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Diabetes reshapes pancreatic cancer-
associated endothelial niche by accelerating
senescence

Yu-Wei Ling1,2, Juan-Li Duan1,2, Zi-Jian Jiang1,2, Zhen Yang 1,2, Jing-Jing Liu1,
Ping Song1, Zhi-Qiang Fang1, Zhen-Sheng Yue1, Fei He1, Ke-Feng Dou 1 &
Lin Wang 1

Approximately half of pancreatic cancer patients present with comorbid dia-
betes. Diabetes is correlated with adverse prognostic outcomes in pancreatic
cancer patients, but the underlying mechanism remains elusive. Here, we
demonstrate that the cancer-associated endothelial niche is reshaped in the
diabetic pancreatic tumor microenvironment and enhances the tumor-
promoting capacity. Senescent endothelial cells expand in the diabetic tumor
microenvironment and produce a potential senescence-associated secretory
phenotype factor, i.e., INHBB. As a member of the TGF-β superfamily, INHBB
promotes tumor progression and is regulated by Notch signaling. Pharmaco-
logical inhibition of INHBB receptors with bimagrumab effectively inhibited
tumor progression in diabetic mice. Moreover, short-term bimagrumab
treatment did not significantly decrease glucose levels in diabetic tumor-
bearing mice. Combination treatment with metformin showed synergistic
antitumor effects. In conclusion, our study identifies INHBB as a promising
therapeutic target for pancreatic cancer with comorbid diabetes, laying the
foundation for the development of individualized therapies for pancreatic
cancer patients.

Pancreatic cancer is considered one of the most lethal malignancies
because of its asymptomatic presentation during early stages and
inherently aggressive tumor biology. The 5-year survival rate
remains poor, predominantly because most patients have advanced,
unresectable disease at initial diagnosis1. Pancreatic cancer is fre-
quently associated withmetabolic comorbidities, including diabetes
mellitus, hyperlipidemia and obesity. Current epidemiological data
indicate that 35–50% of pancreatic cancer patients exhibit con-
comitant diabetes2, and secondary diabetes may develop during
disease progression. Notably, diabetes is also correlated with a poor
prognosis in these patients3–5. These clinical interconnections
necessitate further investigation into the characteristics of the
diabetes-associated pancreatic tumor microenvironment and the
mechanisms through which metabolic dysregulation promotes

tumor progression. These insights may facilitate the development of
individualized therapeutic strategies for pancreatic cancer patients
with diabetes.

Angiogenesis is critical for tumor progression and is a hallmark of
cancer6. Tumor endothelial cells (TECs) are among the major compo-
nents of the malignant niche. Beyond mediating blood vessel forma-
tion to support tumor growth, TECs facilitate tumor progression,
metastasis, and extracellular matrix (ECM) remodeling through the
production of cytokines and growth factors such as IL-1β, IL-6, IL-8,
FGF4, TGF-β, and Notch signaling ligands7,8. TECs also contribute to
cancer-associated fibroblast (CAF) formation, immune cell activation
and infiltration. TECs exhibit functional heterogeneity in response to
environmental stimuli9,10, particularly under antitumor therapy or
metabolic stress conditions11. To date, the cell fate and phenotypic
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plasticity of TECs within the tumor microenvironment remain to be
fully elucidated.

Cellular senescence is a permanent state of cell cycle arrest12 and
was historically considered to act as a barrier to tumorigenesis.
Oncogene-induced senescence (OIS), a well-established mechanism in
the tumormicroenvironment, occurs when oncogenic drivers (such as
HrasG12V, KrasG12V, NrasQ61R in the RAS/MAPK pathway, or PIK3CAH1047R,
AKT1E17K mutations and PTEN loss in the PI3K/AKT pathway) are ecto-
pically expressed, inducing senescence in stromal or neoplastic cells13.
Recent studies have indicated that Notch signaling regulates OIS.
Ectopic expression of the Notch intracellular domain (NICD) activates
Notch signaling, triggering cell-autonomous senescence, termed
Notch-induced senescence (NIS)14. In addition to senescence arresting
transformation in premalignant cells, senescent cells exhibit immu-
nogenicity and can stimulate antitumor immunity15–17. Nevertheless,
emerging evidence suggests that senescent cells within tumors may
accelerate cancer progression18. These cells remain metabolically
active and secrete cytokines and growth factors, collectively termed
the senescence-associated secretory phenotype (SASP)19. Senescent
cancer-associated fibroblasts (CAFs) and macrophages are widely
reported to promote tumor progression, treatment resistance, and
immunosuppression through the activity of inflammatory factors such
as IL-1β, IL-6, IL-8, IL-10, IL-33, HGF, and CCL220–26. Tumor endothelial
cells (TECs) can also undergo senescence in response to chemother-
apeutic agents or ionizing radiation27,28. Similarly, senescent TECs
secrete cytokines that modulate the tumor microenvironment18. Dia-
betes is reported to be associatedwith endothelial cell senescence29–33.
However, the properties of diabetic TECs and the functional role of
senescent TECs in tumors remain poorly characterized.

