dis-
tributed in fa/fa rats at 12 weeks-of-age, and that the number
of enlarged islets in fa/fa rats was increased, compared with
that at 8 weeks-of-age. A majority of the enlarged islets at
12 weeks-of-age showed irregular shapes, but generally retained
the architecture (Figure 2c). As the enlarged islets comprised
mainly insulin-positive cells with glucagon-positive cells at the
periphery (Figure 2¢), the majority of the islets examined in
this study were likely to be B-cells. The ratio of B-cell area in
the whole pancreas was not changed at 8 and 12 weeks in both
fal+ and fa/fa rats, whereas that of o-cell area was decreased at
12 weeks-of-age (Figure S2). In addition, the individual B-cell
size of fa/fa rats was not enlarged, but was similar to that of
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Figure 1 | Glucose tolerance to oral, but not intravenous, load deteriorates with age in Zucker fatty diabetes mellitus (ZFDM) fa/fa rats. (ab)

Glucose tolerance tests of ZFDM rats. (a) Oral glucose tolerance test (OGTT) and (b) intravenous glucose tolerance test were carried out on ZFDM
rats (n = 5-6). Right: blood glucose levels; left: area under the curve (AUC) of the levels. The data are expressed as the mean + standard error of
the mean. Holm’s method was used for evaluation of statistical significance. **P < 0.01. (c) Plasma glucagon-like peptide 1 (GLP-1) and (d) glucose-

dependent insulinotropic polypeptide (GIP) levels during OGTT.

control fa/+ rats, even at 12 weeks-of-age (Figure 2d). These
results suggest that ZFDM fa/fa rats at 12 weeks-of-age are use-
ful for investigating the mechanisms underlying functional dif-
ferences between non-large islets and enlarged islets in the
same animal model.

Enlarged islets of ZFDM fa/fa rats show diminished incretin-
induced insulin secretion

We next examined insulin content and insulin secretion from
isolated islets of ZFDM rats at 8 and 12 weeks-of-age. At
8 weeks-of-age, although basal insulin secretion was relatively
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Figure 2 | Pancreata of Zucker fatty diabetes mellitus (ZFDM) fa/fa rats contain both non-large islets and enlarged islets. (a) Microscopic image of
isolated pancreatic islets of ZFDM rats. Several islets, especially the enlarged islets, are thick and appear black due to poor light transmission. (b)
Size distribution of isolated islets of ZFDM rats. Diameters of 200-700 islets of each rat were measured with microscopy (n = 8 for fa/+ rats; n = 6
for fa/fa rats). (€) Immunostaining of pancreata of ZFDM rats. Green, insulin; red, glucagon; blue, 4’ 6-diamidino-2-phenylindole. ZFDM rats at

12 weeks-of-age had pancreatic islets of various sizes. (d) Size of individual B-cells in the islets of ZFDM rats. The data are presented by box-and-
whisker plots of 50 islets for each genotype. Welch's t-test was used for evaluation of statistical significance.

1438 J Diabetes Investig Vol. 11 No. 6 November 2020 © 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



http://wileyonlinelibrary.com/journal/jdi

high in the islets of fa/fa rats, both GIIS and IIIS were retained
(Figure 3a, Figure S3a). At 12 weeks-of-age, GIIS in both non-
large islets and enlarged islets was retained to some extent. IIIS
in the non-large islets of the fa/fa rats was reduced, but not sig-
nificantly, compared with that in the fa/+ islets, whereas IIIS
was significantly diminished in the enlarged islets (Figure 3b,
Figures S3b,54). Insulin content standardized by deoxyribonu-
cleic acid content was decreased in both non-large and enlarged
islets of ZFDM rats at 12 weeks-of-age (Figure S3b), which is
not comparable to the human study using islets of non-diabetic
donors™. As IIIS in the enlarged islets was significantly reduced
compared with that in the non-large islets of ZFDM rats at
12 weeks-of-age while there were no differences in the expres-
sion levels of the incretin receptors (Glplr and Gipr) between
the enlarged and non-large islets of these rats (Figure 3c,d), the
blunted insulin response to the incretins cannot be explained
only by the reduced expressions of the incretin receptors.

