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Type 2 diabetes is a progressive disorder denoted by hy-
perglycemia and impaired insulin secretion. Although a
decrease in b-cell function and mass is a well-known
trigger for diabetes, the comprehensive mechanism is
still unidentified. Here, we performed single-cell RNA se-
quencing of pancreatic islets from prediabetic and dia-
betic db/dbmice, an animal model of type 2 diabetes. We
discovered a diabetes-specific transcriptome landscape
of endocrine and nonendocrine cell types with subpopu-
lations of b- and a-cells. We recognized a new predia-
betic gene, Anxa10, that was induced by and regulated
Ca2+ influx frommetabolic stresses. Anxa10-overexpressed
b-cells displayed suppression of glucose-stimulated intra-
cellular Ca2+ elevation and potassium-induced insulin secre-
tion. Pseudotime analysis ofb-cells predicted that this Ca2+-
surge responder cluster would proceed to mitochondria
dysfunction and endoplasmic reticulum stress. Other trajec-
tories comprised dedifferentiation and transdifferentiation,
emphasizing acinar-like cells in diabetic islets. Altogether,

our data provide a new insight into Ca2+ allostasis and
b-cell failure processes.

The islets of Langerhans are the pancreatic tissues contain-
ing several distinct endocrine cell types, including a-, b-, d-,
pancreatic polypeptide (PP), and e-cells, in addition to sev-
eral important nonendocrine cell types, including pancreatic
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• The transcriptome of single-islet cells from healthy,
prediabetic, and diabetic mice was studied.

• Distinct b-cell heterogeneity and islet cell-cell network
in prediabetes and diabetes were found.

• A new prediabetic b-cell marker, Anxa10, regulates in-
tracellular Ca21 and insulin secretion.

• Diabetes triggers b-cell to acinar cell transdifferentiation.
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stellate cells, islet resident macrophages, sympathetic and
parasympathetic nerves, and vascular cells, such as endothe-
lial cells and pericytes (1). Pancreatic islets have been much
investigated because they are critical for glucose homeosta-
sis regulation and are key players in diabetes development.

Type 2 diabetes is triggered by a combination of ele-
vated peripheral insulin resistance and progressive decline
in b-cell function and mass (2). The continually rising num-
ber of patients with type 2 diabetes is a worldwide health
challenge, and the need for early prediction and effective
treatment for this disease has become increasingly signifi-
cant. Several mechanisms have been proposed to elucidate
the functional b-cell mass decline in type 2 diabetes, in-
cluding glucolipotoxicity (3), oxidative stress (4), endoplas-
mic reticulum (ER) stress (5), inflammation (6), apoptosis,
and loss of b-cell identity and function (7). Nevertheless,
owing to the cellular heterogeneity of the pancreatic islets,
the precise cellular and molecular contexts in the deteriora-
tion of insulin secretory function are still unidentified.

Single-cell RNA sequencing (scRNA-seq) is an unbiased
and powerful procedure for characterizing different cell
types in complex tissues from the perspective of health and
disease. scRNA-seq investigations of pancreatic islets have
been noted in humans (8–10) and animal models (11–13),
highlighting the functional heterogeneity of b-cells, postna-
tal maturation and dedifferentiation of b-cells, and charac-
terization of specific islet cells in specific conditions. Still, it
is uncertain how dysfunctional b-cells advance into type 2
diabetes in the roadmap from healthy to diabetic islets
in an obese condition. Moreover, the driver genes have not
been recognized in a prediabetic state. Here, we used a
mouse model of obesity and diabetes induced by leptin re-
ceptor deficiency and conducted robust scRNA-seq to capture
and profile cell type–specific gene expression of pancreatic is-
lets in nondiabetic, prediabetic, and diabetic states. We ob-
served a gene related to Ca21 signaling with remarkable
correlations to glucolipotoxicity in a prediabetic state and
found cellular trajectories and interactions that may influ-
ence the transition from a healthy to a dysfunctional b-cell.

RESEARCH DESIGN AND METHODS

Animal Studies
All animal husbandry and experiments conformed to the
guidelines of the University of Tsukuba’s regulations of ani-
mal experiments and were approved by the animal experi-
ment committee of the University of Tsukuba. All experiments
were executed following the Animal Research: Reporting of
In Vivo Experiments guidelines. We purchased male BKS.Cg-
Lepr db/Lepr db (db/db) and BKS.Cg-Dock7m/Dock7m (1/1)
mice from Charles River Laboratories Japan. All animals were
housed in a pathogen-free barrier facility with a 12-h light/
dark cycle and were provided free access to normal chow (MF
diet; Oriental Yeast Co., Ltd., Tokyo, Japan) and water. Age-
and sex-matched littermates were used for all experiments.
Mice were sacrificed during the light phase after food dep-
rivation for 4 h. Plasma glucose, insulin, and glycosylated

hemoglobin A1c (HbA1c) levels were measured as described
previously (14).

Streptozotocin Treatment
Seven-week-old male C57BL/6J mice were obtained from
CLEA Japan (Tokyo, Japan) and adapted to the environ-
ment for 1 week before the experiment. Diabetes was stim-
ulated by intraperitoneal injection of streptozotocin (STZ)
100 mg/kg (Sigma-Aldrich, St. Louis, MO) two times every
other day. One week after the last injection, blood glucose lev-
els were checked, and mice with high glucose ($350 mg/dL)
were used in the experiments.

Verapamil and Empagliflozin Treatments
Four-week-old male db/db mice were categorized into three
groups and fed the normal chow or a chow diet containing
0.03% empagliflozin (Boehringer Ingelheim, Ingelheim am
Rhein, Germany) or verapamil 1 mg/mL (Nacalai Tesque,
Kyoto, Japan) in their drinking water. Verapamil and em-
pagliflozin treatments were performed for 2 weeks and
1 week, respectively.

Isolation of Mouse Pancreatic Islet
Isolation of mouse islets was performed following the
hand-picking protocol described previously (14), with some
modifications. Briefly, after clamping the common bile duct
at a point close to the duodenum outlet, 2.5 mL Krebs-
Ringer bicarbonate HEPES buffer (pH 7.4) comprising 0.5%
BSA and 0.4 mg/mL Liberase TL Research Grade (Roche,
Basel, Switzerland) were injected into the duct. The swollen
pancreas was extracted and incubated at 37�C for 20 min.
The pancreas was then dispersed by pipetting, and after
washing twice with Krebs-Ringer bicarbonate HEPES buffer,
the islets were obtained manually under a stereomicroscope.