In this study, we demonstrate that diabetes reshapes the cancer-
associated endothelial niche. Tumor endothelial cells undergo senes-
cence and secrete INHBB as a SASP factor that promotes pancreatic
cancer progression. Targeting the INHBB receptor activin receptor
type II (ActRII) with bimagrumab, a monoclonal antibody previously
evaluated for obesity treatment that acts by regulating skeletal muscle
growth and fat consumption, significantly attenuated tumor progres-
sion in diabetic mice. Collectively, our findings provide a potential
therapeutic rationale for targeted therapies in pancreatic cancer
patients with concomitant diabetes.

Results
Diabetes is associated with pancreatic cancer progression and
poor prognosis
First, we analyzed pancreatic cancer patient cohorts from the publicly
available MSK-IMPACT database and our institution’s clinicopathological
data (XijingHospital cohort). In theMSK-IMPACT cohort, records of 2336
PDACpatientswere collected; 2270 hadoverall survival records, and 1418
had records of whether they have diabetes or not. After 918 metastatic
and 114 locally advanced PDACpatientswere excluded, 386patientswere
included (273 without diabetes and 113 with diabetes). KRAS mutations
were present in 94.8% of the tumors (Supplementary Table 1). Following
normality testing for continuous variables (Supplementary Fig. 1a),
baseline characteristics were compared between groups. The proportion
of patients with hypertension and coronary artery disease was greater in
the diabetes group, whereas other characteristics were not significantly
different (Supplementary Table 1). Multivariate Cox regression analysis
revealed diabetes andmutation count as independent predictors of poor
overall survival in patients with primary PDAC (Table 1). Kaplan‒Meier
analysis confirmed that patients with diabetes had worse overall survival
than those without diabetes (Fig. 1a).

In the Xijing Hospital cohort, we included 339 PDAC patients who
underwent surgery. We excluded 21 patients with locally advanced
tumors identified intraoperatively and 35 patients whose follow-up
records were missing. Additionally, 12 patients lacking fasting blood
glucose records and 3 patients without documentation about diabetes

history were excluded, yielding 268 patients for analysis. Following
normality testing for continuous variables (Supplementary Fig. 1b),
patients in the diabetes group exhibited higher fasting blood glucose
levels, elevated CA199 and CEA levels, and a greater proportion of T3-
stage tumors (Supplementary Table 2). Multivariate Cox regression
revealed that diabetes, higher CA199 levels, larger tumor size, and
more metastatic lymph nodes were independent predictors of worse
overall survival in PDAC patients (Table 2). Kaplan‒Meier analysis
confirmedworse overall survival in patientswithdiabetes than in those
without diabetes (Fig. 1b). Furthermore, a preoperative glucose con-
centration ≥6.1mmol/L significantly worsened 2-year overall survival
but did not significantly affect overall survival across the entire follow-
up period (Supplementary Fig. 1c, d). These findings suggest that
systemic metabolic and pathological abnormalities in patients with
diabetes, rather than hyperglycemia alone, are key contributors to
poor PDAC outcomes.

Diabetes promotes pancreatic cancer progression in
mouse models
The role of diabetes in pancreatic cancer progression was further
verified using mouse models. First, we constructed 4 mouse models
representing different stages of diabetes (Fig. 1c). Intraperitoneal
glucose tolerance tests (IPGTTs) revealed impaired glucose tolerance
in the 16-week high-fat diet (HFD) and HFD+streptozotocin (STZ)
groups (Fig. 1d, e). However, 16 weeks of HFD consumption resulted in
increased body weight but only mild fasting blood glucose elevation,
fluctuating around the diagnostic threshold for murine diabetes,
which is consistent with prediabetes and early-stage diabetes
(Fig. 1d–g). HFD + STZ mice exhibited significantly elevated blood
glucose levels and abnormal glucose tolerance (Fig. 1d–g). Next,
orthotopic pancreatic cancer progression was monitored across
models. Insulin glargine was administered to HFD + STZ mice to
eliminate the effects of STZ on tumors and successfully stabilized
blood glucose (Fig. 1h). Accelerated tumor growth occurred in the 16-
week HFD and HFD + STZ groups, with tumors displaying irregular,
multifocal morphology in the HFD+ STZ group. Insulin treatment
suppressed tumor growth in HFD + STZ mice (Fig. 1i–k). Similarly, in
the Pan02 graft model, compared with chow-fed control mice, tumor-
bearing HFD + STZ mice showed a greater tumor burden and higher
mortality rate (Supplementary Fig. 1e–h). Collectively, these results
demonstrate that diabetes promotes pancreatic tumor progression
and worsens prognosis.