Gene expression profile of the enlarged islets of ZFDM fa/fa
rats is similar to that of undifferentiated, proliferative cells

To clarify the mechanism underlying impaired incretin respon-
siveness in the enlarged islets of fa/fa rats, we carried out RNA
sequencing-based transcriptome analysis of these islets. Expres-
sions of the genes related to P-cell differentiation, including
Pdx1, Nkx6-1, Neurodl and Mafa, were markedly decreased in
the enlarged islets of fa/fa rats, compared with those in non-
large islets (Figure 4). In contrast, expression of the genes
related to cell proliferation, such as Mki67 (Ki67), Myc and
Mcm2 (deoxyribonucleic acid replication licensing factor), were
significantly increased or tended to be increased. Hifla, which
is induced by hypoxia, tended to be increased in the enlarged
islets of fa/fa rats. The changes in gene expressions were further
confirmed at protein levels by immunostaining of pancreata for
Pdx1, Myc and Ki67 (Figure S5). Expressions of genes encod-
ing the islet hormones Insl (insulin 1), Ins2 (insulin 2), Gcg
(glucagon) and Sst (somatostatin) in the enlarged islets of fa/fa
rats were significantly decreased or tended to be decreased
compared with those in non-large islets (Figure 4). Further-
more, expressions of the genes required for B-cell function,
such as Abce8 (Surl), Kenjll (Kir6.2), Cacnald (Cavl.3) and
Pesk1 (Pcl/3), were significantly decreased compared with those
in non-large islets (Figure 4). These results showed that the
identity of the B-cells is lost in fa/fa rats, especially in the
enlarged islets, and that the gene expression profile of the
enlarged islets is similar to that of undifferentiated, proliferative
cells.

We have also found that the expression of Aldhla3, which is
now known to be a dedifferentiation marker, was increased in
the enlarged islets, whereas that of Chga, a general endocrine
marker, was reduced in the enlarged islets. The endocrine pro-
genitor marker, Neurog3 (Ngn3), was not expressed in the
enlarged islets, and the o-cell markers, Arx and Pou3f4 (Brn4),
were not increased in the enlarged islets. These findings suggest
that B-cells in the enlarged islets were dedifferentiated to the
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state of endocrine precursor or immature B-cells, and were not
transdifferentiated to o-cells.

Pathway analysis of differentially expressed genes among
islets of fa/+ and fa/fa rats at 12 weeks-of-age suggested that
genes related to maturity onset of diabetes of the young, insulin
secretion and type 2 diabetes are highly enriched (Table S1).

Enlarged islets of ZFDM fa/fa rats show glucose metabolism
characteristic of tumor cells

As the enlarged islets of the fa/fa rats showed a gene expression
profile characteristic of undifferentiated, proliferative cells, we
reasoned that glucose metabolism might be changed in the
enlarged islets. To address this, we examined glucose metabo-
lism by using transcriptomic and metabolomic approaches (Fig-
ure 5a,b). Interestingly, the expressions of Slic2a2 (Glut2), a
major glucose transporter in rodent B-cells, and Gck (glucoki-
nase), the first rate-limiting enzyme in glucose metabolism and
the glucose sensor in B-cells, were markedly decreased in the
enlarged islets of fa/fa rats compared with those in non-large
islets, whereas expressions of Slc2al (Glutl), a major glucose
transporter in tumor cells®, and Hk2 (hexokinase 2), a major
hexokinase in tumor cells®®, were increased in the enlarged
islets, suggesting an increased sensitivity to glucose. In addition,
the expressions of Gpi (glucose-6-phosphate isomerase), Pfkl
(phosphofructokinase), the rate-limiting enzyme of glycolysis
and Pgkl (phosphoglycerate kinase) were increased or tended
to be increased in the enlarged islets compared with those in
the non-large islets. An increase in fructose 6-phosphate con-
tent by glucose stimulation further supported enhanced glycoly-
sis in the enlarged islets (Figure 5c).

