
 ORCA – Online Research @
Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/181533/

This is the author’s version of a work that was submitted to / accepted for publication.

Citation for final published version:

Li, Zhehui, Wu, Xinyun, Kang, Qi, Ren, Qi, Zhang, Yi, Jin, Quanwen, Wong, F. Susan and Li, Mingyu 2025.
Alpha cells transdifferentiate into delta cells during the progression of autoimmunity in non-diabetic NOD

mice. American Journal of Physiology-Endocrinology and Metabolism 10.1152/ajpendo.00193.2025 

Publishers page: https://doi.org/10.1152/ajpendo.00193.2025 

Please note: 
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published

source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See 
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made

available in ORCA are retained by the copyright holders.



Alpha cells dedifferentiate and then transdifferentiate into 

delta cells during the progression of autoimmunity in 

non-diabetic NOD mice. 

METHODS OUTCOME

CONCLUSION 
Alpha cells transdifferentiate into delta cells, and the increased delta cells and 
somatostatin inhibits glucagon secretion  during the progression of autoimmunity 

in non-diabetic NOD mice. 
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Abstract 27 

The incidence of Type 1 diabetes (T1D) has increased in recent years. Although 28 

extensive research has focused on immune damage to insulin-producing beta cells, the 29 

pathophysiological effects on other endocrine cells within pancreatic islets remain less 30 

well-documented. This study investigates the changes in the number and proportion of 31 

alpha-, beta- and delta- cells, as well as hormone secretion, during the progression of 32 

autoimmunity in non-diabetic non-obese diabetic (NOD) mice at different ages. Our 33 

findings reveal significant heterogeneity in islet size, endocrine cell composition and 34 

degree of immune infiltration. We propose a novel classification system for islet 35 

subtypes based on this observed heterogeneity. Notably, we noticed an age-related 36 

increase in delta cells in older non-diabetic NOD mice. Additionally, we observed an 37 

increase in glucagon and somatostatin double-positive cells following immune cell 38 

infiltration in non-diabetic mice. Our further analysis demonstrated that these 39 

double-positive cells represent a transdifferentiation process from alpha cells to delta 40 

cells, mediated by an alpha-cell dedifferentiation intermediate. Moreover, our results 41 

indicated that the increased presence of delta cells and somatostatin in pancreatic 42 

islets significantly inhibits alpha cell function during the progression of autoimmunity. 43 

Thus, our findings provide valuable insights into the dynamic changes in alpha and 44 

delta cells throughout the natural history of T1D. 45 

 46 

Keywords: Alpha cell transdifferentiation; Delta cells; Islet heterogeneity; NOD mice; 47 

Type 1 diabetes. 48 

49 
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 New & Noteworthy: 50 

The NOD mouse, is widely used as an T1D animal model. Although the mice have 51 

the same genetic background, approximately 20% of female NOD mice do not 52 

develop diabetes. In this study, we reveal that alpha cells dedifferentiate and then 53 

transdifferentiate into delta cells during the progression of autoimmunity in 54 

non-diabetic NOD mice. The increased delta cells secrete more somatostatin which 55 

inhibits alpha cell secretion of glucagon, thereby potentially attenuating the increase 56 

in blood glucose levels in these mice.  57 

  58 
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1. Introduction 59 

Type 1 diabetes (T1D) is an autoimmune disorder characterized by the 60 

immune-mediated destruction of pancreatic beta cells, resulting in reduced insulin 61 

secretion (1). To date, T1D treatment has predominantly centered on insulin therapy, 62 

with numerous studies focusing on beta cell dysfunction. In addition to insufficient 63 

insulin production, elevated circulating glucagon levels have been observed both 64 

postprandially and at rest in individuals with T1D (2-4). However, a subset of 65 

individuals with T1D experience severe hypoglycemia following insulin 66 

administration due to impaired glucagon responses (5). These observations suggest 67 

that both insulin deficiency and dysregulation of glucagon release and function 68 

contribute to the pathophysiology of T1D. While several studies have reported 69 

changes in alpha cells in NOD mice, the findings regarding changes in alpha cell mass 70 

remain controversial. Pechhold et al. observed a decrease in alpha cell mass in 71 

diabetic NOD mice (6), whereas others have noted an increase (7, 8). These 72 

discrepancies may arise from differences in the time points chosen for observation. 73 

Regarding delta cells in NOD mice, both the proportion and mass of delta cells 74 

increase during T1D progression (7, 9). This increase has also been observed in 75 

individuals with T1D (10). Moreover, one previous study has documented an 76 

approximately 30% increase in fasting circulating somatostatin levels in individuals 77 

with T1D (11). In addition, delta cells secrete more somatostatin in inflammatory 78 

environments and, in the absence of beta cells, inhibit alpha cell glucagon secretion 79 

(12). Thus, although less frequently addressed in previous studies, delta cells may 80 

play a significant functional role in T1D. However, the underlying mechanisms 81 

driving this delta cell expansion remain unclear. 82 

The non-obese diabetic (NOD) mouse, known for spontaneously developing 83 

Downloaded from journals.physiology.org/journal/ajpendo (082.016.166.249) on October 7, 2025.



5 
 

T1D, is widely used as an animal model of T1D (13, 14). Female NOD mice begin 84 

exhibiting symptoms of diabetes as early as 12 weeks of age, with increasing 85 

incidence of hyperglycemia and T1D as they age, reaching a lifetime incidence of 86 

approximately 80% (15). However, approximately 20% of female NOD mice do not 87 

develop hyperglycemia before 35 weeks of age and are unlikely to progress to 88 

diabetes, exhibiting distinct islet characteristics compared to other mice (16).  89 

To gain a more comprehensive understanding of the dynamic changes in alpha 90 

and delta cells during autoimmunity progression and the potential mechanisms driving 91 

these changes in non-diabetic NOD mice, we conducted a quantitative analysis of 92 

alpha, beta, and delta cells in the islets of non-diabetic NOD mice across six age 93 

groups (5 to 32 weeks). Our results indicate that alpha cell mass remains relatively 94 

stable, while delta cell mass increases during autoimmunity progression. Furthermore, 95 

alpha-to-delta cell transdifferentiation appears to be the primary driver of delta cell 96 

expansion in non-diabetic NOD. These newly increased delta cells, in turn, inhibit the 97 

response of alpha cells to hypoglycemic stimuli. 98 

 99 

 100 

2. Materials and Methods 101 

2.1 Mice 102 

NOD mice were bred and maintained at the Xiamen University Experimental 103 

Animal Center. The animals were housed in individually-ventilated cages (≤ 5 mice 104 

per cage) within a specific pathogen-free facility with a 12- hour light-dark cycle at a 105 

temperature of 20-23 ℃. They were provided with standard chow and water ad 106 

libitum. By 32 weeks of age, the cumulative incidence of autoimmune diabetes in our 107 

female NOD mice reaches 81% (Fig. S1). All experimental procedures were approved 108 
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by the Animal Care and Use Committee of Xiamen University (Protocol No. 109 