scRNA-Seq
For the scRNA-seq, islets from three to four mice per
group were pooled and dissociated into single-cell suspen-
sion with accutase (Nacalai Tesque) at 37�C for 20 min.
Live single cells were isolated by Percoll density gradient
separation (25%/65%) at 4�C, and the live-cell suspension
was immediately used for the scRNA-seq library using termi-
nator-assisted solid-phase cDNA amplification and sequenc-
ing (15). Briefly, reverse-transcribed, exonuclease I–treated
BD Rhapsody beads underwent terminator-assisted terminal
deoxynucleotidyl transferase reaction, second-strand syn-
thesis reaction, and a first and second round of whole-
transcriptome amplification reaction. Size distribution and
concentration of amplified cDNA libraries were investigated
by using an Agilent Bioanalyzer 2100 system and an Agilent
High-Sensitivity DNA kit. Illumina libraries were built from
100-ng amplified cDNA libraries by using NEBNext Ultra II
FS DNA Library Prep Kit for Illumina (New England Biolabs).
Illumina adapters and unique dual barcodes were included
in the hashtag libraries by PCR. Size distribution and con-
centration of amplified Illumina libraries were examined by
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using the MultiNA system and KAPA Library Quantifica-
tion Kit (KAPA Biosystems). Sequencing was conducted
with a NovaSeq 6000 sequencer (Illumina, San Diego, CA)
following the manufacturer’s instructions. Pooled library
concentration was adjusted to 1.75 nmol/L, and 12% PhiX
control library (PhiX Sequencing Control V3; Illumina) was
spiked into the library.

scRNA-Seq Data Analysis
FASTQ data preprocessing and generation of the single-cell
gene expression matrix were performed as described previ-
ously (15). To predict background and signal read count
distribution, we used the Gaussian mixture model that
was previously used to predict the gene expression distri-
bution of scRNA-seq data sets (15,16). Raw sequencing
data have been deposited in the Data Bank of Japan data-
base (DRA012714).

Single-Cell Clustering and Annotation and Data
Analysis
The clustering of single cells of each data set was conducted
as described previously by using Seurat version 2.3.4 in R
version 3.6.3 (17). Each identified cluster was manually
annotated by their marker genes that were previously re-
ported as cell subset–defining marker genes. Supplementary
Table 1 displays all identified marker genes and cell cluster
annotations. Pathway analysis against each marker gene was
performed using Ingenuity Pathway Analysis (IPA) (QIAGEN
Bioinformatics, Redwood City, CA) to reveal the biological
meaning of each marker gene. The technique of constructing
gene correlation networks was proposed by Asano et al.
(18). We applied several ranking procedures previously pro-
posed for ranking Web pages (PageRank and personalized
PageRank) to the networks. We also visualized gene expres-
sion and clustering outcomes in a Uniform Manifold Ap-
proximation and Projection space using Seurat with default
parameters.

Estimation of Cell-Cell Interaction Network Using
CellChat
Cell-cell interaction among pancreatic islets according to the
scRNA-seq data set was performed using the CellChat 1.1.3
package with consideration of population size (population.size =
TRUE and raw.use = TRUE in computeCommunProb func-
tion) (19). Statistically significant interactions and pathways
were chosen by computeCommunProbPathway and aggre-
gate Net functions (thresh = 0.01). Circle plot visualization of
the cell-cell interaction network and the strength of the com-
munication between each cell subset were conducted using
the netVisual_circle function in CellChat. Outgoing/incoming
signaling strength was computed and visualized using the ne-
tAnalysis_signalingRole_heatmap function in CellChat.

Mouse Islet Culture
Isolated islets were incubated overnight at 37�C in RPMI
medium (Gibco) comprising 11.1 mmol/L glucose and
2.06 mmol/L L-glutamine and supplemented with 10% FBS,

10 mmol/L HEPES, 1 mmol/L sodium pyruvate, 100 mg/mL
streptomycin, and 100 IU/mL penicillin before experiments.
Insulin secretion and insulin content of islets were measured
as previously described (14).

Recombinant Adenovirus Preparation and
Transduction
Recombinant adenovirus expressing full-length mouse an-
nexin A10 (Anxa10) was prepared as detailed elsewhere (20).
cDNAs encoding full-length mouse Anxa10 were cloned into
the Gateway entry vector pENTR/D-TOPO (Thermo Fisher
Scientific, Waltham, MA), and the adenoviral construct was
generated by homologous recombination between the entry
vector and the pAd/CMV/V5-DEST vector (Thermo Fisher
Scientific). Adenoviruses encoding shRNA targeting LacZ and
Anxa10 genes were constructed by cloning synthetic DNA
into the pENTR/U6 entry vector followed by homologous
recombination with the pAd promoterless vector (Thermo
Fisher Scientific). The target sequences were as follows:
50-GCGTGCTGTATTCACACTGAA-30 for Anxa10 #1, 50-CCAC-
CATCTTATGATGCTCAT-30 for Anxa10 #2, and 50-CTACA-
CAAATCAGCGATTT-30 for LacZ. Recombinant adenoviruses
were propagated in HEK293 cells and purified by CsCl gradi-
ent centrifugation as described previously. Isolated Mouse is-
lets were infected with adenoviruses for 2 h in serum-free
media and examined at 48–72 h postinfection.

Establishment of MIN6 Cell Line Stably Overexpressing
Anxa10
cDNA-encoding mouse Anxa10 was cloned into pcDNA6.2/
N-EmGFP plasmid (Invitrogen). MIN6 cells were transfected
with pcDNA6.2/N-EmGFP-DEST or pcDNA6.2/N-EmGFP-
Anxa10 using Lipofectamine 3000 (Life Technologies) ac-
cording to the manufacturer’s instructions. At 48 h post-
transfection, stably transfected MIN6 cell selection was
performed using a selection medium comprising 10 mg/mL
puromycin for 2 weeks.

Intracellular Ca2+ measurement
MIN6 cells stably transfected by either pcDNA6.2/N-EmGFP-
Anxa10 or pcDNA6.2/N-EmGFP were plated onto a collagen-
coated 96-well, black-walled, clear-bottomed plate (Perkin-
Elmer Ltd., Beaconsfield, U.K.) and allowed to grow for 24 h.
Cells were then loaded with 3-mmol/L Indo-1, AM (AAT
Bioquest, Sunnyvale, CA) in a recording medium comprising
2.8 mmol/L glucose, 115 mmol/L NaCl, 5.4 mmol/L KCl,
1.8 mmol/L CaCl2, 0.8 mmol/L MgCl2, 20 mmol/L HEPES,
0.04% Pluronic F-127 (Sigma-Aldrich), and 1.25 mmol/L
Probenecid (Nacalai Tesque) for 30 min at 37�C. Following
the incubation, cells were washed with PBS (-). The me-
dium was then replaced to the new recording medium.
Cells were treated with 20 mmol/L glucose, 30 mmol/L KCl,
or 1 mmol/L thapsigargin and then chelated with intracellu-
lar Ca21 ([Ca21]i) and extracellular Ca21 with 10 mmol/L
EGTA with the exception of the thapsigargin treatment.
Thapsigargin stimulation was performed in the presence or
absence of extracellular Ca21. The fluorescence of Indo-1
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was acquired with the multimode plate reader Varioskan
LUX (Thermo Fisher Scientific) at 405 and 485 nm with ex-
citation set at 330 nm.

Patients and Pancreatic Cancer Samples
Pancreatic cancer specimens from 17 patients who under-
went resection with curative intent from 2017 to 2021
were acquired from the University of Tsukuba Hospital
under protocols approved by the ethics committee of the
University of Tsukuba (approval no. R02-276). Written in-
formed consent was collected from all patients. Patients
receiving chemotherapy and radiation therapy before sur-
gery were not included. Tumor stages were assigned fol-
lowing the Union for International Cancer Control TNM
staging. The clinical characteristics of the analyzed pa-
tients are shown in Supplementary Table 5.