Pyruvate produced in glycolysis serves as a substrate for the
tricarboxylic acid cycle or lactate production

In the enlarged islets, the expression of Ldha (lactate dehydro-
genase), which converts pyruvate to lactate, was increased,
whereas the expression of Pdhb (pyruvate dehydrogenase),
which catalyzes the oxidative decarboxylation of pyruvate to
produce acetyl coenzyme A, was decreased significantly (Fig-
ure 5a,b). The expression of Pdkl (pyruvate dehydrogenase
kinase), which inactivates Pdh, was significantly increased in
the enlarged islets. In addition, the expression of Slc16a3 (Mct4,
monocarboxylate transporter), which exports lactate from cells,
was markedly increased in the enlarged islets. Measurement of
lactate in the islet culture media showed that lactate production
was indeed increased in the enlarged islets (Figure 5d). These
results together show that glucose metabolism of the enlarged
islets of fa/fa rats resembles that of tumor cells.

Enlarged islets of ZFDM fa/fa rats show abnormalities in
mitochondrial function and morphology

It is well known that tumor cells produce adenosine triphos-
phate mainly through a high rate of glycolysis rather than
mitochondrial oxidative phosphorylation, even in aerobic condi-
tions, a phenomenon called the “Warburg effect’™®. We
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Figure 3 | The enlarged islets of Zucker fatty diabetes mellitus (ZFDM) fa/fa rats show diminished incretin-induced insulin secretion. (a,b) Insulin
secretion from isolated islets of ZFDM rats at (a) 8 and (b) 12 weeks-of-age. The islets were stimulated with glucose and glucagon-like peptide 1 (GLP-
1, n = 5-8). Insulin secretion was normalized by cellular insulin content (left) and presented as fold-change relative to the amount of insulin secretion
at 11.1 mmol/L glucose (right). The data are expressed as the mean + standard error of the mean. Holm's method was used for evaluation of
statistical significance versus 11.1 mmol/L glucose (left) or versus fa/+ (right). *P < 0.05; **P < 0.01. (c) Expression levels of genes encoding incretin
receptors. Messenger ribonucleic acid expression levels are presented as fold-change relative to those of fa/+ rats at 8 weeks of age (n = 3). The data
are expressed as the mean + standard error of the mean. Holm’s method was used for evaluation of statistical significance. **P < 0.01. (d)
Immunostaining of pancreata of ZFDM rats at 12 weeks-of-age. Green, insulin; red, GLP-1 receptor; Blue, 4’ 6-diamidino-2-phenylindole.
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Figure 4 | The gene expression profile of the enlarged islets is similar to that of undifferentiated, proliferative cells. Expression levels of genes related to
B-cell differentiation, proliferation, dedifferentiation and genes encoding islet hormones. Messenger ribonucleic acid (MRNA) expression levels are
presented as fold-change relative to those of fa/+ rats at 8 weeks-of-age (n = 3). The data are expressed as means + standard error of the mean.
Holm's method was used for evaluation of statistical significance. *P < 0.05; **P < 0.01. Pdx], pancreatic and duodenal homeobox 1; Nkx6-1, NK6
homeobox 1; Neurod1, neuronal differentiation 1; Mafa, MAF bZIP transcription factor A; Mnx1, motor neuron and pancreas homeobox 1; Nkx2-2, NK2
homeobox 2; Foxal, forkhead box A1; Foxa2, forkhead box A2; Mki67, marker of proliferation Ki-67; Myc, MYC proto-oncogene, bHLH transcription factor,
Mcm2, minichromosome maintenance complex component 2; Hifla, hypoxia inducible factor 1 subunit alpha; Ins7, insulin 1; Ins2, insulin 2; Geg,
glucagon; Sst, somatostatin; Abcc8, ATP binding cassette subfamily C member 8; Kcnji1, potassium inwardly-rectifying channel, subfamily J, member 11;
Cacnald, calcium voltage-gated channel subunit alphal D; PcskT, proprotein convertase subtilisin/kexin type 1; Neurog3, neurogenin 3; Mafb, MAF bZIP
transcription factor B; Snai2, snail family transcriptional repressor 2; Is/7, 1SL LIM homeobox 1; Pax6, paired box 6; Rfx6, regulatory factor X, 6; Myt1, myelin
transcription factor 1; Insm2, INSM transcriptional repressor 2; Arx, aristaless related homeobox; Pou3f4, POU class 3 homeobox 4; Chga, chromogranin A;
Foxol, forkhead box O1; Aldh1a3, aldehyde dehydrogenase 1 family, member A3; Tcf712, transcription factor 7 like 2; ND, not detected.
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Figure 5| The enlarged islets show glucose metabolism characteristic of tumor cells. (a) A schematic view of the glycolysis and lactate production
pathways. Metabolites are shown in black; proteins are shown in red. (b) Expression levels of genes associated with glycolysis and lactate
production. Messenger ribonucleic acid (mRNA) expression levels are presented as fold-change relative to those of fa/+ rats at 8 weeks-of-age