XMULAC20220141). 110 

 111 

2.2 Blood glucose monitoring 112 

Female NOD mice were monitored weekly for glycosuria from 8 weeks of age. 113 

Upon detection of positive glycosuria using a blood glucose meter (Yuwell, China),  114 

diabetes was diagnosed when blood glucose levels exceeded 13.9 mmol/L (1), 115 

confirmed by a second measurement. Diabetic mice were euthanized via cervical 116 

dislocation on the same day of diagnosis, and pancreatic tissue samples were collected. 117 

The incidence of diabetes in our NOD mouse colony is illustrated in figure S1. 118 

 119 

2.3 Pancreatic histological preparation and immunofluorescence staining 120 

Whole pancreata were fixed in 4% paraformaldehyde. After infusion with 10% 121 

and 20% sucrose at 4℃, the tissues were embedded in OCT compound, snap-frozen 122 

and stored at -80℃ as previously described (17). Frozen sections were processed 123 

according to a standard protocol (18). Briefly, 6 μm-thick sections were incubated 124 

with primary antibodies overnight at 4℃, followed by incubation with secondary 125 

antibody for 2 hours at room temperature (RT). Images were captured using a Leica 126 

SP8 confocal microscope (Leica, Germany), and quantification was performed using 127 

ImageJ software (National Institutes of Health). Confocal images were first converted 128 

to 8-bit format and split into individual color channels. For each channel, thresholds 129 

were set using the “Auto Threshold” function to minimize background and normalize 130 

signal intensity across samples. Co-localization was assessed using the “Image 131 

Calculator” function with the “AND” operation to generate a mask of overlapping 132 

signals. Cells exhibiting overlapping signals for both glucagon and somatostatin were 133 
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defined as alpha-delta double-positive cells. 134 

Primary antibodies used included: guinea pig anti-insulin (DAKO, A0564), 135 

rabbit anti-glucagon (Abcam, ab92517), mouse anti-glucagon (Sigma-Aldrich, 136 

G2654), rat anti-somatostatin (Abcam, ab30788), rat anti-somatostatin (Thermo 137 

Fisher Scientific, MA5-16987), mouse anti-CD45 (Abcam, ab33923), mouse 138 

anti-neurogenin3 (BD Biosciences, 610790), mouse anti-neurogenin3 (Santa Cruz 139 

Biotechnology, Sc-374442), mouse anti-Sox9 (Proteintech Group, 67439-1-Ig), rabbit 140 

anti-Aldh1a3 (Novus Biologicals, NBP2-15339), rabbit anti-Nkx6.1 (Abcam, 141 

ab221549), and rabbit anti-Ki67 (Abcam, Ab15580). 142 

 143 

2.4 Pancreatic islet isolation 144 

The isolation of islet was performed as previously described (19). Following 145 

euthanasia of mice, a buffer containing 1mg/mL type Ⅳ collagenase (Gibco, 146 

17104019) was injected into the common bile duct. The pancreata were dissected and 147 

incubated in a 37℃ water bath for 10 minutes, then gently shaken for approximately 5 148 

minutes until complete digestion. The tissue was resuspended, and islets were purified 149 

by density gradient centrifugation (Sigma, 10771). Individual islets were hand-picked 150 

under a dissecting microscope and cultured in 4mL RPMI 1640 medium (Gibco, 151 

C11875500) containing 10% FBS and 1% penicillin/streptomycin in a 37℃ incubator. 152 

The purity of islet was assessed by dithizone solution, and the isolated islets with 153 

purity up than 90% were used for experiments (Fig. S2).  154 

 155 

2.5 Measurement of islet hormone content 156 

Islets from three mice of each age group were pooled. Five islets from each 157 

group were randomly selected and placed in 1.5mL centrifuge tubes. Pre-prepared 158 
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acidified ethanol (50 mL of 75% ethanol with 750 μL of concentrated hydrochloric 159 

acid) was added to each tube. Islets were homogenized and slowly shaken overnight 160 

at 4℃. Samples were then centrifuged at 4000 rpm for 30 minutes at 4℃, and the 161 

supernatant was collected and diluted 100-500 times for measurement of insulin, 162 

glucagon and somatostatin by ELISA (Meimian, China) according to the 163 

manufacturer’s instructions. 164 

 165 

2.6 Measurement of islet hormone secretion 166 

Islets from three non-diabetic NOD mice in each age group were pooled and 20 167 

islets from each group were randomly selected and cultured in 96-well plates either 168 

with or without the somatostatin receptor 2 inhibitor, 10nM DOTA-JR11, in RPMI 169 

1640 medium. Hormone content in the supernatant was measured after culture for 2 170 

hours and 24 hours, respectively.  171 

 172 

2.7 Calcium imaging and quantification of cytosolic Ca2+ content 173 

Islets from each group were incubated with 5μM Fluo-4 AM (Invitrogen, F14201) 174 

for 1 hour in KRBH solution, supplemented with 6 mM glucose and 0.1% BSA, at 37℃ 175 

in the dark. The islets were then transferred to a buffer solution containing 20mM 176 

glucose and incubated at 37℃ in the dark for 30 minutes before being plated in an 177 

imaging chamber for confocal microscopy on a Leica SP8 system. Time series images 178 

were acquired every 10 s (XYZT imaging, stack of 10 confocal images). Alpha cells 179 

were identified by their response to stimulation with 10 μM adrenaline. To visualize  180 

intracellular Ca2+ fluctuations, the average Fluo-4 AM fluorescence intensity per 181 

frame was measured using Leica Application Suite X (V2.0.1). Fluorescence intensity 182 

was displayed as the ratio of the original fluorescence intensity (F) to the initial 183 
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fluorescence intensity value (F0) (F/F0). The baseline (F0) of each group was defined 184 

as the average fluorescence intensity before stimulation with 1mM glucose. 185 

 186 

2.8 DOTA-JR11 injection and tail-tip blood sampling 187 

DOTA-JR11 was freshly prepared in sterile saline under light-protected conditions 188 

and administered via intraperitoneal injection (100 µL, 10 mg/kg) to five 18-week-old 189 

non-diabetic female NOD mice. Another five age- and cage-matched non-diabetic 190 

female NOD mice received an equal volume of sterile saline. Three hours 191 

post-injection, all mice were fasted. Starting from the time of intraperitoneal injection, 192 

tail-tip blood samples were collected every 6 hours thereafter. Blood volume collected 193 

at each time point did not exceed 30 µL. Part of the blood was immediately used for 194 

glucose measurement, while the remaining serum was collected and stored at –80°C 195 

for subsequent glucagon analysis. 196 

 197 

2.9 Single cell sequencing data analysis 198 

We utilized published single-cell sequencing data from GSE117770 (20), which 199 

reported single-cell sequencing of 8-, 14-, and 16-week-old non-diabetic NOD mice. 200 