Immunofluorescence Staining
Immunofluorescence staining using mouse and human
pancreatic sections was performed as described previously
(14). Specific antibodies used for immunofluorescence were
ANXA10 (ab213656; Abcam, Cambridge, MA), ALDH1A3
(1:200 dilution, NBP2-15339; Novus Biologicals, Littleton,
CO), glucagon (sc-514592; Santa Cruz Biotechnology, San
Francisco, CA), amylase (sc-46657; Santa Cruz Biotechnol-
ogy), and chymotrypsinogen B (Ctrb) 1/2 (sc-398721; Santa
Cruz Biotechnology). Images were obtained using a Leica
TCS SP8 confocal laser scanning microscope (Leica Microsys-
tems, Wetzlar, Germany).

QUANTIFICATION AND STATISTICAL ANALYSIS

Values are expressed as mean ± SEM. Student t tests were
used to compare the means of the two groups. One-way or
two-way ANOVA was used for multiple group mean compari-
sons, with Dunnett and �Sid�ak post hoc tests to analyze differ-
ences between specific groups. All analyses were performed
using GraphPad Prism 7.0 software (GraphPad Software, San
Diego, CA).

DATA AND RESOURCE AVAILABILITY

Data and reagents generated in the current study are
available from the corresponding author upon reasonable
request.

RESULTS

scRNA-Seq Identifies Multiple Cell Populations in db+/+

and db/db Islets
To investigate cellular heterogeneity and dynamic changes
during diabetes progression, we conducted scRNA-seq of
pancreatic islet cells isolated from 6-week-old nondiabetic
db1/1 and 6- and 10-week-old db/db mice (Fig. 1A). Body
weights, fasted blood glucose levels, fed plasma insulin
levels, HbA1c levels (Supplementary Fig. 1A), and insulin
staining of islets (Supplementary Fig. 1B) suggest that the
6- and 10-week-old db/db mice are prediabetic and diabetic

mouse models, respectively. We performed bulk RNA-seq
of pancreatic islets isolated from 6- and 10-week-old db1/1

and db/db mice and validated that the 6- and 10-week-old
db1/1 islets had similar gene expression profiles with no
differentially expressed genes (DEGs) (Supplementary Fig.
1C–F). Isolated islets were dissociated into single-cell suspen-
sion, and by Percoll density gradient centrifugation, viable
cells were separated. Then, single-cell cDNA libraries were
synthesized using terminator-assisted solid-phase cDNA
amplification and sequencing (15). We sequenced 4,956
islet cells at 50,000 reads/cells with quality control metrics of
scRNA-seq data (Supplementary Table 1 and Supplementary
Fig. 2A–C).

Seurat clustering recognized 20 transcriptionally distinct
islet cell clusters (Fig. 1B). Two-dimensional fast Fourier
transform–accelerated interpolation-based t-stochastic
neighborhood embedding was used to visualize all cell types
(20). Following the expression of well-established markers
(Supplementary Table 2), we identified cell types including
endocrine cells, such as b- (Ins1), a- (Gcg), d- (Sst), and PP
cells (Ppy), in addition to nonendocrine cells, such as endo-
thelial (Plvap), monocyte-derived macrophage (Cd74), stellate
(Col1a1), ductal (Krt19), acinar (Prss1), Ki67-positive (Mki67),
and unclassified cells (Fig. 1B–D, Supplementary Table 3, and
Supplementary Fig. 2D). The b-cell clusters were distributed
among three islands: a nondiabetic island containing clusters
6 and 9 from the db1/1 group; a large prediabetic and dia-
betic island consisting of clusters 0, 1, 2, 7, and 8 from the
db/db group; and an island corresponding to cluster 12 that
include b-cells from all groups. Cluster 0 mostly comprises
b-cells from 6-week-old db/db mice and is considered predia-
betic b-cells. Clusters 1, 2, 7, and 8 primarily consist of
b-cells from 10-week-old db/db mice and are considered dia-
betic b-cells. Furthermore, a-cells were split into three clus-
ters. Clusters 3, 5, and 14 consisted of 10-week-old db/db
a-cells, 6-week-old db1/1 and db/db a-cells, and a-cells
from all groups, respectively. A similar clustering pattern
was also given by Uniform Manifold Approximation and
Projection visualization (Supplementary Fig. 2E and F). The
composition of islet cells profiled from each group was simi-
lar: b-cells accounted for the major component, and the pro-
portion of b-cells in db/db islets was slightly higher than
that of db1/1 islets (Fig. 1E). Nevertheless, the type and
proportion of b-cells were adjusted during diabetes progres-
sion (Fig. 1F).

Transcriptomic Changes in b-Cells During Diabetes
Progression
IPA of the DEGs was performed to gain insight into the dy-
namic changes of b-cells during type 2 diabetes progression
(Fig. 2 and Supplementary Tables 3 and 4). Nondiabetic
b-cell clusters (clusters 6 and 9) demonstrated significant
enrichment of genes associated with insulin secretion and
synthesis and nitric oxide signaling (Supplementary Fig. 3A).
Prediabetic b-cell cluster (cluster 0) displayed enrichment in
ingenuity pathways linked to insulin secretion signaling,
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Figure 1—scRNA-seq analysis of pancreatic islet cells isolated from db1/1 and db/db mice. A: Schematic of the experimental workflow
for scRNA-seq of pancreatic islets. Pancreatic islets were isolated from 6-week-old db1/1 (nondiabetic control) (n = 5), 6-week-old predia-
betic db/db (n = 4), and 10-week-old diabetic db/db (n = 3). B: Two-dimensional fast Fourier transform–accelerated interpolation-based
t-stochastic neighborhood embedding (FItSNE) visualization of 4,956 islet cells from 6-week-old db1/1, 6-week-old prediabetic db/db,
and 10-week-old diabetic db/db mice. Each dot represents the transcriptome of a single cell, color coded according to its origin (age and
genotype, left) and its cellular identity (right).C: FItSNE representation of knownmarkers of endocrine (Gcg, Ins1, Sst, and Ppy), endothelial (Plvap),
monocyte-macrophage (MoMac) (Cd74), stellate (Col1a1), acinar (Prss1), ductal (Krt19), and Ki67-positive (Mki67) cells. D: Violin plot of Ins1.
E: Percentages of each cell type in pancreatic islets of indicated groups. F: Percentages of nondiabetic, prediabetic, and diabetic b-cells of
indicated groups. TAS-seq, terminator-assisted solid-phase cDNA amplification and sequencing.
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unfolded protein response (UPR), oxidative phosphorylation,
and mitochondrial dysfunction. The most upregulated DEG
in this cluster is Anxa10, a member of the annexin family.
To our knowledge, the relationship between Anxa10 and dia-
betes has not been reported. Among the four diabetic b-cell
clusters (clusters 1, 2, 7, and 8), cluster 1 was enriched in

ingenuity pathways related to UPR, insulin secretion signal-
ing, and creatine phosphate and proline biosynthesis.
Additionally, these b-cells demonstrated the upregula-
tion of aldehyde dehydrogenase 1 family member A3
(Aldh1a3), which has been reported as a dedifferentia-
tion signature gene consisting of b-cells in diabetes