(n = 3). The data are expressed as the mean * standard error of the mean. Holm's method was used for evaluation of statistical significance.

*P < 005; **P < 001. (o) Cellular contents of fructose 6-phosphate (F6P). The contents of F6P are presented as fold-change relative to those under
low glucose (28 mmol/L) condition (n = 3). The data are expressed as the mean + standard error of the mean. Holm’s method was used for
evaluation of statistical significance. **P < 001. (d) Lactate production. The amount of lactate in culture media was corrected by the amount of
protein in the pancreatic islets used for the culture (n = 3-6). The data are expressed as the mean + standard error of the mean. Holm's method
was used for evaluation of statistical significance. *P < 0.05. Slc2a2, solute carrier family 2 member 2; Sic2al, solute carrier family 2 member 1; Gek,
glucokinase; Hk1, hexokinase 1; Hk2, hexokinase 2; Gpi, glucose-6-phosphate isomerase; Pfkl, phosphofructokinase, liver type; Pgkl, phosphoglycerate
kinase 1; Ldha, lactate dehydrogenase A; Slc16a3, solute carrier family 16 member 3; Pdhb, pyruvate dehydrogenase E1 subunit beta; Pdk1, pyruvate
dehydrogenase kinase 1.
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therefore examined the tricarboxylic acid (TCA) cycle-associ-
ated genes and metabolites, and found that expression of Fh
was significantly decreased in the enlarged islets of fa/fa rats,
and also that Aco2 and Suclgl (Succinate-CoA ligase) tended to
be decreased in the enlarged islets (Figure 6a,b). Consistently,
productions by glucose of fumarate and malate, the metabolites
in the TCA cycle, were decreased (Figure 6c).

The MA shuttle couples with both glycolysis and the TCA
cycle, through which cellular glutamate, a key signal for IIIS, is
produced®. We then examined the gene expressions and
metabolites associated with the MA shuttle. Although changes
in the expressions of Gotl, Got2 and Mdh2 were not obvious
in the enlarged islets, as compared with those of the non-large
islets, expression of Mdhl in the enlarged islets was significantly
reduced (Figure 6a,b). It was noteworthy that production by
glucose of cellular glutamate was diminished in the enlarged
islets (Figure 6¢). These results suggest mitochondrial dysfunc-
tion in the enlarged islets. We therefore carried out morpholog-
ical examination of mitochondria by transmission electron
microscopy. We observed swollen and ruptured mitochondria
in B-cells of fa/fa rats (Figure S6). As the majority of mito-
chondria in B-cells of fa/+ rats showed <0.3 um in the short
diameter (Figure S6), we defined swollen mitochondria as those
having short diameter >0.3 pm. The number of swollen mito-
chondria was significantly increased in the enlarged islets (Fig-
ure 6d). In addition, the number of ruptured mitochondria,
which had a truncated outer membrane and matrix density
similar to cytoplasm, was markedly increased in the enlarged
islets (Figure 6d). Furthermore, we examined mitochondrial
oxidative phosphorylation directly by measuring the OCR. Glu-
cose (12 mmol/L)-stimulated OCR was markedly reduced in
the enlarged islets (Figure 6e, Figure S7). These results indicate
morphological and functional abnormalities in the B-cell mito-
chondria of the enlarged islets.