Diabetes reshapes the tumor endothelial niche
We conducted bulk RNA-seq analysis on Pan02 tumor tissues from the
HFD+ STZ and chow groups. PCA revealed distinct intergroup differ-
ences (Supplementary Fig. 2a). Differentially expressed genes (DEGs)
were identified (Supplementary Fig. 2b, Supplementary Data 1), and
pathway enrichment analysis revealed significant alterations in extra-
cellular matrix organization and immune pathways (Supplementary
Fig. 2c). We also analyzed bulk RNA-seq data from the GEO database
(GSE266899) forKPC tumors in control (low-fat rodent chow, LFD) and
diabetic (HFD) mice (Supplementary Fig. 2d, e). Pathway enrichment
analysis revealed DEGs associated with extracellular matrix organiza-
tion (Supplementary Fig. 2f, Supplementary Data 2). The cancer-
associated endothelial niche critically influences tumor progression.
RNA-seq revealed that tumor endothelial disorganization-related
genes34 were enriched in the diabetic microenvironment (Fig. 2a, b,
Supplementary Fig. 2g, h), suggesting that the tumor endothelial niche
was disrupted by metabolic dysregulation. Immunofluorescence
staining (Fig. 2c, d) and flow cytometry (Fig. 2e, f, Supplementary
Fig. 2i) confirmed the increased vascular density in diabetic tumors. To
assess the effects of diabetes-exposed TECs on tumor progression, we
performed in vivo and in vitro coculture assays (Fig. 2g). Coinjection of
TECs and KPC cells into chow-fed C57BL/6J mice did not alter fasting
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blood glucose levels (Fig. 2h). TECs from tumors in HFD + STZ mice
accelerated in vivo tumor progression (Fig. 2i–k) and increased Ki-67
expression comparedwith TECs from tumors in chow-fedmice (Fig. 2l,
m). Conditioned medium (CM) from HFD+ STZ TECs moderately
increased proliferation but significantly promoted KPC cell migration
(Fig. 2n–p). The Pan02 models yielded similar results (Supplementary
Fig. 2j–r). These findings prompted further investigation into diabetic
TEC heterogeneity.

Diabetic TEC clusters exhibit a senescent phenotype
Diabetes is a major inducible factor for cellular senescence, as hyper-
glycemia and abnormal lipid deposition promote oxidative stress,
which triggers senescence. Although the pancreatic cancer micro-
environment is not typically considered lipid-rich35, we observed
abnormal lipid deposition in HFD + STZ tumors (Fig. 3a), suggesting its
potential role in senescence induction. We analyzed scRNA-seq data
from PDAC patients in the GSA database (CRA001160; 14 patients
without diabetes and 10 patients with diabetes). After data integration
and doublet removal, major cell types were annotated according to a
previously described method36. Ductal cell type 2 represented malig-
nant cells (Supplementary Fig. 3a, b). The distribution of cells among
individual patients is shown in Supplementary Fig. 3c. Endothelial cells
were isolated and clustered into 7 subpopulations under unsupervised
clustering (C1–C7; Fig. 3b). Cluster-specific markers are listed in Sup-
plementary Data 3. Violin plots revealed positive CD45 expression in
cluster C7 (indicating immune cell contamination), whereas PROX1 (a
lymphatic marker) was absent in clusters C1–C6 (Fig. 3c). DEGs
between control and diabetic endothelial cells were identified (Sup-
plementary Data 4). Based on established endothelial markers37, we

classified C1–C3 as capillary (C1: 2173; C2: 722; C3: 692 cells), C4–C5 as
venous (C4: 461; C5: 376 cells), and C6 as arterial (66 cells) (Fig. 3d).
Cluster C3 exhibited the highest endothelial senescence score, with
lowproliferation/apoptosis scores and elevated fatty acidmetabolism/
oxidation scores (Fig. 3d). Thus, C1–C6 were defined as distinct
endothelial subsets, with C3 identified as senescent capillary cells that
expanded in diabetic microenvironments (Fig. 3e). CellChat analysis
demonstrated strong interactions between senescent capillary cells
and malignant ductal cells in the diabetic pancreatic cancer micro-
environment (Supplementary Fig. 3d), with potential ligand‒receptor
interactions shown in Supplementary Fig. 3e. These findings suggest
that senescent endothelial cells regulate cancer cell phenotypes.

We further verified these findings in mouse tumor models. GSEA
revealed enrichment of the pancancer endothelial cell senescence
signature in Pan02 and KPC tumors from diabetic models (Supple-
mentary Fig. 3f, g). scRNA-seq analysis was performed on mouse
tumors, with major cell types identified using specific markers (Fig. 3f,
g). TECs composed only a minor fraction of the total cells (265 endo-
thelial cells: 52 cells in the chow group, 213 cells in the HFD + STZ
group), which was insufficient for further clustering. Nevertheless,
endothelial cells from diabetic tumors exhibited elevated senescence
levels (Fig. 3h). TECs in diabetic tumor microenvironments presented
increased lipid metabolism-related molecule expression and
decreased proliferation marker expression (Fig. 3i). The senescence
signaturewas also enriched in diabetic TECs (Fig. 3j). Cell cycle analysis
revealed fewer TECs in the G2M phase in diabetic models (Fig. 3k).
Immunofluorescence staining confirmed increased P16+CD31+ cells in
HFD+ STZ tumors (Fig. 3l,m). Flow cytometrydemonstrated a twofold
increase in senescent endothelial cells (CD45−CD31+SA-β-Gal+) in

Table 1 | Cox regression for overall survival in primary pancreatic cancer patients from the MSK-IMPACT cohort

Variables Univariate Cox regression Multivariate Cox regression

Hazard ratio (95% CI) P-value Hazard ratio
(95% CI)

P-value

Age (years) 1.005 (0.993−1.018) 0.388

Sex Female 1.000 0.443

Male 1.107 (0.854−1.435)