Figure 2—Specific IPA pathways and DEGs in b-cell clusters. IPA of DEGs (left), DEGs (middle), and feature plots of the most upregulated
genes (right) in b-cell clusters. The number of genes that exhibited a significantly altered expression in each IPA pathway is shown within
the parentheses. FItSNE, fast Fourier transform–accelerated interpolation-based t-stochastic neighborhood embedding.
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Figure 3—Identification of Anxa10 as a marker for prediabetic b-cells. A: Violin plot of Anxa10 and Aldh1a3. B: Anxa10 and Aldh1a3 ex-
pression levels in isolated islets from 6-week-old db1/1 (n = 4), 10-week-old db1/1 (n = 3), 6-week-old prediabetic db/db (n = 4), and
10-week-old diabetic db/db (n = 4) mice were measured by quantitative real-time PCR. Data are mean ± SEM. C: Representative confocal
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(21). IPA pathways in cluster 2 listed UPR and ER stress
pathways, as supported by the enrichment of DEGs, in-
cluding stress-activated nuclear protein transcription regula-
tor 1 (Nupr1) (Supplementary Fig. 3B), serpin family A
member 7 (Serpina7), and Aldh1a3. Cluster 7 exhibited DEGs
like cholecystokinin (Cck) (Supplementary Fig. 3B), which is
upregulated during obesity to enhance b-cell survival (22);
death-associated protein like-1 (Dapl1), a suppressor of cell
proliferation; and Der1-like domain family member 3
(Derl3), which is upregulated by UPR. Cluster 8 demon-
strated enrichment in pathways linked to UPR, oxidative
phosphorylation, mitochondrial dysfunction, and ER stress
pathways. The DEGs in this cluster included gastrin (Gast)
and Cck (Supplementary Fig. 3B), which enhance b-cell
proliferation (23), and cocaine- and amphetamine-regulated
transcript prepropeptide (Cartpt) (Supplementary Table 3),
which is crucial for regulating b-cell function (24).

Transcriptomic Changes in a-Cells With Diabetes
We also identified transcriptional alterations in type 2 diabetic
a-cells (Supplementary Fig. 3C and D and Supplementary
Tables 3 and 4). Cluster 5, mainly consisting of nondiabetic
a-cells (Fig. 1B), demonstrated substantial enrichment of
genes related to translation regulation, including EIF2 and
mammalian target of rapamycin (mTOR) signaling. POU
class 3 homeobox 4 (Pou3f4), the DEG in cluster 5, encodes
a transcription factor that maintains proglucagon gene ex-
pression (25). Cluster 14 includes a-cells from nondiabetic
and prediabetic groups. N-deacetylase and N-sulfotransferase
4 (Ndst4), encoding the enzyme that facilitates the activa-
tion of heparan sulfate sulfation and pancreatic sulfated
proteoglycans that control b- and a-cell development (26),
were highly expressed in cluster 14. Remarkably, Ndst4 was
also listed as one of the DEGs in PP cells (Supplementary
Table 3). Cluster 3 primarily consisted of diabetic a-cells.
Uroplakin 3A (Upk3a), which was upregulated in a-cells from
diet-induced obese mice (27), was highly expressed in type 2
diabetic a-cells. The significantly enriched IPA pathways in
this cluster comprised EIF signaling, regulation of eIF4 and
p70S6K signaling, and mTOR signaling, indicating the possi-
ble participation of this translation initiation pathway in the
molecular adaptation of a-cells to diabetic stress.

Identification of Anxa10 as a Marker of Prediabetic
b-Cells
We determined Anxa10 as a potential biomarker of predia-
betic b-cells that might function in the onset and progression

of diabetes (Fig. 2 and Supplementary Table 3). We also an-
alyzed mouse transcriptome data sets from the National
Center for Biotechnology Information public database and
found that Anxa10 expression was increased in islets
(Supplementary Fig. 4A) and b-cells (Supplementary Fig.
4B) of db/db mice, as well as in islets from transgenic mice
expressing mutant glucokinase (Y214C), which induces
b-cell glucotoxicity (Supplementary Fig. 4C). Anxa10 is a
member of the annexin family of calcium- and phospholipid-
binding proteins (28). Calcium dysregulation can be a central
mechanism underlying b-cell dysfunction (29). Additionally,
ANXA10 expression is upregulated in various cancers, includ-
ing pancreatic adenocarcinoma (30).

scRNA-seq showed that Anxa10-positive b-cells were
specifically enriched in cluster 0 (Fig. 3A). Conversely,
Aldh1a3-positive b-cells were scattered among all db/db
b-cells. Consistently, quantitative real-time PCR analysis
verified that Anxa10 expression was considerably higher
in 6-week-old db/db islets than in 10-week-old db/db is-
lets, while Aldh1a3 expression in db/db islets was consis-
tently elevated during type 2 diabetes progression (Fig.
3B). Immunostaining showed that Anxa10 was robust within
islets from 6-week-old db/db mice and gradually declined dur-
ing 10–12 weeks of age (Fig. 3C). Interestingly, from the in-
side of the islets, we found the abundance of Anxa10
immunoreactivity was adjusted to the peri-islet in the pan-
creas of 10–12-week-old db/db mice. Contrarily, Aldh1a3
immunoreactivity was weakly observed in islets from
6-week-old db/db mice and became further elevated during
10–12 weeks of age (Supplementary Fig. 4D). Anxa10 immu-
noreactivity was also detected in the islets from STZ-induced
diabetic mice (Fig. 3D) but not in the islets from ob/ob mice
(Supplementary Fig. 4E) and high-fat diet–induced obese
mice (Supplementary Fig. 4F). These outcomes indicate that
hyperglycemia is crucial for the induction of Anxa10 in the
b-cell.

Increased [Ca2+]i Concentration Upregulates Anxa10
Expression in b-Cells
We studied the expression levels of Anxa10 in pancreatic
b-cell line MIN6 cells under several culture conditions to
identify the inducer of Anxa10 expression in b-cells. The
presence of high glucose and high palmitate, mimicking
glucolipotoxicity, markedly triggered Anxa10 expression
(Fig. 3E). MIN6 cells were also exposed to pharmacologi-
cal ER stress inducers, indicating that thapsigargin, an in-
hibitor of the Ca21-ATPase pump that elevates [Ca21]i,

images of pancreatic sections from db1/1 and db/db mice at indicated ages stained with antibodies against Anxa10, insulin, and DAPI. Scale
bars, 50mm.D: Representative confocal images of pancreatic sections from vehicle or STZ-administered C57BL/6Jmice stained with antibodies
to Anxa10 and insulin. Scale bars, 50 mm. E: Expression levels of Anxa10 in MIN6 cells incubated in DMEM containing low glucose (LG)
(5.5 mmol/L) or high glucose (HG) (25 mmol/L) and treated with or without palmitate (500 mmol/L), treated with ER stressors (1 mmol/L thapsigar-
gin [TG], 1 mg/mL tunicamycin [TM]), potassium channel blocker tolbutamide (Tol) (300 mmol/L), or KCl (30 mmol/L) with or without Ca21 channel
blocker verapamil (10 or 50 mmol/L) for 24 h. Data are mean ± SEM (n = 3). F: Anxa10 expression levels in isolated islets from 8-week-old male
C57BL/6J mice treated with palmitate (500 mmol/L), TG (1 mmol/L), Tol (300 mmol/L), or KCl (30 mmol/L) with or without verapamil (50 mmol/L) for
24 h. Data are mean ± SEM (n = 3). G: Representative confocal images of pancreatic sections from db/db mice treated with vehicle, verapamil
(1 mg/m in drinking water), or empagliflozin (0.03% in diet) for 2 weeks. Sections were stained with antibodies to Anxa10, insulin, and DAPI. Scale
bars, 50 mm. H: The quantification of Anxa10-positive b-cells per total b-cells. Data are mean ± SEM (n = 3 mice/group). *P< 0.05, **P < 0.01,
***P< 0.001, ****P< 0.0001. Ctrl, control; Verapa, verapamil.
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dramatically induced Anxa10 expression, whereas tunica-
mycin, an inhibitor of protein glycosylation, had little in-
fluence on Anxa10 expression (Fig. 3E). We treated MIN6
cells with tolbutamide or KCl to determine whether the
upregulation of Anxa10 expression is caused by sustain-
ably elevated [Ca21]i concentration and found that
elevated Ca21 influx was linked to enhanced Anxa10 ex-
pression (Fig. 3E). KCl-induced upregulation of Anxa10
expression was reversed by treatment with the L-type
Ca21 channel blocker verapamil. These Anxa10 expression