The detail information about the single-cell sequencing, including sequencing 201 

platform, read depth, cell numbers per sample, mouse strain (pure NOD), and original 202 

data processing pipelines are described in the original publication (20). We 203 

re-analyzed these single-cell sequencing data, the quality filtering was performed 204 

using multiple filtering criteria including excluding cells with 25% of mitochondrial 205 

gene expression, cells fewer than 200 genes expressed, or cells with more than 8000 206 

genes expressed. Remaining cells were normalized using the NormalizeData function 207 

with the LogNormalize method, and highly variable genes were identified using 208 
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FindVariableFeatures. Unsupervised analysis was carried out using principal 209 

component analysis (PCA) via the RunPCA function to identify principal 210 

components.The top principal components (PCs) were used for cell clustering. Cells 211 

with similar transcriptome profiles were clustered into 26 cell clusters corresponding 212 

to 10 cell types, including beta cells, alpha cells, delta cells, PP cells, acinar cells, 213 

endothelial cells, immune cells, fibroblasts, smooth-muscle cells, and erythroid-like 214 

cells. These cells were used for subsequent analysis. Pseudo-time analysis was 215 

performed using the Monocle2 package (21). 216 

 217 

2.10 Algorithm for pancreatic islet clustering based on size, infiltration and 218 

endocrine cell proportion  219 

All pancreatic islets were sequentially numbered and labeled with information on 220 

their origin (mouse ID), age, health status at the time of death, islet size, number of 221 

infiltrating immune cells, and proportion of three types of endocrine cells. 222 

Normalization was performed using the NormalizeData function, and feature 223 

variables were identified through FindVariableFeatures. Principal components were 224 

determined using RunPCA, and clustering was based on these results. The top 225 

principal components were used as input for Uniform Manifold Approximation and 226 

Projection (UMAP) analysis to determine the overall relationship between islets.  227 

 228 

2.11 Statistical analysis 229 

Raw data were analyzed with GraphPad Prism 9 software (GraphPad Software, 230 

La Jolla, CA, USA; RRID: SCR_002798). Data are presented as means ± SEM. No 231 

outlying values were excluded from the datasets used for statistical analysis. Two-way 232 

ANOVA followed by Bonferroni post hoc tests was used for two-factor assays. For 233 
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single-factor assays, unpaired t-tests or one-way ANOVA were employed. All data 234 

were first subjected to the Shapiro-Wilk normality test. If the data followed a 235 

Gaussian distribution, parametric tests were performed, followed by Bonferroni post 236 

hoc tests for three or more groups. If the data did not follow a Gaussian distribution, 237 

non-parametric tests (Mann-Whitney test for two groups or Kruskal-Wallis test with 238 

Dunn's post hoc test for three or more groups) were performed. Differences were 239 

considered to be statistically significant when p < 0.05. 240 

 241 

 242 

3. Results 243 

3.1 Dynamic analysis of endocrine cells reveals an increase of delta cells in 244 

non-diabetic NOD mice 245 

We examined the pancreas of non-diabetic female NOD mice across six age 246 

groups: 5-9 weeks, 10-14 weeks, 15-19 weeks, 20-24 weeks, 25-30 weeks and >30 247 

(31-32) weeks. Immunofluorescence analysis was carried out on islets from 66 248 

individual female non-diabetic NOD mice at different ages to quantify the number 249 

and proportion of alpha, beta and delta cells, as well as immune cells (Fig. 1A). As 250 

shown in Fig. 1B-1C, following immune cell infiltration, islets became smaller (Fig. 251 

1B), and immune cells exhibited a trend toward increase and then decrease (although 252 

not statistically significant, Fig. 1C). The beta cell area and ratio relative to all 253 

endocrine cells were significantly higher in 5-9-week-old mice compared to other age 254 

groups (Fig. 1D-1E). Therefore, we considered this age group (5-9 weeks) to be the 255 

baseline control with relatively little insulitis and used mice aged 10-14 weeks as 256 

having the main period of insulitis to which the other age groups were compared, 257 

when testing for statistical significance. The alpha cell area decreased upon insulitis 258 
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onset and remained relatively constant at later stages, while the alpha cell ratio related 259 

to all endocrine cells initially increased and then decreased (Fig. 1F-1G). Notably, 260 

from 10-14 weeks to 20-24 weeks, the delta cell area and ratio to all endocrine cells 261 

continued to increase after insulitis onset (Fig. 1H-1I). 262 

 263 

3.2 A new classification of islet heterogeneity indicates an increase in 264 

somatostatin-positive islets 265 

To further investigate changes in pancreatic islets at different ages of 266 

non-diabetic NOD mice, we analyzed islet heterogeneity in each age group, including 267 

islet size, endocrine cell proportions and degree of infiltration. As shown in Fig. 1J, 268 

islets from mice of different age groups exhibited significant heterogeneity in size, 269 

number of immune cells, and endocrine cell composition. Heterogeneity was also 270 

observed within groups of mice of the same age. 271 

To further describe this heterogeneity systematically, we used an algorithm to 272 

analyze 486 islets from 66 non-diabetic NOD mice in order to determine their origin. 273 

We assessed four indicators for each islet: the number of infiltrating immune cells, the 274 

proportion of three endocrine cell types, dimensionality reduction, and clustering. 275 

This resulted in five distinct subtypes (Fig. 1K, Fig. S3A). As shown in Fig. 1L-1O 276 

and Fig. S3B, cluster 1 contained only beta cells and was defined as 277 

CD45+/-Ins+Gcg+Sst+/- type (including both CD45+ and CD45- subtypes); clusters 278 

2 and 3 were heavily infiltrated by immune cells but differed in delta cell ratios, 279 

defined as CD45+Ins-Gcg+Sst+and CD45+Ins-Gcg+Sst- types, respectively; clusters 280 

4 and 5, without immune infiltration, were defined as CD45-Ins-Gcg+Sst+ and 281 

CD45-Ins-Gcg+Sst- types, respectively. Statistical analysis revealed that the 282 

proportion of clusters with more delta cell-positive islets (clusters 2 and cluster 4, in 283 
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green) increased with age, while the proportion of clusters with fewer delta cells in 284 

the islets (clusters 3 and cluster 5, in blue) decreased (Fig. 1P). Combined with the 285 

earlier findings of increased delta-cell area and ratio (Fig. 1H and 1I), these data 286 

suggested that somatostatin-positive islets increased during autoimmunity progression 287 

in non-diabetic NOD mice. 288 

 289 

3.3 Alpha cells transdifferentiate into delta cells in non-diabetic NOD mice 290 

Given the observed increase in somatostatin-positive islets and delta cells in 291 

older non-diabetic mice (Fig. 1H and Fig. 1P), we hypothesized that there might be 292 

transdifferentiation from other endocrine cells to delta cells at different ages of 293 

non-diabetic NOD mice. Intriguingly, glucagon and somatostatin double-positive cells 294 

(alpha+delta+ cells) significantly increased in non-diabetic mice after immune 295 

infiltration (> 10-14 weeks), peaking in 15-19-week-old mice. (Fig. 2A-2C). These 296 

data indicated ongoing either alpha-to-delta cell or delta-to-alpha cell conversion in 297 

some islets. 298 

To investigate the potential direction of transdifferentiation, we re-analyzed a 299 

previously published single-cell RNA sequencing dataset (GEO accession: 300 

GSE117770) which included islets from 8-, 14-, and 16-week-old non-diabetic NOD 301 

mice (20). We reconstructed the dimensionality reduction based on tSNE 302 

(t-distributed stochastic neighbor embedding) and divided the cells into clusters (Fig. 303 