Diabetes Without 1.000 0.021 1.000 0.041

With 1.376 (1.049−1.805) 1.328 (1.011–1.743)

Autoimmune disease Without 1.000 0.957

With 0.985 (0.573−1.693)

Coronary artery
disease

Without 1.000 0.055

With 1.424 (0.993−2.042)

Hypertension Without 1.000 0.972

With 1.005 (0.775−1.302)

Pancreatitis Without 1.000 0.960

With 1.010 (0.671−1.521)

Cancer history False 1.000 0.397

True 0.887 (0.672−1.171)

Smoking False 1.000 0.266

True 1.160 (0.893−1.505)

Tumor location Head 1.000 0.855

Body/tail 1.027 (0.768−1.373)

Neoadjuvant therapy False 1.000 0.092

True 1.570 (0.929−2.652)

Mutation count 1.080 (1.032−1.130) 0.001 1.076 (1.027−1.129) 0.002

Mutation KRAS 1.000

MAPK 0.772 (0.343−1.738) 0.532

Wild type 0.701 (0.289−1.703) 0.433

Tumor purity 1.568 (0.551–4.465) 0.400
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HFD+ STZ tumors (Fig. 3n, o, Supplementary Fig. 2i). Finally, the
senescencemarkers Trp53 (p53), Cdkn1a (p21), and Cdkn2a (p16) were
upregulated in primary TECs isolated from HFD+ STZ tumors (Fig. 3p,
Supplementary Fig. 3 h). These results demonstrate that diabetes
promotes TEC senescence in tumor microenvironments.

Senescent endothelial cells facilitate tumor progression
To determine whether senescent endothelial cells promote tumor
progression, we first induced senescence in HUVECs using hydrogen

peroxide (HO, 300μM) and high glucose (HG, 25mmol/L) + palmitic
acid (PA, 300 μmol/L). Senescencewas confirmed by SA-β-Gal staining
and elevated senescence/SASP marker expression (Supplementary
Fig. 4a–f). Consistently, coculture with senescent HUVECs moderately
increased proliferation but significantly increased PANC-1 cell migra-
tion (Fig. 4a–f). These results indicate that senescent endothelial cells
promote tumor progression via angiocrine mechanisms. We next
eliminated senescent cells using ABT-263 (100mg/kg, oral gavage,
once daily for 7 days) in diabetic tumor-bearing mice (Fig. 4g,

Fig. 1 | Diabetes accelerates pancreatic cancer progression and is associated
with a poor prognosis. a Kaplan‒Meier survival curves depicting the overall sur-
vival of patients with primary resectable pancreatic ductal adenocarcinoma in the
MSK-IMPACT cohort (n = 386 patients; n = 273 without diabetes, n = 113 with dia-
betes). b Kaplan‒Meier survival curves depicting the overall survival of patients
with primary resectable pancreatic ductal adenocarcinoma in the Xijing Hospital
cohort (n = 268 patients; n = 183 without diabetes, n = 85 with diabetes).
c Schematic representation of tumor-bearing models in C57BL/6J mice (by fig-
draw.com). d Blood glucose change curves during the IPGTT (n = 4 mice per
group). eBar graphs showing the area under the curve for the IPGTT (n = 4mice per
group). f Bar graphs showing body weights in different mouse models (n = 8 mice

per group). g Bar graphs showing fasting blood glucose levels in different mouse
models (n = 8 mice per group). h Bar graphs comparing prefasting blood glucose
levels between HFD+ STZ mice and insulin-treated mice (n = 4 mice per group).
iRepresentative images of orthotopic pancreatic tumors in the normal diet (chow),
4-week HFD, 16-week HFD, HFD+ STZ and HFD + STZ + Insulin groups (n = 4 mice
per group). j Bar graphs showing tumor volumes in different mouse models (n = 4
mice per group). k Bar graphs showing tumor weights in different mouse models
(n = 4 mice per group). IPGTT intraperitoneal glucose tolerance test. The bars
represent the means ± SDs. P-values were determined by the log-rank test (a, b),
one-way ANOVA (e–g, j, k) and two-tailed unpaired t-test (h). Source data are
provided as a Source Data file.
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Supplementary Fig. 4g). ABT-263 significantly reduced the tumor
burden without affecting blood glucose levels in the KPC and Pan02
models (Fig. 4h–k, Supplementary Fig. 4h–k). Additionally, SA-β-Gal⁺
cells were effectively eliminated after ABT-263 treatment (Supple-
mentary Fig. 4l, m). P16⁺CD31⁺ cells were increased in HFD + STZ KPC
tumors and decreased by 61.3% after ABT263 treatment (Fig. 4l, m).
Senescent endothelial cells were also decreased in Pan02 graft models
(Supplementary Fig. 4n, o). However, specific senescent endothelial
cell targeting remains challenging. Senolytics systemically deplete
senescent cells, potentially eliminating beneficial populations involved
in wound healing, vascularization, tissue regeneration, and insulin
secretion38–40, and may cause thrombocytopenia and neutropenia41.
We therefore sought to identify specific SASP factors secreted by
senescent TECs.