changes were also detected in isolated islets (Fig. 3F).
Besides, we treated 4-week-old db/db mice with verapamil or
the sodium-glucose cotransporter 2 inhibitor empagliflozin
for 2 weeks and observed that inhibition of cytosolic calcium
influx by calcium-channel blocker or amelioration of hyper-
glycemia significantly reduced Anxa10 expression in and
around the islets (Fig. 3G and H). Hence, these outcomes
show that Anxa10 expression in b-cells is positively controlled
by chronic elevation of [Ca21]i concentration stimulated by
hyperglycemia, glucolipotoxicity, and ER stress.

Figure 4—Expression of b-cell ANXA10 is increased in human prediabetic islets. A: Violin and box plots of Anxa10 expression levels in islets
from donors without diabetes and donors with diabetes of three National Center for Biotechnology Information data sets (GSE50397,
GSE50244, and GSE38642). B: Representative fluorescence images of pancreatic sections from patients with pancreatic cancer without diabe-
tes, with prediabetes, and with diabetes that were stained with antibodies to ANXA10, insulin, and DAPI. Scale bars, 50 mm. C: Quantitative
analysis of Anxa10-positive b-cells per total b-cells. To evaluate the average percentage of Anxa10-positive b-cells in total b-cells for each pa-
tient, islets from patients without diabetes (n = 5), with prediabetes (n = 6), and diabetes (n = 6) were evaluated in sections stained for ANXA10
and insulin (n = 2–7 islets/patient). **P< 0.01. DM, with diabetes; non-DM, without diabetes; pre-DM, with prediabetes.
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Figure 5—Anxa10 overexpression alters insulin secretion and [Ca21]i levels in b-cells. A: mRNA levels of Anxa10 in pancreatic islets from
8-week-old male C57BL/6J mice infected with full-length Anxa10-expressing adenovirus (Ad-Anxa10) or control adenovirus (Ad-mock)
for 48 h. B: GSIS or KSIS in pancreatic islets infected with Ad-mock or Ad-Anxa10 for 48 h (n = 4–12). C: Insulin content in pancreatic islets
infected with Ad-mock or Ad-Anxa10 for 48 h (n = 4–6). D: Knockdown of Anxa10 in pancreatic islets from prediabetic db/db mice.
Islets isolated from 6-week-old db/db mice were infected with adenovirus-expressing shRNA targeting LacZ (Ad-shLacZ) or Anxa10
(Ad-shAnxa10) for 72 h (n = 3). E: GSIS or KSIS in pancreatic islets infected with Ad-shLacZ or Ad-shAnxa10 for 72 h (n = 4–22). F: Insulin
content in pancreatic islets infected with Ad-shLacZ or Ad-shAnxa10 for 72 h (n = 4–7). G: Time course of [Ca21]i in response to 20 mmol/L
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Increased Expression of ANXA10 in Human
Prediabetic Islets
To investigate whether ANXA10 expression is also related
to human diabetes, multiple transcriptome data sets of
pancreatic islets from donors without diabetes and donors
with type 2 diabetes were analyzed. In those containing
information on this gene, expression levels of ANXA10 in
islets were significantly higher in the donors with type 2
diabetes compared with those without diabetes (Fig. 4A).
Next, we conducted immunofluorescence staining using
human pancreatic sections prepared from samples surgi-
cally resected from patients with pancreatic cancer with
different diabetic stages. Supplementary Table 5 presents
the clinical data. Immunofluorescence analysis showed that
acinar cells in nondiabetic and prediabetic groups expressed
ANXA10 but less so in the diabetic group (Fig. 4B). In the
pancreatic islets, we discovered that the percentage of
ANXA10-positive b-cells was considerably higher in the
prediabetic group compared with the nondiabetic group
(Fig. 4B and C). Contrarily, no significant difference ex-
isted in this ratio between the diabetic and nondiabetic
groups. This evidence revealed the potential role of
ANXA10 in human diabetes pathogenesis.

Anxa10 Overexpression Impairs Potassium-Induced
[Ca2+]i Elevation and KCl-Stimulated Insulin Secretion
in b-Cells
We conducted the gene correlation network analysis
(18) using scRNA-seq data of Anxa10-positive and Anxa10-
negative b-cells from 6- and 10-week-old db/db mice to in-
vestigate the characteristics of Anxa10-expressing b-cells
(Supplementary Fig. 4G and Supplementary Table 6). This
evaluation revealed that Anxa10 is positively correlated
with oxidative phosphorylation and mitochondrial biogene-
sis, consistent with the observation that elevation in blood
glucose level and mitochondrial glucose metabolism are
linked to Anxa10 expression in b-cells. We also studied
the subcellular localization of Anxa10 in b-cells and dis-
covered that Anxa10 localizes in the cytosol, nucleus, and
microsomal fractions but not in the mitochondria in
MIN6 (Supplementary Fig. 4H) and INS-1 832/13 cells
(Supplementary Fig. 4I).

To evaluate the role of Anxa10 in b-cells, isolated mouse
islets were infected with the Anxa10-expressing adenovirus
(Fig. 5A). Anxa10 overexpression did not alter either the
basal or the glucose-stimulated insulin secretion (GSIS) but
significantly suppressed KCl-stimulated insulin secretion
(KSIS) (Fig. 5B) without affecting insulin content (Fig. 5C).
Furthermore, we infected MIN6 cells with Anxa10-expressing
adenovirus (Supplementary Fig. 5A) and observed that
Anxa10 overexpression significantly promoted basal insulin

secretion but reduced both GSIS and KSIS (Supplementary
Fig. 5B).

We also evaluated the effect of Anxa10 knockdown in
islets isolated from 6-week-old db/db mice (Fig. 5D).
Knockdown of Anxa10 did not affect GSIS and KSIS but
significantly reduced basal insulin secretion in db/db islets
(Fig. 5E and F). These results suggest the possibility that
elevated basal insulin secretion under hyperglycemic con-
ditions is mediated, at least in part, by altered Anxa10
expression.