DISCUSSION

Although studies of various animal models and humans have
shown that pancreatic islets are morphologically and function-
ally heterogeneous, the relationship between incretin responsive-
ness and islet heterogeneity is not known, nor is the
mechanism underlying incretin unresponsiveness in B-cells in
obese type 2 diabetes. To address this issue, we have character-
ized the non-large islets (<200 um in diameter) and the
enlarged islets (>300 pm in diameter) of ZFDM fa/fa rats sepa-
rately, and compared their functional properties. We found an
age-dependent increase in the number of enlarged islets in the
falfa rats. Mildly enlarged islets (>200 pum in diameter) already
appeared at 8 weeks-of-age, and a small portion of islets
showed greater enlargement (>300 pm in diameter) at the
same weeks of age (Figure 2, Figure S1). In addition, transcrip-
tome analysis suggested that enhancement of glycolysis began
to occur between 8 and 12 weeks-of-age. Thus, it is likely that
islets of ZFDM fa/fa rats begin to become enlarged between 8
and 12 weeks-of-age, and that the number of enlarged islets
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increases with age. There are two possibilities for the enlarge-
ment of pancreatic islets: (i) the size of individual P-cells
becomes enlarged; or (i) the number of B-cells is increased”’.
Individual B-cell size of fa/fa rats was similar to that of control
fal+ rats, even at 12 weeks-of-age (Figure 2d), indicating that
the number of pancreatic B-cells was increased in the enlarged
islets. A similar result has been reported in a human study in
which B-cell mass was increased by ~50% in obese individuals
compared with normal individuals, whereas there was no
increase in individual B-cell size®®.

We found in the present study that the expression levels of
the genes for B-cell differentiation including, Nkx6-1 and Mafa,
which were reported as maturation markers®>!, were
decreased in the enlarged islets, whereas those for cell prolifera-
tion were increased, suggesting that the phenotype of enlarged
islets resembles that of undifferentiated, proliferative cells.
Recent studies using a method for B-cell tracing have shown
that B-cells can be dedifferentiated under certain conditions
in vitro®? and in vivo, such as in type 2 diabetes®. Our findings
in the enlarged islets that the dedifferentiation marker Aldhla3
was increased while the endocrine progenitor marker Neurog3
(Ngn3) was not expressed and that the o-cell markers Arx and
Pou3f4 (Brn4) were not increased suggest that B-cells in the
enlarged islets were dedifferentiated to the state of endocrine
precursor or immature B-cells, and were not transdifferentiated
to a-cells (Figure 4). In addition, the islets of the fa/fa rats
began to be destroyed after 12 weeks-of-age'>'*. Thus, both B-
cell dedifferentiation and islet fragility might cause B-cell failure,
resulting in the development of type 2 diabetes in the fa/fa
rats. The transcription factor, Tcf712, is known to be involved
in the regulation of the expressions of incretin receptors and
insulin***>, Gene expression of Tcf7I2 was reported to be
increased in islets of obese diabetic mice, but the protein level
of Tcf712 was rather decreased. The protein levels of human
TCF7L2, GLP1R and GIPR were also found to be decreased in
islets from patients with type 2 diabetes’. We showed that
gene expression of Tcf7I2 was increased in both non-large and
enlarged islets of fa/fa rats (Figure 4). However, similar to the
findings mentioned above, the protein level of Tcf712 might be
decreased in both non-large and enlarged islets.

Glucose metabolism in tumor cells has been extensively stud-
ied in recent years®***”. It is well known that tumor cells
show enhanced glucose uptake and glycolysis, and that much
of the pyruvate produced by glycolysis is converted to lactate
rather than undergoing mitochondrial oxidation through the
TCA cycle®®”. This phenomenon occurs even under aerobic
conditions (aerobic glycolysis) and is called the “Warburg
effect”®. Our transcriptome and metabolome data show that
aerobic glycolysis occurs especially in the enlarged islets of fa/fa
rats. Decreased OCR has also been shown to occur in tumor
cells**. Indeed, the enlarged islets of fa/fa rats showed
decreased OCR, which is indicative of mitochondrial dysfunc-
tion. The effect of hypoxia in the enlarged islets during 3-day
culture is limited, as the expression of Hifla is already
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Figure 6 | The enlarged islets show abnormalities in mitochondrial morphology and function. (a) A schematic view of the tricarboxylic acid (TCA)
cycle and malate-aspartate (MA) shuttle. Metabolites are shown in black; and proteins are shown in red. (b) Expression levels of genes associated
with the TCA cycle and MA shuttle. Messenger ribonucleic acid (mRNA) expression levels are presented as fold-change relative to those of fa/+ rats
at 8 weeks-of-age (n = 3). The data are expressed as the mean + standard error of the mean. Holm’s method was used for evaluation of statistical
significance. *P < 0.05; **P < 0.01. () Metabolites associated with the TCA cycle and MA shuttle. Contents of metabolites are presented as fold-
change relative to those under low glucose (2.8 mmol/L) condition (n = 3). The data are expressed as the mean + standard error of the mean.
Holm's method was used for evaluation of statistical significance. *P < 0.05. (d) The percentages of swollen and ruptured mitochondria (n = 3
each). The data are expressed as the mean = standard error of the mean. Holm's method was used for evaluation of statistical significance.