Notch signaling is activated in senescent TEC clusters
Notch signaling is a critical pathway that regulates endothelial cell fate.
Our previous work demonstrated that Notch signaling regulates
senescence in liver sinusoidal endothelial cells42. scRNA-seq data
revealed the enrichment of multiple Notch signaling pathways in
senescent capillary endothelial clusters (Fig. 5a). The expression of the
Notch target genes HES1 and HEY1 was upregulated in TECs from
diabetic microenvironments and different senescent endothelial
models (Fig. 5b–e, Supplementary Fig. 3h). Reportedly, ectopic NICD
overexpression activates Notch signaling and induces HUVEC
senescence43. Analysis of RNA-seqdata fromendothelial-specificNICD-
overexpressing TECs (GEO: GSE111127) revealed the upregulated
expression of senescencemarkers and decreased expression of Mki67
in Notch-activated TECs (Fig. 5f). We inhibited Notch signaling in
proliferating and senescent HUVECs using the γ-secretase inhibitor
DAPT (10μM). qPCR confirmed that DAPT effectively blocked Notch

signaling in both states. Notch inhibition reduced p21 expression but
did not affect p16 expression (Fig. 5g). SA-β-Gal staining revealed
decreased proportions of senescent cells (Fig. 5h, Supplementary
Fig. 5a), indicating partial suppression of endothelial senescence by
Notch inhibition. Critically, DAPT treatment significantly attenuated
the protumoral paracrine effects of senescent HUVECs on tumor
migration and proliferation (Fig. 5i, j, Supplementary Fig. 5b). Thus,
Notch activation promotes endothelial senescence and specifically
facilitates protumoral SASP production.

INHBB is a SASP factor secreted by senescent endothelial cells
To identify effector molecules produced by senescent TECs, we per-
formed an intersection analysis between senescent capillary endo-
thelial cluster markers (115 genes), upregulated genes in diabetic TECs
(2397 genes), upregulated genes in diabetic tumors (849 genes) and a
secretory factor gene set (343 genes). INHBB was upregulated across
all the gene sets (Fig. 6a). INHBB (inhibin subunit βB), amember of the
TGF-β superfamily, exhibited endothelial-specific expression (Fig. 6b).
INHBB expression was positively correlated with endothelial senes-
cence scores in human andmouse TECs (Fig. 6c) and was upregulated
in TECs from diabetic microenvironments and different senescent
HUVEC models (Fig. 6d, e, Supplementary Fig. 3h). Inhbb and its
homodimer Activin B were elevated in diabetic tumors (Fig. 6f–h).
INHBB⁺ endothelial cell populations were expanded in HFD + STZ KPC
tumors and were reduced by ABT-263 treatment (Fig. 6i, j). The Pan02
models showed similar changes (Supplementary Fig. 5c–f). These
results indicate that INHBB is a potential SASP factor secreted by
senescent endothelial cells.

We sought to clarify whether INHBB contributes to tumor pro-
gression. Analysis of data from the GEPIA2 database revealed higher
INHBB expression in PDAC tissues than in normal pancreatic tissues

Table 2 | Cox regression for overall survival in primary pancreatic cancer patients from the Xijing Hospital cohort

Variables Univariate Cox regression Multivariate Cox regression

Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

Age (years) 1.009 (0.989−1.030) 0.363

BMI 0.946 (0.888−1.007) 0.083

Sex Female 1.000 0.288

Male 0.823 (0.575−1.179)

Diabetes Without 1.000 0.006 1.000 0.035

With 1.649 (1.156−2.354) 1.496 (1.030−2.173)

Pancreatitis Without 1.000 0.488

With 1.311 (0.609−2.820)

Smoking False 1.000 0.120

True 1.346 (0.926−1.957)

ALT (U/L) 1.0007 (0.9994−1.0020) 0.261

GGT (U/L) 1.0001 (0.9997−1.0004) 0.782

CA199 (U/mL) 1.0001 (1.0000−1.0001) 0.005 1.0001 (1.0000−1.0001) 0.009

CEA (ng/mL) 1.0012 (1.0003−1.0021) 0.012 1.0007 (0.9997−1.0017) 0.149

Vessel invasion False 1.000 0.485

True 1.169 (0.754−1.813)

Nerve infiltration False 1.000 0.317

True 1.205 (0.836−1.735)

Fat tissue invasion False 1.000 0.805

True 1.054 (0.695−1.599)

Tumor maximum diameter (cm) 1.124 (1.010−1.252) 0.033 1.133 (1.012–1.268) 0.031

T stage T1 1.000

T2 1.289 (0.773−2.152) 0.331

T3 1.701 (0.937–3.090) 0.081

Number of metastatic lymph nodes 1.091 (1.020−1.167) 0.011 1.096 (1.024−1.172) 0.008
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Fig. 2 | Tumor endothelial cells in the diabetic tumor microenvironment pro-
mote theprogressionofpancreatic cancer. aHeatmapshowing the expressionof
tumor endothelial disorganization signature genes in tumor samples collected
from chow andHFD+ STZmice basedonbulk RNA-seq data (n = 3mice per group).
b Bar graph showing the GSVA scores for the tumor endothelial disorganization
signature in chowandHFD+ STZ tumors (n = 3miceper group). c,dRepresentative
images (c) and quantification (d) of immunofluorescence staining for CD31 (red) in
chow and HFD+ STZ tumor tissues (n = 4 mice per group). e Proportion of
CD45−CD31+ cells in tumors quantified using flow cytometry. f Bar graph showing
the percentage of CD45−CD31+ tumor endothelial cells in chow and HFD+ STZ
tumor tissues (n = 6mice per group). g Schematic representation of primary tumor
endothelial cell isolation and in vitro/in vivo coculture experiments (by fig-
draw.com). h Bar graph showing fasting blood glucose levels in chow-TEC/HFD +
STZ-TEC and KPC coinjected tumor tissues (n = 6 mice per group). i Orthotopic
pancreatic tumor samples from chow-TEC/HFD + STZ-TEC and KPC coinjected