S4). We next isolated all alpha and delta cells from different ages for further analysis 304 

(Fig. 2D). Based on glucagon and somatostatin expression levels, we found more 305 

double-positive cells in 14- and 16-week-old mice (Fig. 2E), consistent with our 306 

immunostaining data. In addition, alpha cells from different ages were also analyzed 307 

for their identity (Fig. 2F). Notably, alpha cells from 14-week-old mice expressed 308 
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high levels of delta-cell marker genes, suggesting a subset of alpha cells may be 309 

undergoing transdifferentiation. 310 

To verify our hypothesis and determine the direction of differentiation, we 311 

performed pseudo-time series analysis of alpha and delta cell clusters from 312 

GSE117770 (Fig. 2G) and constructed a trajectory (Fig. 2H and 2I). Our results 313 

showed that the trajectory comprised four branches and three decision points, dividing 314 

cells into seven states (Fig. 2J). Alpha cells were located near the left pole, while delta 315 

cells were near the right pole (Fig. 2H). Cells near the poles indicated mature states, 316 

whereas cells in the middle zone represented transitional states, which are relatively 317 

less well defined (Fig. 2H). As shown in Fig. 2J, states 3, 4, 5 and 6 corresponded to 318 

mature alpha cells, and states 1 and 7 to mature delta cells, while state 2 represented 319 

transitional cells. Interestingly, double positive cells were predominantly located in 320 

states 2 and 1, mainly from 14- and 16- week-old mice (Fig. 2K). These data indicated 321 

that transitional cells, which were double-positive, developed into delta cells, 322 

retaining glucagon. Collectively, our results suggested that a subset of alpha cells 323 

transdifferentiated into delta cells during diabetes development in NOD mice. 324 

 325 

3.4 Alpha cell dedifferentiation followed by transdifferentiation into delta cells in 326 

non-diabetic NOD mice 327 

Our foregoing data demonstrated that during insulitis development in 328 

non-diabetic NOD mice, some alpha cells became double hormone-positive cells 329 

before transforming into delta cells. To investigate whether this transdifferentiation 330 

occurred directly or involved dedifferentiation followed by transdifferentiation, we 331 

focused on neurog3 (Ngn3), a master transcription factor regulating endocrine cell 332 

differentiation and maturation, primarily expressed in endocrine precursor cells (22). 333 
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We performed immunofluorescent staining on islets from non-diabetic NOD mice to 334 

detect glucagon, somatostatin and Ngn3. As shown in Fig. 3A and 3B, many 335 

Ngn3-positive alpha cells were detected at 5-9 weeks, 10-14 weeks and 15-19 weeks, 336 

peaking at 10-14 weeks. Most Ngn3 positive cells were glucagon positive (Fig. 3A). 337 

Interestingly, the peak of Ngn3 positive cells (Fig. 3B solid line) slightly preceded the 338 

peak of glucagon and somatostatin double-positive cells (Fig. 3B dashed line). 339 

To confirm that the alpha cells in non-diabetic mice dedifferentiated and then 340 

transdifferentiated into delta cells, we performed immunostaining with another 341 

precursor and dedifferentiation marker, Sox9. As shown in Fig. 3C, many glucagon 342 

positive cells at 13-30 weeks were Sox9 positive, peaking at 13 weeks. Additionally, 343 

dedifferentiation marker Aldh1a3 and precursor cell marker Nkx6.1 were also found 344 

in some alpha cells at 14 weeks (Fig. S5). We also analyzed these precursor and 345 

dedifferentiation genes using the published single-cell sequencing data GSE117770 346 

(20). As shown in Fig. 3D, Ngn3 levels in alpha cells gradually increased from 8 to 16 347 

weeks during autoimmune diabetes progression. In addition, Sox9 and Aldh1a3 levels 348 

increased at 14 weeks, and Nkx6.1 increased by 16 weeks, consistent with our 349 

immunostaining results.  350 

Taken together, these data suggested that alpha cells firstly dedifferentiated and 351 

then transdifferentiated into delta cells during immune infiltration between 14-19 352 

weeks.  353 

 354 

3.5 Alpha cell proliferation occurs simultaneously with alpha cell 355 

dedifferentiation 356 

Given that the alpha cell population did not decrease and remained relatively 357 

constant after 10-14 weeks of age (Fig. 1F), we then investigated whether alpha cells 358 
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proliferated during progression of autoimmunity in non-diabetic NOD mice. By 359 

immunostaining for the proliferation marker Ki67, we found that delta cell 360 

proliferation rates were maintained at a low level across most age groups of 361 

non-diabetic NOD mice, both in terms of area and ratio (Fig. 3E-3G). However, delta 362 

cell proliferation increased in late stage mice, particularly in non-diabetic mice older 363 

than 30 weeks (Fig. 3F-3G). In contrast, alpha cells exhibited high levels of 364 

proliferation during later insulitis (> 10-14 weeks), especially between 10 to 19 weeks 365 

(Fig. 3E-3G). The peak periods of alpha cell proliferation coincided with the presence 366 

of glucagon and somatostatin double-positive cells (Fig. 2A-2C), indicating that alpha 367 

cell proliferation occurred simultaneously with alpha cell dedifferentiation, 368 

maintaining the alpha cell mass relatively constant in non-diabetic NOD mice.  369 

 370 

3.6 Increased delta cells suppress glucagon secretion in older non-diabetic mice 371 

To investigate whether the increase in delta cells affected hormone secretion 372 

from endocrine cells, we isolated islets from non-diabetic NOD mice of different ages 373 

and measured glucagon, insulin and somatostatin content (Fig. 4A-4C). As expected, 374 

glucagon levels increased with age (Fig. 4A), while insulin content in islets gradually 375 

decreased (Fig. 4B), and somatostatin content gradually increased (Fig. 4C), 376 

consistent with changes in the beta and delta cells, respectively (Fig. 1D and 1H). 377 

Since somatostatin receptor 2 (Sstr2) is the primary somatostatin receptor expressed 378 

in human and mouse alpha cells (23), we then cultured islets from non-diabetic NOD 379 

mice of different ages in vitro, with or without the Sstr2 inhibitor DOTA-JR11, and 380 

measured hormone secretion levels after 2 hours (Fig. S6) and 24 hours (Fig. 4D-F) of 381 

culture. Interestingly, DOTA-JR11 treatment significantly increased the glucagon 382 

secretion (Fig. 4D and Fig. S6A), while there was no significant change in insulin 383 
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(Fig. 4E and Fig. S6B) or somatostatin (Fig. 4F and Fig. S6C) secretion upon Sstr2 384 

inhibition, indicating the inhibitory effect of somatostatin on glucagon responses. 385 

Moreover, somatostatin secretion in islets from older mice also increased with age 386 

(Fig. 4F).  387 

Since glucagon secretion depends on cytoplasmic Ca2+ concentration (24), we 388 

evaluated the Ca2+ response of alpha cells (identified by response to adrenaline 389 

stimulation) from non-diabetic NOD mice at different ages using the Ca2+ indicator 390 