Since Ca21 functions significantly in the regulation of
insulin release from b-cells (29), Anxa10 might regulate
insulin secretion by influencing [Ca21]i levels in b-cells.
To evaluate this possibility, we established the MIN6 cell
line stably overexpressing Anxa10 and analyzed the effect
of Anxa10 overexpression on [Ca21]i concentration changes
of MIN6 cells in response to high glucose, KCl, and thapsi-
gargin by applying the Indo-1 Ca21 indicator (Fig. 5G–J and
Supplementary Fig. 5C). When the glucose level in the me-
dium increased from 5 mmol/L to 20 mmol/L, a transient
steep increase in [Ca21]i followed by a delayed blurred one
were detected in control MIN6 cells (Fig. 5G). Overexpression
of Anxa10 significantly suppressed high-glucose–induced max-
imal and delayed [Ca21]i elevation. The increase in [Ca21]i by
high K1 was considerably attenuated in Anxa10-overexpressing
cells compared with control cells (Fig. 5H). In normal extra-
cellular solution, thapsigargin transiently elevated [Ca21]i
in both control and Anxa10-overexpressing cells, while the
[Ca21]i stimulation by Anxa10 overexpression was signifi-
cantly less (Fig. 5I). This difference was further increased in
Ca21-free extracellular solution: The maximal elevation in
[Ca21]i was lower and the Ca21 clearance faster in Anxa10-
overexpressing MIN6 cells than in control cells (Fig. 5J).
Consistently, the thapsigargin-induced apoptosis rate was
substantially lower in Anxa10-overexpressing cells than in
control cells (Supplementary Fig. 5D). These outcomes
show that Anxa10 alters depolarization-triggered [Ca21]i
dynamics by affecting both Ca21 extrusion from the ER and
extracellular Ca21 influx via L-type Ca21 channels. Taken
together, these results suggest the possibility that Anxa10 is
induced by and involved in [Ca21]i handling, which might
reciprocally regulate basal and inducible insulin secretions.

We compared single-cell transcriptomes of Anxa10-
positive and Anxa10-negative b-cells from 6- and 10-week-
old db/db mice to further identify the genes and pathways
associated with Anxa10 expression and altered b-cell func-
tion (Supplementary Fig. 5E). A volcano plot examination
showed that the genes significantly upregulated in Anxa10-
positive b-cells, including FXYD domain-containing ion
transport regulator 5 (Fxyd5) and tweety family member 1

glucose and the area under the curve (AUC) of the glucose-induced changes in [Ca21]i in MIN6 cells stably expressing GFP (n = 7) or GFP-Anxa10
(n = 8).H: Time course of [Ca21]i in response to 30mmol/L KCl and the K1-induced changes in [Ca21]i in MIN6 cells stably expressing GFP (n = 5)
or GFP-Anxa10 (n = 5). I and J: Time course of [Ca21]i in response to 1 mmol/L thapsigargin (TG) and the AUC of TG-induced changes in [Ca21]i in
MIN6 cells stably expressing GFP (n = 10–13) or GFP-Anxa10 (n = 5–6) with (I) or without (J) Ca21 in the extracellular medium. Data are
mean ± SEM. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001. HG, high glucose; LG, low glucose.
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Figure 6—Pseudotime analysis of b-cells in prediabetic and diabetic db/db mice. A: Two-dimensional fast Fourier transform–accelerated
interpolation-based t-stochastic neighborhood embedding (FItSNE) visualization of 2,079 b-cells from 6-week-old and 10-week-old
db/db islets. Cells are colored by age (left) or cluster (right). B: Heatmap displaying the top 30 upregulated genes in b-cell subclusters
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(Ttyh1). Fxyd5 encodes the g-subunit of Na1, K1-ATPase
and elevates Na1, K1-ATPase pump activity (31), and Ttyh1
encodes a Ca21-binding protein localized to the ER (32). The
emergence of these genes corroborated our observations that
Anxa10 senses and regulates [Ca21]i in b-cells. Additionally,
Fxyd5 reportedly moderates cellular junctions, adhesion,
and epithelial-mesenchymal transition (EMT) via its capac-
ity to downregulate E-cadherin (33). Hence, we investigated
E-cadherin levels in control and Anxa10-overexpressing
MIN6 cells. Immunostaining (Supplementary Fig. 5F) and
immunoblotting (Supplementary Fig. 5G) revealed that
Anxa10 overexpression lowered E-cadherin protein levels
in MIN6 cells. Since EMT enhances the loss of b-cell iden-
tity (34), Anxa10 might aid the loss of b-cell identity and
type 2 diabetes progression in part by inducing EMT
through the induction of Fxyd5 expression.

Pseudotime Analysis Reveals b-Cell Trajectories With
Diabetes Progression
Pancreatic b-cells are heterogeneous in their morphol-
ogy and function, and scRNA-seq investigations suggested
b-cell subpopulations following DEGs (8,10). Nevertheless,
the b-cell heterogeneity during type 2 diabetes progression
has not yet been fully clarified. We ordered 2,079 b-cells
from 6- and 10-week-old db/dbmice in pseudotime according
to their transcriptional similarity to better understand popu-
lation heterogeneity of b-cells focusing on early diabetes pro-
gression at the single-cell level. Seurat clustering identified
nine transcriptionally distinct b-cell subclusters (Fig. 6A–D
and Supplementary Tables 7–10). b-Cell subcluster 0 (Beta-0)
revealed upregulated Serpina7 expression, a gene enriched in
dedifferentiated b-cells (21) and b-cells with a sustained ele-
vation in [Ca21]i (35), and vitamin D binding protein (Gc), a
gene partaking in stress-induced b-cell dysfunction (36).
Beta-1 expressed high levels of neurogenin 3 (Neurog3), an
important transcription factor of the endocrine cell fate deci-
sion (37), indicating that these b-cells lose their mature iden-
tity and are dedifferentiated. Beta-2 expressed Fxyd5, Csn3,
and Gast and was enriched in IPA pathways linked to oxida-
tive phosphorylation, mitochondrial dysfunction, and Ca21

signaling (Supplementary Fig. 6A). Beta-3 was determined by
the differential expression of Dapl1 and Ins1. Beta-4 depicted
the upregulation of key genes for b-cell function, such as cy-
tochrome c oxidase subunit 6A2 (Cox6a2), Slc2a2, and insulin
receptor–related receptor (Insrr), and was enriched in path-
ways related to insulin secretion signaling and maturity-onset
diabetes of the young. Beta-5 displayed the upregulation of
an oxidative stress response gene, sortilin-related VPS10
domain-containing receptor 2 (Sorcs2), and enrichment in
metabolic pathways partaking in acetyl-CoA and glutamine

biosynthesis. Beta-6 expressed high Ppy and peptide YY
(Pyy) levels and was enriched in cancer-related pathways.
Beta-7 comprised a d-cell marker gene, somatostatin (Sst),
and pancreatic acinar cell marker genes, e.g., trypsin 4 (Try4)
and protease, serine 1 (Prss1) (Supplementary Fig. 6B); this
subcluster was enriched in acinar cell–related pathways, in-
cluding SPINK1 pancreatic cancer pathway (Supplementary
Fig. 6C). Beta-8 expressed high levels of ER stress marker
genes, e.g., tribbles pseudokinase 3 (Trib3) and DNA
damage–inducible transcript 3 (Ddit3). Anxa10 was highly
expressed in Beta-0, -2, -3, and -8.