tumor tissues (n = 6 mice per group). j Bar graph showing tumor volumes in the
chow-TEC/HFD+ STZ-TEC and KPC coinjected groups (n = 6mice per group). k Bar
graph showing tumorweights in the chow-TEC/HFD+ STZ-TEC and KPC coinjected
groups (n = 6micepergroup). l,mRepresentative images (l) andquantification (m)
of H&E and immunohistochemical staining for Ki-67 (brown) in chow-TEC/HFD+
STZ-TEC and KPC coinjected tumor tissues (n = 6 mice per group). n Line graph
showing OD values from CCK-8 proliferation assays for KPC cells cocultured with
TECs isolated from chow or HFD + STZ tumor-bearing mice (n = 3 biologically
independent samples per group).o,pRepresentative images (o) andquantification
(p) of migrated KPC cells cocultured with TECs isolated from chow or HFD + STZ
tumor-bearing mice in Transwell migration assays (n = 3 biologically independent
samples per group). OD optical density, H&E hematoxylin & eosin, TEC tumor
endothelial cell. The bars represent the means ± SDs. P-values were determined by
the two-tailed unpaired t-test (b, d, f, h, j, k,m, p) and two-way ANOVA (n). Source
data are provided as a Source Data file.
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(Fig. 6k). High tumoral INHBB expression correlated with poor overall
survival and disease-free survival in PDAC patients (Kaplan‒Meier
plotter database; Fig. 6l). The activin pathway was enriched in diabetic
tumor microenvironments (Fig. 6m). These findings suggest that
INHBB may regulate the tumor microenvironment. Recombinant
Activin B moderately increased proliferation but significantly
increased themigratory capacity of pancreatic cancer cells (Fig. 6n–p).
Phosphorylated Smad2 levels increased after Activin B stimulation

(Fig. 6q). Collectively, our results indicate that endothelium-derived
INHBB promotes pancreatic cancer progression.

Notch signaling regulates INHBB expression
Since Notch signaling was enriched in the senescent endothelial cell
cluster, we investigated whether Notch signaling modulates the
expression of INHBB. We found that the expression of INHBB was
positively correlated with the Notch signaling score based on scRNA-
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seq data (Fig. 7a). INHBB was identified as one of the top upregulated
genes in DLL4 (a Notch ligand)-stimulated endothelial cells44. Pub-
lished data also revealed that INHBB expression was upregulated in
NICD (Notch intracellular domain) knock-in TECs (GSE111127), DLL4-
stimulated HUVECs (GSE163568), and Jagged-1 (a Notch ligand)-over-
expressing HUVECs (GSE40403) (Fig. 7b). We also found that incuba-
tion with DLL4-Fc to activate Notch signaling in HUVECs upregulated
INHBB expression (Fig. 7c). Consistent with these findings, we
observed that INHBB expression was downregulated in senescent
HUVECs following the blockade of Notch signaling (Fig. 7d–f).

We then generated RBPJECKO genetically modified mice to spe-
cifically disrupt RBPJ-mediated Notch signaling in endothelial cells.
As shown in Fig. 7g–i, disruption of Notch/RBPJ in endothelial cells
inhibited pancreatic tumor growth. Moreover, in a rescue experi-
ment, Pan02 cells coinjected with recombinant Activin B into
RBPJECKO mice restored tumor growth. Furthermore, endothelial
Notch deficiency resulted in a decrease in the number of senescent
cells (Fig. 7j, k) and INHBB expression (Fig. 7l, m) in the tumor
microenvironment. These data collectively indicate that endothelial
Notch signaling regulates INHBB expression and pancreatic cancer
progression.

Bimagrumab inhibits diabetic pancreatic cancer progression
Because targeting endothelial Notch signaling or specifically elim-
inating senescent TECs is difficult to achieve for translational therapy
in vivo, we aimed to discover agents targeting the SASP factor INHBB.
According to the results of the CellChat analysis, the INHBB-ActRII
pathwaymediated the interaction between senescent TECs and cancer
cells (Supplementary Fig. 3e). Bimagrumab, which blocks both the
INHBB receptors ActRIIA and ActRIIB, was tested in a phase II rando-
mized clinical trial in adults with type 2 diabetes and obesity for
improving body composition and insulin sensitivity45. However, there
is no evidence supporting bimagrumab for the effective treatment of
solid tumors except against cachexia. We observed the antitumor
effect of bimagrumab in KPC and Pan02 pancreatic cancer models
(Fig. 8a, Supplementary Fig. 6a). Similarly, we found that bimagrumab
increased the body weight of tumor-bearing mice, which is consistent
with its reported effect against cachexia (Fig. 8b, Supplementary
Fig. 6b). No antitumor effects were observed in tumor-bearing mice
fed a normal diet (Fig. 8c–e, Supplementary Fig. 6c, d). Surprisingly,
two doses of bimagrumab (20mg/kg, subcutaneous injection, once
weekly) diminished the tumor burden in diabetic mice (Fig. 8c–e,
Supplementary Fig. 6c, d)without significantly reducing bloodglucose
levels (Fig. 8f, Supplementary Fig. 6e). These findings suggest that the
therapeutic effect of bimagrumab does not depend on improving
hyperglycemia. We also found that the weight of the bilateral tibialis
anterior muscles increased after bimagrumab administration (Fig. 8g,
h). As INHBB leads to the upregulation of phosphorylated Smad2 in
cancer cells, we found that phosphorylated Smad2 was upregulated in