Fluo-4 AM (25) and recorded these with confocal microscopy time-lapse imaging (Fig. 391 

S7). As shown in Fig. 4G, with age, the alpha cell response to low glucose gradually 392 

decreased (Fig. 4G, times between 200 to 400 s), including the response amplitude 393 

(Fig. 4H, 1 mM glucose) and response speed (Fig. 4I, 1 mM glucose). Additionally, 394 

alpha cells in older (20-30-week-old) mice exhibited dysfunctional responses to 395 

adrenaline (Fig. 4G, times between 400 to 600 s). Interestingly, after Sstr2 inhibitor 396 

treatment, the oscillation amplitude of cytoplasmic Ca2+ concentration in alpha cells 397 

significantly increased in older mice, while the response was weaker in younger mice 398 

(5-14 weeks old) (Fig. 4G, times between 600 to 800 s).  399 

To investigate whether DOTA-JR11 treatment has a similar effect on glucagon 400 

secretion in vivo, we administrated 18-week-old non-diabetic female NOD mice with 401 

DOTA-JR11. We then fasted these mice stared from 3 hours after injection, then 402 

measured the glucose and glucagon levels at 6 h and 12 h after injection (Fig. 4J-4K). 403 

All mice showed a gradual decrease of glucose level and an increase of glucagon level 404 

at 6 h after injection, while the DOTA-JR11-injected group showed significantly 405 

higher glucagon level than control group. At the 12 h, the DOTA-JR11 injected mice 406 

show higher glucose and glucagon levels compared with control group. These data 407 

may indicate that blockade of somatostatin signaling reverses α-cell suppression in 408 
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non-diabetic NOD mice in vivo.  409 

Taken together, these results indicate that the increase in delta cells, associated 410 

with age, suppresses glucagon secretion in non-diabetic NOD mice through 411 

somatostatin production.  412 

 413 

3.7 Alpha-to-delta cell transdifferentiation was not observed in diabetic NOD 414 

mice 415 

To explore whether alpha-to-delta cell transdifferentiation also occurred in 416 

diabetic NOD mice, we harvested pancreata from 61 NOD mice with varying ages of 417 

diabetes onset and performed immunostaining (Fig. S8A). There were no statistically 418 

significant differences in islet size or the number of infiltrating immune cells within 419 

different groups in diabetic mice, while the islet size and infiltrating immune cells 420 

were lower than non-diabetic groups (Fig. 5A-5B). Beta cell area and ratio were very 421 

low in all diabetic mice (Fig. 5C-5D), while alpha cell area and ratio remained 422 

unchanged (Fig. 5E-5F). Although delta cell numbers showed a trend to increase with 423 

age in diabetic NOD mice, this was not statistically significant due to variability (Fig. 424 

5G-5H). Moreover, the delta cell numbers were also no difference compared with 425 

same age of non-diabetic NOD mice (Fig. 5G). Although the ratio of delta cell in 426 

earlier stages diabetic NOD mice is higher than non-diabetic group, it is most likely 427 

due to the extremely loss of beta cells (Fig. 5H). 428 

The islets in diabetic mice were also highly heterogeneous (Fig. S8B). We 429 

classified the islets of diabetic mice according to the same clustering method used for 430 

non-diabetic mice (clusters 1 to 5 as shown in Fig. 1L-1O). Compared with the 431 

changes in the proportion of islet clusters in non-diabetic mice of different age groups 432 

(Fig. 1P), the proportions of the five clusters in diabetic mice at different ages of 433 
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diabetes development were similar (Fig. 5I). 434 

We then stained and counted alpha+delta+ double-positive cells (Fig. S9A) and 435 

Ngn3-positive cells (Fig. S9B) in diabetic NOD mice of all ages. The numbers of 436 

alpha+delta+ double-positive cells were very low in diabetic mice (Fig. 5J-5K and Fig. 437 

S9A). Furthermore, Ngn3-positive and Sox9-positive alpha cells were barely 438 

detectable (Fig. 5L, Fig. S9B and Fig. S9C). Aldh1a3- or Nkx6.1-positive alpha cells 439 

were also scarcely detected in 14-week-old diabetic NOD mice (Fig. S10A-S10B). In 440 

addition, the proliferation of alpha and delta cells in diabetic mice was much lower 441 

compared to non-diabetic mice (Fig. 5M-5N and Fig. S11). Taken together, these data 442 

suggest that alpha-to-delta cell transdifferentiation was not observed in diabetic NOD 443 

mice. 444 

 445 

 446 

4. Discussion 447 

The non-obese diabetic (NOD) mouse, is widely used as an T1D animal model. 448 

Although they share the same genetic background, approximately 20% of female 449 

NOD mice do not develop diabetes. Understanding why these mice do not process to 450 

diabetes during the autoimmunity progression remains a subject of significant 451 

scientific interest. Studies have revealed that sex hormones, genetic heterogeneity, gut 452 

microbiome, regulatory T cells, environmental factors are associated with the 453 

prevention of diabetes in NOD mice (26-28). Moreover, the non-diabetic NOD mice 454 

exhibit distinct islet characteristics compared to diabetic mice (16). However, the 455 

specific mechanisms underlying changes in pancreatic islet endocrine cells remain 456 

unclear. 457 

In this study, we examined the composition of alpha, beta and delta cells in islets 458 
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at multiple time points throughout the progression of autoimmunity in the 459 

non-diabetic NOD mice. We observed that the alpha-cell area remained relatively 460 

constant after immune cell infiltration (Fig. 1F), while the delta cell area significantly 461 

increased in older mice (Fig. 1H). There was notable heterogeneity in islet size, 462 

endocrine cell composition and degree of infiltration (Fig. 1J). Although it is known 463 

that there is heterogeneity in beta-cell destruction and immune cell infiltration (16, 464 

29), our study provides a more comprehensive evaluation of islet heterogeneity, 465 

including size, composition of different endocrine cells, and immune infiltration at 466 

different ages during autoimmunity progression. Based on these observations, we 467 

proposed a new classification system, dividing islets into five subtypes (Fig. 1K-1O), 468 

based on the beta cell composition, immune cell infiltration, and further subdivisions 469 

according to alpha and delta cell composition, providing a more detailed description 470 

than previously published (30, 31). Using this new classification, we found an 471 

increase in somatostatin-positive islets following immune cell infiltration (Fig. 1P). 472 

In 10-14- and 15-19-week-old (established insulitis and pre-diabetes) 473 

non-diabetic NOD mice, we observed a significant increase in glucagon and 474 

somatostatin double-positive cells (Fig. 2A-2C). Furthermore, we demonstrated that 475 

these double-positive cells were undergoing transdifferentiation from alpha to delta 476 

cells (Fig. 2D-2K). These alpha-to-delta transdifferentiated cells first dedifferentiated 477 

into precursor cells before differentiating further into delta cells, as evidenced by 478 

increased expression of Ngn3, Sox9, Aldh1a3 and Nkx6.1 (Fig. 3A-D), accompanied 479 

by simultaneous alpha cell proliferation (Fig. 3E-G). The alpha cell to delta cell 480 

transdifferentiation in non-diabetic NOD mice was not due to beta-cell loss, since the 481 

beta-cell keep constant after 15-19 weeks old in non-diabetic mice (Fig. 1D and Fig. 482 