*P < 005; **P < 001. (e) The oxygen consumption rate (OCR) of Zucker fatty diabetes mellitus islets. The OCR values obtained under high-glucose
(12 mmol/L) condition are presented as fold-change relative to those under low-glucose (3 mmol/L) condition (left), and are also presented as the
area under the curve (AUQ) during high-glucose stimulation (right; n = 3-4). The data are expressed as the mean + standard error of the mean.
Holm’s method was used for evaluation of statistical significance. *P < 0.05. Aco2, aconitase 2; Idh2, isocitrate dehydrogenase (NADP(+)) 2; Suclg],
succinate-CoA ligase GDP/ADP-forming subunit alpha; Fh, fumarate hydratase; Got1, glutamic-oxaloacetic transaminase 1; Got2, glutamic-oxaloacetic
transaminase 2; Mdh1, malate dehydrogenase 1; Mdh2, malate dehydrogenase 2.
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increased in the fa/fa non-large islets, the size of which is com-
parable to that of the islets of fa/+ rats (Figure 4). We also
found that in B-cells of the enlarged islets, ~40% of mitochon-
dria showed a swollen shape, and a significant number of the
mitochondria showed ruptured membranes. This type of mito-
chondrial abnormality was reported in tumor cells*’ and dia-
betic islets****.

We found that insulin secretion at a low concentration of
glucose (2.8 mmol/L glucose) tended to be increased in the
enlarged islets (Figure S4). The gene expression data shown in
Figure 5 showed that Glutl, which has lower Vmax than Glut2,
was increased in the enlarged islets compared with non-large
islets, and that Hk1l and Hk2, both of which have higher affin-
ity to glucose than Gck, were increased in the enlarged islets.
These findings could account for increased glucose sensitivity
in the enlarged islets. We recently reported that glutamate pro-
duced from glucose through the MA shuttle is a key signal in
IIIS°, and that B-cell lines deficient for AST1, a critical enzyme
in cytosolic glutamate production through the MA shuttle,
showed impaired ITIS°. We showed here that IIIS is diminished
in the enlarged islets, and that this is accompanied by decreased
glutamate production. These findings further support the
notion that impaired incretin responsiveness is well correlated
with impaired glutamate production in the pancreatic islets’.

These findings together show that glucose metabolism of
enlarged islets of ZFDM rats resembles that of tumor cells.
Dedifferentiation of islets cells might well induce such meta-
bolic changes, resulting in various abnormalities in B-cell func-
tions. As the number of enlarged islets is increased with age in
ZFDM falfa rats, it is of interest to investigate the relationship
between aging and the development of tumor-like metabolic
features in enlarged islets.

The enlarged islets of ZFDM fa/fa rats and tumor cells pos-
sess common features in gene expression profile and glucose
metabolism. This phenotype might well underlie incretin unre-
sponsiveness and B-cell failure in diabetes; our data might pro-
vide new insight into the relationship between size and
function of diabetic human islets. Although it will be necessary
to study functional differences between non-large and enlarged
islets in different animal models of diabetes, elucidation of the
mechanisms underlying B-cell failure in the enlarged islets of
ZFDM rats might provide the basis for the development of
novel drugs for treatment of the disease, as well as better
understanding of the pathogenesis and pathophysiology of dia-
betes.
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