diabetic tumors and that bimagrumab treatment inhibited Smad2
phosphorylation in diabetic mice (Supplementary Fig. 6f–i). Because
Smad activation is associated with tumor fibrosis, picrosirius red and
α-SMA staining both indicated that tumor fibrosis in diabeticmicewas
significantly alleviated after bimagrumab administration (Fig. 8i–l).
Furthermore, combination treatment with metformin inhibited the
progression of hyperglycemia during the tumor-bearing period and
exerted a synergistic antitumor effect with bimagrumab (Fig. 8c–f,
Supplementary Fig. 6c–e). Thus, our results suggest a promising
therapeutic strategy for pancreatic cancer patients with concomitant
diabetes.

Discussion
It is well known that diabetes promotes premature cellular senescence
in multiple organs and tissues, including pancreatic islets, adipose
tissue, and the cardiovascular system29–33. However, evidence linking
diabetes to senescence induction within the tumormicroenvironment
remains limited. In this study, we demonstrate that diabetes reshapes
the tumor endothelial niche by accelerating endothelial cell senes-
cence. A reported transcriptomic pancancer signature based on tumor
endothelial senescence has been shown to predict prognosis and
immunotherapy response46. Senescent endothelial cells exhibit dis-
rupted cell‒cell contacts, facilitating cancer cell transendothelial
migration. Furthermore, multiple SASP factors contribute to tumor
progression and the formation of “chemoresistant” or “premetastatic”
niches28,47–50. Thus, senescent endothelial cells significantly influence
tumor growth and metastasis. In addition to diabetes, other TEC
senescence inducers include chemotherapeutic agents (e.g., doxor-
ubicin), the VEGFR inhibitor sunitinib, reactive oxygen species, and
ionizing radiation28,47–50. Consequently, our findings may offer ther-
apeutic strategies for PDAC patients with diabetes and warrant further
investigation into strategies targeting senescence to increase the effi-
cacy of antitumor therapy. Given that senescent TECs are expected to
present cell cycle arrest, a contradiction arises regarding increased
numbers of senescent TECs in highly angiogenic microenvironments.
It has been proposed that cell proliferation drives cumulative epige-
netic aging and senescence onset51. We speculate that angiogenesis
and TEC senescence occur concurrently in diabetic tumor micro-
environments. Additionally, endothelial cells act as primary respon-
ders to metabolic dysregulation in tumors. Diabetes enhances fatty
acid metabolism and oxidation in TECs, potentially inducing oxidative
stress, which we identified as contributing to TEC senescence. An
important consideration is that current senolytic approaches achieve
only systemic senescence clearance. Studies have demonstrated that
eliminating senescent tumor cells, CAFs, macrophages, and endothe-
lial cells induces tumor regression22–25,52–56. However, these studies
neither isolated the effects of specific senescent cell types nor clarified
the contribution of systemic senolysis to tumor regression, as targeted
elimination remains technically challenging. Future development of

Fig. 3 | Diabetes reshapes the cancer-associated endothelial niche by accel-
erating senescence. a Representative images of oil red O staining (red) of pan-
creatic tumor tissues from chow-fed and HFD+ STZ mice. b t-SNE plot showing
unsupervised clustering of endothelial cells based on scRNA-seq data in the GSA
database (CRA001160). c Violin plots showing the expression of CDH5, CD34,
PROX1, and PTPRC in different endothelial cell clusters. dHeatmap showing scores
for arterial, venous, capillary, endothelial senescence, proliferation, apoptosis, fatty
acid metabolism and oxidation terms in different endothelial cell clusters. e t-SNE
plot showing endothelial clusters in PDAC patient samples. f t-SNE plot showing
major cell types in pancreatic tumors from chow and HFD+ STZ mice. g Heatmap
showing specific markers of major cell types. h Heatmap showing Cdkn1a, Cdkn2a
expression and senescence scores for major cell types. P-values in blue indicate
downregulation, those in red indicate upregulation, and ‘N’ indicates cell numbers.
i Heatmap showing the expression of Fabp5, Cd36, Cdkn1a, Cdkn2a, Mki67, and
Top2a in TECs fromchowandHFD+ STZmice. jRidge plot showing the endothelial