5D) and the replication of delta cells is pretty low at these stages (except >30 weeks 483 
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old NOD mice) (Fig. 3G). The dedifferentiation of alpha cell may associate with the 484 

inflammatory cytokines (IL-1β, IFN-γ, TNF-α). Indeed, we compared the gene 485 

profiles of glucagon and somatostatin double positive cell to the glucagon or 486 

somatostatin alone positive cell using published single-cell RNA-seq (GSE117770), 487 

and identified IFN-γ pathway specifically increased in the glucagon and somatostatin 488 

double positive clusters (Fig. S12A-12E). Moreover, GESA (gene set enrichment 489 

analysis) also indicated that downstream signaling cascade of IFN-γ, the JAK-STAT 490 

pathway was significantly enriched in double positive cells (Fig. S12F). 491 

Experimentally, we then treated αTC1-6 cells with IFN-γ. Interestingly, IFN-γ 492 

incubation significantly increased the dedifferentiation-associated genes Aldh1a3, and 493 

reduced the level of glucagon protein (Fig. S12G-12I). These data suggested that 494 

IFN-γ may serve as potential triggers for induction of α cell dedifferentiation. 495 

However, although we observed a trend toward increased delta cells in diabetic 496 

NOD mice, we did not detect alpha-to-delta cell transdifferentiation in these mice (Fig. 497 

5). We speculated that alpha-to-delta transdifferentiation in diabetic mice may occur 498 

before the diabetes onset based on several evidences. Firstly, the occurrence of alpha 499 

cells to delta cells transdifferentiation was in the stages between 10-14 and 500 

15-19-week old non-diabetic mice (Fig. 2A-2C, Fig. 3A-3B), while the delta cell mass 501 

of these stages was slightly lower than diabetic groups, albeit there was no significant 502 

difference in delta cell mass between diabetic and non-diabetic mice (Fig. 5G). 503 

Secondly, the delta cell mass also kept increasing along with age at the point of they 504 

developed diabetes (Fig. 5G). Thirdly, we did not detect the delta-cell proliferation in 505 

the diabetic mice, suggesting that the increased δ cell mass was not due to delta-cell 506 

proliferation (Fig. 5M-5N). The last but not the least, the non-diabetic mice we 507 

harvested earlier stages may develop to diabetes in the later stage. Taken together, 508 
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based on these evidences, we propose that the increased delta cell mass in diabetic 509 

mice is a result of transdifferentiation occurred before the diabetes onset, before the 510 

stage of we harvested them. Nevertheless, the possibility that alpha-to-delta cell 511 

transdifferentiation occurs before diabetes onset cannot be excluded based on our 512 

current data.  Somatostatin secreted by delta cells significantly inhibits glucagon 513 

secretion by alpha cells (32). Studies also suggested that delta cells are increased in 514 

individuals with T1D and diabetic NOD mice, exhibiting greater activation in people 515 

with T1D, a which may play a protective role against hyperglycemia (33-35). 516 

Conversely, Sstr2 antagonism ameliorates insulin-induced hypoglycemia by 517 

enhancing glucagon responses (36). Our data indicate that increased delta cells and 518 

somatostatin in pancreatic islets significantly inhibit alpha cell function during 519 

autoimmunity progression in non-diabetic mice (Fig. 4). Delta cells increase as beta 520 

cells are lost, and somatostatin from these cells inhibits glucagon secretion, 521 

potentially protecting against hyperglycemia and delaying diabetes onset in NOD 522 

mice. However, increased inhibition of glucagon secretion may also lead to alpha cell 523 

dysfunction in response to low glucose. 524 

We propose a new working model for changes within pancreatic islets during 525 

progression of autoimmunity in non-diabetic NOD mice (Fig. 6). During 526 

autoimmunity progression, immune cells infiltrate the islets, leading to a gradual of 527 

beta cell loss. Islets then undergo two distinct transition paths. In some islets, the few 528 

initial delta cells are lost along with beta cells, resulting in islets predominantly 529 

composed of alpha cells. These islets increase rapidly in younger non-diabetic mice 530 

but decrease in older mice, suggesting that this subtype gradually shrinks and 531 

eventually disappears in vivo. In contrast, another type of islet becomes more 532 

abundant in older non-diabetic mice, characterized by a significant increase in delta 533 
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cell numbers as beta cells decline, and this type of islet can survive longer. This 534 

change is not age-dependent, as no significant differences in islet type proportions 535 

were observed across various age groups in diabetic mice. While the triggers for this 536 

process remain unclear, our data suggest that the increase in delta cells is 537 

predominantly due to transdifferentiation from alpha cells, which firstly undergo 538 

dedifferentiation and then eventually transdifferentiate into delta cells. The increased 539 

delta cell areas in the islets contribute to higher somatostatin secretion, which inhibits 540 

glucagon release from adjacent alpha cells and mitigates hepatic glucose production, 541 

which may associate with lower glucose level in the non-diabetic NOD mice with 542 

higher delta cell mass, and may have a protective role in the prevention of onset of 543 

diabetes in NOD mice. 544 

Overall, we investigated islet heterogeneity and hormone secretion during the 545 

progression of autoimmunity in non-diabetic NOD mice. We found that not only do 546 

endocrine cell numbers and functions change, but the cell composition within islets 547 

also undergoes transformation. These results enhance our understanding of the active 548 

roles played by alpha and delta cells in T1D pathophysiology and mechanisms that 549 

counteract hyperglycemia with the loss of insulin-producing beta cells. If this 550 

mechanism also occurs in humans, changes in the balance of alpha cells and delta 551 

cells may explain reduced hypoglycemic responses due to impaired glucagon 552 

counter-regulation in patients receiving exogenous insulin. However, the detailed 553 

mechanism of alpha cell to delta cell transdifferentiation requires further investigation, 554 

particularly its occurrence in humans. So far, none studies reported the detection of 555 

glucagon and somatostatin double-positive cells in the human T1D patients. However, 556 

studies have reported that the delta cell mass increased in human T1D patients (10). 557 

Our observation in NOD mice is consistent with human data, we only detect alpha to 558 
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delta cell transdifferentiation in non-diabetic NOD mice, but not in diabetic NOD 559 

mice. Nevertheless, the alpha-to-delta cell transdifferentiation may occurs before 560 

diabetes onset in human T1D patients. 561 

Therapeutic approaches for T1D mostly rely on insulin treatment, which may 562 

cause severe hypoglycemia due to alpha-cell defects and lack of glucagon response in 563 

a subset of patients, a phenomenon recognized for many years (37). Effective 564 

management of T1D should include a focus on glucagon secretion to prevent severe 565 

hypoglycemia. Understanding the mechanisms underlying decreased glucagon 566 

secretion during T1D pathogenesis is crucial. Glucagon secretion is regulated both 567 

intrinsically (within the alpha cell itself) and in a paracrine manner (mediated by 568 

factors released by beta and/or delta cells) (38). Hence, comprehending dynamic 569 

compositional alteration of alpha, beta and delta cells in islets during human T1D, 570 

could potentially provide new therapeutic avenues. 571 
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Figures and legends. 723 