Pseudotime ordering of db/db b-cells recognized four
pseudotime trajectories during diabetes progression (Fig.
6E and Supplementary Fig. 6D). The trajectory started
with Beta-3, transitioned into Beta-0, and then divided
into three major arms: insulin secretion signaling, mito-
chondrial dysfunction, and dedifferentiation. The insulin
secretion signaling arm (Beta-3-0-4) indicates transcrip-
tional b-cell changes that improve insulin secretion and
b-cell mass expansion to adapt to enhanced insulin de-
mand. We recognized a mitochondrial dysfunction-ER
stress arm (Beta-3-0-2-8). The existence of this arm is in
line with studies demonstrating that mitochondrial dys-
function and ER stress aid the functional loss of b-cell
mass (38). It also suggests that mitochondrial dysfunction
may lead to ER stress. We also recognized two dedifferen-
tiation/transdifferentiation trajectories that branched at
Beta-1. One is the PP-like arm (Beta-3-0-1-5-6) and the
other is the acinar and d–like arm (Beta-3-0-1-7). Ppy-
lineage b-cells allegedly had a lowered glucose-stimulated
Ca21 signaling response and were resistant to extended
hyperglycemia (39), revealing that transdifferentiated b-cells
in Beta-6 might have factors that are alike to Ppy-lineage
b-cells. The dedifferentiation acinar and d–like branch signi-
fies the existence of b-cells that obtained acinar- and d-cell
phenotypes.

Transdifferentiation of b-Cells to Acinar Cells
Our scRNA-seq and pseudotime evaluation show that
obese diabetic conditions cause b-cell to acinar cell trans-
differentiation. Indeed, similar to the islet acinar-cell clus-
ter (cluster 17), Beta-7 was enriched in acinar-related
pathways (Fig. 7A), such as the SPINK1 pancreatic cancer
pathway (Supplementary Fig. 5C). We deeply evaluated
pancreatic sections of 6- and 10-week-old db/db mice to
further verify the localization of acinar-like cells in db/db is-
lets. Hematoxylin-eosin staining showed acinar-like cells in
islets of 10-week-old db/db mice (Fig. 7B). Immunohisto-
chemical analyses of acinar markers showed that amylase-

Beta-0, -1, -2, -4, -5, -6, -7, and -8 except for subcluster 3 (top 11 upregulated genes) and subcluster 0 (only 1 gene). C: Feature and violin
plots of Ins1, Pdx1, Slc2a2, Neurog3, Ddit3, Anxa10, and Aldh1a3. D: Top 3 ingenuity pathways of b-cell clusters. The number of genes
that exhibited a significantly altered expression in each IPA pathway is shown within the parentheses. E: Pseudotime analysis shows four
predicted trajectories of db/db b-cells during type 2 diabetes progression. The percentages of cells in the different b-cell clusters are
indicated in the respective boxes (6-week-old db/db and 10-week-old db/db).
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positive and Ctrb-positive cells were specifically detected in
islets of 10-week-old db/db mice (Fig. 7C and D). These
outcomes suggest that dedifferentiated b-cells could trans-
differentiate into acinar-like cells.

Cell-Cell Communication in db/db Islets
The findings shown so far have signified dynamic modifi-
cations in b-cell transcriptional signatures during diabetes
onset and progression. We used the CellChat algorithm to

Figure 7—Identification of acinar-like b-cells in diabetic db/db islets. A: P value comparison of Beta-7–enriched top 5 pathways in b-cell
subclusters, islet acinar cell cluster (cluster 17), and islet d-cell cluster (cluster 4). B–D: Representative images of pancreatic sections
from 6- and 10-week-old db1/1 and db/db mice stained with hematoxylin and eosin (H&E) (B) or antibodies to amylase, Ctrb, and insulin
(C and D). Scale bars, 75 mm (C) and 50 mm (D).
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Figure 8—Cell-cell communication analysis of db/db islets. A: The total number of interactions and interaction strength of the inferred
cell-cell communication networks from 6- and 10-week-old db/db islets. B: Circle plot visualizations of the cell-cell interaction network
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display the cell-cell communication in islets mediated by
ligand-receptor interactions (19). We combined clusters 1,
2, 7, and 8 depicted in Fig. 1B as a diabetic b-cell cluster
and clusters 5 and 14 as a nondiabetic a-cell cluster to
compare the number and strength of interactions among
different cell populations in 6- and 10-week-old db/db is-
lets. The number and strength of cell-cell communication
were higher in 6-week-old prediabetic db/db islets than in
10-week-old diabetic db/db islets (Fig. 8A and B and
Supplementary Fig. 7A and B). Specifically, endothelial
and stellate cells interacted strongly with prediabetic and
diabetic b-cell clusters (Fig. 8B). This outcome was in line
with the results of our recent research indicating the
strong association between poor islet blood flow and T2D
progression (40). The endothelial cluster showed a higher
number of angiogenesis-related genes, e.g., FMS-like tyro-
sine kinase 1 (Flt1) and endothelial cell–specific molecule 1
(Esm1), which are stimulated by vascular endothelial growth
factor (VEGF) (Supplementary Fig. 7C). Stellate cluster
demonstrated higher fibrosis-related genes decorin (Dcn);
collagen type I, a-1 (Col1a1); and Col3a1 (Supplementary
Fig. 7D). The products of these genes potentially partake
in b-cell survival, proliferation, and function (41).

We evaluated the differential outgoing and incoming
signaling patterns of each signaling pathway in 6- and
10-week-old db/db islets to identify ligand-receptor interac-
tions contributing to the signaling changes in db/db islets.
We compared the information flow for each signaling path-
way and discovered midkine and protease-activated receptor
(PAR) signaling as the most highly enriched pathway in pre-
diabetic and diabetic islets, respectively (Supplementary Fig.
7E and F). Furthermore, we detected other important ligan-
d-receptor interactions for both outgoing and incoming sig-
naling, such as insulin, Gcg, endothelin (EDN), fibronectin 1,
collagen, somatostatin, VEGF, and chemokine. Remarkably,
EDN signaling, which can lower islet blood flow (42), actively
participated in the outgoing and incoming signaling patterns
between a- and endothelial cells (Fig. 8C and D and
Supplementary Fig. 7E and F). This association became stron-
ger with diabetes progression. Furthermore, in line with our
findings in Figs. 6 and 7, we identified diabetic islet–specific
strong interactions between diabetic b- and acinar cells and
between diabetic b-cells through the PAR pathway, including
trypsins and serine proteases. We also discovered autocrine
PAR signaling in diabetic b-cells.

DISCUSSION

Pancreatic islets comprising different cell populations cate-
gorized according to their transcriptome profiles markedly

altered diabetes progression. In the current investigation using
a robust scRNA-seq analysis combined with a high-sensitivity
cDNA amplification technique, we succeeded in characteriz-
ing the transcriptome profiles of each islet cell type, their
pathological landscape stream, and cell-cell communication
network of islet cells linked to diabetes progression.