 724 

Figure 1. Dynamic changes and high heterogeneity in endocrine cell proportions 725 

across different ages of non-diabetic NOD mice. 726 

(A) Representative images of endocrine cells in non-diabetic NOD mice from various 727 

age groups. The upper labels indicate the respective age groups. DAPI-stained nuclei 728 

(blue), glucagon-stained alpha cells (green), insulin-stained beta cells (red), 729 

somatostatin-stained delta cells (magenta), and CD45-stained immune cells (white) 730 

are shown. (B-C) Comparison of islet size (B) and immune cell area (C) across 731 

different ages. Sample sizes (mice/islets per group) were as follows: 5-9 weeks 732 

(10/105), 10-14 weeks (11/90), 15-19 weeks (11/78), 20-24 weeks (11/85), 25-30 733 

weeks (11/63), and >30 weeks (12/65). (D-I) Mean areas and proportions of beta, 734 

alpha, and delta cells relative to total endocrine cells in non-diabetic mice in the same 735 

age groups as in B-C, using the same sample sizes per group. (J) Analysis of islet 736 

heterogeneity in terms of composition and quantity of alpha, beta, and delta cells at 737 

different ages, based on 66 non-diabetic NOD mice and 486 islets. The x-axis shows 738 

the age of the mice, while the y-axis represents the square of the immune cell area 739 

surrounding the islets. The bubbles indicate islet area, with colors representing green 740 

for alpha cells, orange for beta cells, and blue for delta cells. (K) Uniform Manifold 741 

Approximation and Projection (UMAP) clustering of the same 486 islets, grouped 742 

into five islet types (cluster 1-5). Number of mice/islets per cluster: cluster 1 (87/272), 743 

cluster 2 (93/224), cluster 3 (67/123), cluster 4 (54/121), and cluster 5 (34/58). (L-O) 744 

Violin plots showing the ratio of areas occupied by immune cells (L), beta cells (M), 745 

alpha cells (N), and delta cells (O) relative to the total islet area in different clusters. 746 

The colors of the clusters in the violin plots are indicated on the right. (P) Proportion 747 
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of the five types of islets at different ages of non-diabetic mice.. Data are presented as 748 

mean ± SEM, with significance determined by one-way ANOVA compared to the 749 

10-14-week age group, which represents the main period of insulitis in pre-diabetes: 750 

*P < 0.05, **P < 0.01, and ****P < 0.0001. 751 

 752 

 753 

Figure 2. Alpha cells transdifferentiate into delta cells in non-diabetic NOD mice. 754 

(A) Representative images of glucagon and somatostatin double-positive endocrine 755 

cells in non-diabetic NOD mice at different ages, as indicated by the upper labels. The 756 

cells within the dashed boxes are magnified in the right panel of each image. Yellow 757 

arrows indicate glucagon and somatostatin double-positive cells. DAPI-stained nuclei 758 

(blue), glucagon-stained alpha cells (green), insulin-stained beta cells (red), and 759 

somatostatin-stained delta cells (magenta) are shown. (B-C) Quantification of the area 760 

(B) and proportion (C) of alpha+delta double-positive cells relative to all endocrine 761 

cells at different ages. Sample sizes (mice/islets per group) were as follows: 5-9 762 

weeks (10/105), 10-14 weeks (11/90), 15-19 weeks (11/78), 20-24 weeks (11/85), 763 

25-30 weeks (11/63), and >30 weeks (12/65). (D) t-SNE projection based on marker 764 

genes of alpha and delta cells, and NOD mouse sources from different age groups for 765 

subsequent analysis (Based on GSE117770). (E) t-SNE projection of alpha and delta 766 

cells based on glucagon (gcg) and somatostatin (sst) expression levels. Scale ranges 767 

correspond to double gene (gcg and sst) expression as indicated. The red dashed line 768 

highlights cells with high expression of both gcg and sst. (F) Expression levels of 769 

endocrine cell markers in isolated alpha cells from different ages. Selected endocrine 770 

cell genes are indicated on the left. Scale ranges correspond to gene expression levels 771 

as indicated. (G-I) Pseudotime trajectory analysis of alpha and delta cells from 772 
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different ages based on pseudotime values (G), cell types (H), and ages (I). Numbers 773 

1, 2, and 3 indicate decision points 1, 2, and 3, respectively. In panel E, color 774 

gradation depends on the pseudotime value ranging from 0 to 30. (J) Total alpha and 775 

delta cells from different ages were divided into seven clusters based on pseudotime 776 

trajectory analysis. The proportion of cells from each age group in each cluster is 777 

shown in the pie charts. (K) Expression of glucagon-somatostatin (gcg-sst) 778 

double-positive cells along the pseudotime trajectory. Color indicates the expression 779 

level in each cell. Data are presented as mean ± SEM, with significance determined 780 

by one-way ANOVA: **P < 0.01, ****P < 0.0001. 781 

 782 

 783 

Figure 3. Analysis of alpha cell dedifferentiation and proliferation in 784 

non-diabetic NOD mice at different ages. 785 

(A) Representative images of endocrine cells in non-diabetic NOD mice at different 786 

ages, as indicated by the upper labels. The dashed box is magnified in the right panels 787 

of each image. Yellow arrows indicate Ngn3-positive cells. DAPI-stained nuclei 788 

(blue), glucagon-stained alpha cells (green), somatostatin-stained delta cells 789 

(magenta), and Ngn3-positive cells are stained in red. (B) Quantification of 790 

Ngn3-positive area at different ages in NOD mice. The blue solid line indicates the 791 

area of alpha+ Ngn3+ double-positive cells. Sample sizes (mice/islets per group) were 792 

as follows: 5-9 weeks (3/21), 10-14 weeks (3/17), 15-19 weeks (3/16), 20-24 weeks 793 

(3/15), 25-30 weeks (3/14), and >30 weeks (3/15).  The magenta dashed line 794 

indicates the area of alpha+ delta+ double-positive cells. Sample sizes (mice/islets per 795 

group) were as follows: 5-9 weeks (10/105), 10-14 weeks (11/90), 15-19 weeks 796 

(11/78), 20-24 weeks (11/85), 25-30 weeks (11/63), and >30 weeks (12/65). (C) 797 
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Representative images of endocrine cells in non-diabetic NOD mice at different ages, 798 

as indicated by the upper labels. The dashed box is magnified in the right panels of 799 

each image. Yellow arrows indicate Sox9-positive cells. DAPI-stained nuclei (blue), 800 

glucagon-stained alpha cells (green), somatostatin-stained delta cells (magenta), and 801 

Sox9-positive cells are stained in red. (D) Expression levels of several marker genes 802 

in alpha cells from mice of different ages based on single-cell sequencing data 803 

(GSE117770). Scale ranges correspond to gene expression levels as indicated. (E) 804 

Representative images of Ki67-positive alpha and delta cells in non-diabetic NOD 805 

mice at different ages, as indicated by the upper labels. The dashed box is magnified 806 

in the side panels of each image. DAPI-stained nuclei (blue), glucagon-stained alpha 807 

cells (green), somatostatin-stained delta cells (white), and Ki67-positive cells are 808 

stained in red. (F-G) Quantification of Ki67-positive alpha and delta cell area (F) and 809 

proportion (G) at different ages. Sample sizes (mice/islets per group) were as follows: 810 

5-9 weeks (4/44), 10-14 weeks (4/42), 15-19 weeks (4/46), 20-24 weeks (4/41), 25-30 811 

weeks (5/40), and >30 weeks (5/43). Data are presented as mean ± SEM, with 812 

significance determined by one-way ANOVA compared to the 5-9-week age group: 813 

**P < 0.01, ***P < 0.001, ****P < 0.0001.  814 

 815 

 816 

Figure 4. The increased delta cells suppress alpha cell glucagon secretion by 817 

paracrine inhibition. 818 

(A-C) The content of glucagon (A), insulin (B), and somatostatin (C) in islets from 819 

non-diabetic NOD mice at different ages. Data are presented for n = 10 islets from n = 820 

3 mice per age group. (D-F) Secretion of glucagon (D), insulin (E), and somatostatin 821 

(F) with and without DOTA-JR11 after culturing islets from non-diabetic NOD mice 822 
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at different ages for 24 hours in vitro. Data are presented for n = 5 islets from n = 3 823 

mice. The numbers above the bars in panel D indicate the fold changes in glucagon 824 

secretion upon DOTA-JR11 treatment of islets from mice of the same age. (G) Time 825 

course of average Ca²⁺ oscillations in alpha cells in response to a series of 826 

stimulations. The calcium influx response for each alpha cell was normalized to the 827 

initial fluorescence intensity (5.5 mM glucose). Sample sizes (mice/alpha cells per 828 

group) were as follows: 5-9 weeks (3/52), 10-14 weeks (3/47), 15-19 weeks (3/36), 829 

20-24 weeks (3/41), and 25-30 weeks (3/33). (H) Area under the curve (AUC) of 830 

alpha cell responses to different stimuli from mice of different ages. (I) Time to reach 831 

peak intensity of alpha cell responses to different stimuli from mice of different ages. 832 

(J-K) Serial tail-tip blood sampling to monitor blood glucose (J) and plasma glucagon 833 

levels (K) in mice after SSTR2 inhibitor (DOTA-JR11) injection. 18 weeks old 834 

non-diabetic NOD female mice were used, and mice started to fast from 3 hours after 835 

injection. Data represent mean ± SEM. Statistical significance was determined by 836 

one-way ANOVA (A-C), Student's t-test and two-way ANOVA (D-F), and one-way 837 

ANOVA (H-I): *P < 0.05, **P < 0.01, ***P < 0.001, ****P< 0.0001.  838 

 839 
 840 

Figure 5. Alpha to delta cell transdifferentiation was not observed in diabetic 841 

NOD mice. 842 

(A-B) Comparison of islet size (A) and immune cell area (B) in diabetic NOD mice 843 

with non-diabetic mice at different ages. Sample sizes (mice/islets per group) were as 844 

follows: 10-14 weeks (10/60), 15-19 weeks (13/65), 20-24 weeks (14/62), 25-30 845 

weeks (12/62), and >30 weeks (12/63). (C-H) Quantification of beta, alpha, and delta 846 

cell areas and their proportions in diabetic NOD mice, and compared with 847 
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non-diabetic mice  Sample sizes per group was same as A-B. (I) Proportion of the 848 

five types of islets at different ages in diabetic NOD mice, classified based on Fig. 2D. 849 

(J-K) Quantification of alpha+ delta+ double-positive cell areas (J) and ratios (K) in 850 

NOD mice that developed diabetes at different ages, and compared with non-diabetic 851 

mice. Sample sizes (mice/islets per group) were as follows: 10-14 weeks (10/60), 852 

15-19 weeks (13/65), 20-24 weeks (14/62), 25-30 weeks (12/62), and >30 weeks 853 

(12/63). (L) Quantification of Ngn3-positive area in NOD mice that developed 854 

diabetes at different ages, and compared with non-diabetic mice. Sample sizes 855 

(mice/islets per group) were as follows: 10-14 weeks (3/12), 15-19 weeks (3/13), 856 

20-24 weeks (3/13), 25-30 weeks (3/11), and >30 weeks (3/10). (M-N) Quantification 857 

of Ki67-positive alpha and delta cell areas (M) and ratios (N) in NOD mice that 858 

became diabetic at different ages. Sample sizes (mice/islets per group) were as 859 

follows: 10-14 weeks (4/35), 15-19 weeks (4/30), 20-24 weeks (5/35), 25-30 weeks 860 

(4/33), and >30 weeks (5/32). Data are presented as mean ± SEM, with significance 861 

determined by one-way ANOVA compared to the 10-14 week-old group: *P < 0.05, 862 

**P < 0.01, ***P < 0.001, ****P < 0.0001. The data of blue dash line in Fig. 5A-5H 863 

and 5L, and blue bar in 5J-5K were presented in previous figure, here just used for 864 

comparison between non-diabetic group and diabetes group. 865 

 866 

 867 

Figure 6. A working model for dynamic interactions between alpha and delta 868 

cells during autoimmune progression in non-diabetic NOD mice. 869 

Dynamic changes in alpha and delta cell areas in non-diabetic NOD mice across 870 

different age groups. The green line indicates the area of alpha cells, the purple line 871 

indicates the area of delta cells, the red line represents the area of glucagon and 872 
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somatostatin double-positive cells, and the orange line represents the proliferation of 873 

delta cells. Before immune cell infiltration, there are sufficient beta cells 874 

(CD45+/-Ins+Gcg+Sst+/−) in the pancreas to maintain blood glucose homeostasis. As 875 

immune cells infiltrate the pancreas, beta cells are rapidly lost. Based on statistical 876 

results, two main types of islets emerge at this stage: one gradually transforms into 877 

islets primarily composed of alpha cells (CD45+Ins−Gcg+Sst−), while the other type 878 

exhibits a rapid increase in delta cell ratio (CD45+Ins−Gcg+Sst+). As beta cells 879 

continue to decrease, the number of immune cells near the islets also diminishes, and 880 

the proportion of two types of islets (CD45−Ins−Gcg+Sst− and CD45−Ins−Gcg+Sst+) 881 

increases, indicating that these are the final two predominant forms of endocrine cell 882 

composition in the islets. Our data suggest that the increased delta cells are not 883 

primarily derived from self-proliferation but rather from the transdifferentiation of 884 

alpha cells. Some alpha cells first dedifferentiate into endocrine precursor cells 885 

(Ngn3+), and then eventually transdifferentiate into delta cells. Moreover, the 886 

increased delta cells in the pancreas secrete more somatostatin, which inhibits 887 

glucagon secretion by alpha cells and leads to a reduced response to low glucose 888 

stimuli. 889 

 890 
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