We identified diabetes stage–dependent b-cell clusters by
comparing prediabetic and diabetic islets. Single-cell tran-
scriptome and pseudotime analysis revealed pathological pro-
cesses, such as insulin secretion, oxidative phosphorylation,
mitochondrial dysfunction, ER stress, and dedifferentiation.
We then identified pathways, e.g., oxidative phosphorylation,
G-protein–coupled receptor (GPCR)–mediated nutrient sens-
ing in enteroendocrine cells, and mitochondrial dysfunction,
which can result in oxidative stress, mitochondrial damage,
and Ca21 mobilization, as early pathological processes in pre-
diabetic b-cells. Moreover, the pseudotime analysis indicated
a hitherto unknown temporal axis of ER stress through ele-
vated oxidative phosphorylation and mitochondrial dysfunc-
tion. Mitochondrial dysfunction and ER stress are closely
linked events that consequently stimulate b-cell dysfunction
(38). Still, the causal nexus of the two in type 2 diabetes was
uncertain. Our work implies that ER stress occurs after mito-
chondrial dysfunction in the context of b-cell dysfunction.

We paid close attention to the early stage of diabetes de-
velopment and determined Anxa10 as the topmost DEG of
prediabetic b-cells. Anxa10 is a member of the annexin
family, the largest superfamily of calcium- and phospholipid-
binding proteins in eukaryotic cells, and plays a significant
role in various cellular and physiological processes, such as
calcium signaling, cell motility, proliferation, and differentia-
tion (28). We showed that Anxa10 was upregulated in
b-cells in both type 1 and type 2 diabetes models, and
Anxa10 expression was enhanced in response to [Ca21]i
elevation in mouse islets and MIN6 cells after various
metabolic loads. Furthermore, Anxa10 overexpression ex-
periments implied a function of this Ca21- and phospho-
lipid-binding protein in regulating [Ca21]i allostasis and
insulin secretion in b-cells. Pathophysiologically, [Ca21]i
overload occurs early in the disease course of diabetes
(43), and glucolipotoxic conditions lead to a chronic in-
crease in cytosolic Ca21 influx (44). Anxa10 activation re-
duced KCl-induced Ca21 flux and KSIS. Following these
data, Anxa10 induction is a cellular adaptative response
of b-cells to glucolipotoxic conditions by suppressing toxic
continuous calcium surges, while Anxa10 upregulation
in the prediabetic state might facilitate basal insulin se-
cretion and insulin transcription presumably because of
the moderately high basal [Ca21]i. Importantly, Anxa10 is

among individual cell types in 6- and 10-week-old db/db islets. The circle size of each cell type is normalized to the cell number of each
subset. Arrows and edge colors represent direction. The thickness of the lines connecting cells represents the interaction strength. The
diabetic b-cell population includes clusters 1, 2, 7, and 8, and the diabetic a-cell population includes clusters 5 and 14 in Fig. 1B. C and
D: Outgoing and incoming signaling patterns and strength of each islet cell population in 6- and 10-week-old db/db islets. The heatmaps
represent the relative importance of each cell type based on the computed nine networks (associated with b-cells). CXCL, chemokine
ligand; GCG, glucagon; FN1, fibronectin 1; MoMac, monocyte-macrophage.
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linked to HbA1c in pancreatic islets from individuals with
hyperglycemia (45). This prediabetic gene overexpression
in cells demonstrated EMT and antiapoptotic properties.
Additional investigations are warranted to define the path-
ological and organelle-specific roles of Anxa10 in b-cells.

Functional b-cell mass reduction is the primary cause of
type 2 diabetes. Our scRNA-seq evaluation shows transcrip-
tional changes in b-cells from prediabetes to diabetes, em-
phasizing b-cell dedifferentiation and transdifferentiation
into acinar-like cells (Figs. 6 and 7). The expression of
Aldh1a3, a marker for b-cell dedifferentiation, was detected
throughout prediabetic and diabetic b-cells, whereas Neu-
rog3, a marker for endocrine progenitor, was expressed in
restricted populations of diabetic b-cells (Fig. 6B and C).
Our data imply that the dedifferentiation path is divari-
cated into two transdifferentiation paths from the Neu-
rog3-enriched b-cell subcluster, one being the acinar and
d-cell path and the other the PP cell path. The transdiffer-
entiation of b-cells to a- (7), d- (46), and PP (39) cells has
been noted in both type 1 and type 2 diabetes. Addition-
ally, our study revealed the transdifferentiation of b-cells
into acinar cells in diabetes. b-cell to acinar cell transdif-
ferentiation was also detected in severe acute respiratory
syndrome coronavirus 2–infected human islets as the path-
omechanism of virus-mediated diabetes (47). Our CellChat
analysis also showed the crosstalk between acinar-like and
diabetic b-cells through the PAR signaling pathway. The
PARs are a family of four GPCRs (PAR1–4) that are initi-
ated by proteolytic cleavage and are essential mediators of
hemostasis, inflammation, tissue repair, and other physio-
logical and pathophysiological responses (48). In b-cells,
thrombin- or trypsin-mediated activation of PAR3 stimu-
lates insulin secretion by mobilizing Ca21 from intracellu-
lar stores (49). Additionally, recent study findings indicated
that PAR2 signaling is an important mediator of acinar-
b-cell crosstalk that affects b-cell homeostasis and viability
(50). Furthermore, our CellChat analysis showed that the
PAR signaling pathway was an autocrine factor for dia-
betic b-cells. Hence, we recommend that the outgoing
and incoming interaction of PARs in acinar-like cells
and diabetic b-cells might be a beneficial adaptation to
enhance insulin secretion from b-cells.

Our study has limitations. The db/db mouse strain has
limitations as an animal model for understanding human
type 2 diabetes because type 2 diabetes in humans is a
polygenic disease, unlike the monogenic basis of leptin
receptor–deficient db/db mice. We could not include db/db
mice >10 weeks of age for scRNA-seq owing to technical
difficulties in obtaining a substantial amount of unbroken
islets and careful removal of peri-islet acinar cells, thereby
preventing an analysis of the islet cell transcriptome dur-
ing the late progression of type 2 diabetes at multiple
time points. Islet scRNA-seq at different time points of db/db
mice could make it eligible to fully comprehend type 2 diabe-
tes occurrence and development. Lineage tracing is required
to confirm the transdifferentiation of b-cells to acinar cells.

Furthermore, while we identified Anxa10 as a new prediabetic
gene, the fate and functional consequence of Anxa10-express-
ing b-cells and Anxa10-expressing peri-islet acinar cells are
unclear. Further analyses of the pathophysiological character-
istics of Anxa10-expressing cells in diabetic conditions using
genetic lineage tracing in vivo is anticipated to provide addi-
tional useful information. Also, we could not detect plasma
Anxa10 in mice and humans for now, despite our efforts. Ad-
ditional investigation of clinical patients with diabetes needs
to be conducted for the drug discovery and clinical approach.

In conclusion, we determined diabetes-associated genes,
islet cell types, and cell-cell communications in the context of
b-cell dysfunction. This landscape provides valuable insights
for establishing optimal clinical approaches. Significantly, we
have identified a new prediabetic marker, Anxa10, that is up-
regulated by chronically elevated Ca21 in b-cells, which
might initially aid the adaptation for metabolic stress under
hyperglycemia but consequently cause diabetic pathology.
Furthermore, while most research indicates the correlation
of b-cell dedifferentiation/transdifferentiation and b-cell
mass, our research proposes that b-cell to acinar cell trans-
differentiation is related to b-cell dysfunction in the cellu-
lar society of diabetic islets.
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