senescence scores of TECs from chow and HFD+ STZ mice. k Cell cycle analysis of
TECs from chow and HFD+ STZ tumors. l, m Representative images (l) and quan-
tification (m) of immunofluorescence staining for P16 (red) and CD31 (green) in
chow and HFD+ STZ tumors. n, o Representative images (n) and quantification (o)
of proportion of CD45−CD31+SA-β-Gal+ cells in tumors quantified by flow cytometry
(n = 6 mice per group). p Bar graphs showing the mRNA expression of Trp53,
Cdkn1a, and Cdkn2a in TECs isolated from KPC tumors from chow and HFD+ STZ
mice. t-SNE t-distributed stochastic neighbor embedding, TEC tumor endothelial
cell, EC endothelial cell, EMT epithelial‒mesenchymal transition, Mono/Mac
monocytes/macrophages. The bars represent the means ± SDs. b–e n = 14 patients
in the control group and n = 10 patients in the diabetic group. f–k n = 2 mice in the
chow group and n = 4mice in the HFD + STZ group. a, l,m, p, n = 4mice per group.
P-values were determined by theMann‒Whitney test (h) and two-tailed unpaired t-
test (m, o, p). Source data are provided as a Source Data file.
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cell type-specific senolytics could help elucidate the role of discrete
senescent populations in tumor progression more effectively.

Our previous study demonstrated that Notch signaling reg-
ulates liver sinusoidal endothelial cell senescence and plays a crucial
role in liver regeneration42. Accordingly, we observed enrichment of
the Notch signaling pathway in senescent TEC clusters and its acti-
vation across multiple senescent endothelial cell models. Notch
activation in endothelial cells also induced senescence43.

Collectively, these findings establish a correlation between Notch
signaling and endothelial cell senescence. Our data further indicate
that Notch signaling regulates the protumoral effects of senescent
TECs. Notably, Notch signaling also has important regulatory
functions in normal physiological processes57. Therefore, screening
for downstream SASP factors regulated by Notch signaling could
identify therapeutic targets for diabetes-associated pancreatic
cancer.
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Based on the results of the bioinformatic analysis, we identified
INHBB as a potential SASP factor that is specifically expressed in
senescent TECs. Recent studies have indicated that INHBB participates
in tumorigenesis in breast, gastric, hepatocellular, and prostate
carcinomas58. Beyond primary solid tumors, INHBB is upregulated in
endothelial cells within premetastatic niches, facilitating metastasis59.
Through cell‒cell crosstalk network analysis, we found that bima-
grumab, a recombinantmonoclonal antibody, can target activin type II
receptors to mediate INHBB downstream signaling. Bimagrumab has
demonstrated safety and efficacy in treating excess adiposity and
metabolic disturbances in adults with obesity and type 2 diabetes in
clinical trials45,60. Patients receiving bimagrumab exhibited increased
lean mass, decreased body fat, and significantly improved glycemic
control. Additionally, in cancer therapy, bimagrumab effectively
counteracted cachexia in non-small cell lung and pancreatic cancer
models61. However, it did not affect primary tumor progression in
colon cancer models62. Similarly, in our tumor-bearing models, bima-
grumab lacked therapeutic efficacy in nondiabetic mice but sig-
nificantly suppressed tumor growth in diabetic mice. Short-term
bimagrumab monotherapy did not significantly reduce fasting blood
glucose levels in diabetic tumor-bearing mice. Their limited survival
time restricted the observation of the long-term effects of bima-
grumab treatment, yet combination therapy with metformin resulted
in synergistic antitumor activity and attenuated hyperglycemia pro-
gression. These results suggest the need for further investigation of
long-term outcomes in genetically engineered PDAC models. Another
question is why bimagrumab lacks antitumor effects in nondiabetic
mice. As INHBB is an endothelium-specific factor with low expression
in nondiabetic tumors, the observed effects of bimagrumab in such
models are confined to cachexia62,63. These findings further sub-
stantiate INHBB as a metabolic disorder-responsive factor in diabetes.
In particular, pancreatic cancer is closely associated with metabolic
dysregulation. Our findings highlight the potential of bimagrumab as a
precise pharmacologic intervention for pancreatic cancer patients
with concomitant diabetes. Consequently, we will further perform
scRNA-seq to identify which cell populations (including TECs) are
altered by bimagrumab in diabetic models. Clinical studies are war-
ranted to evaluate its translational value in diabetic pancreatic cancer
patients.

This study has several limitations. First, whether diabetes affects
tumorigenesis, including early pancreatic intraepithelial neoplasia
(PanIN) lesions, was not investigated and requires elucidation using
genetically engineeredmousemodels (GEMMs). Second, the effects of
long-term bimagrumab treatment on diabetic pancreatic tumor
regression and metabolic improvement remain uncharacterized.
Third, while senescent endothelial cells only slightly promoted pan-
creatic cancer cell proliferation in vitro, they significantly accelerated
tumor progression in vivo.Wepropose that in vivomalignant behavior
involves multifactorial influences that cannot be fully extrapolated
from in vitro results. Enhanced migratory capacity may also drive

tumor growth through increased invasion potential. Additionally, as
INHBB belongs to the TGF-β superfamily, it may induce epithelial-to-
mesenchymal transition, angiogenesis, fibrosis, and cancer-associated
fibroblast (CAF) activation to promote tumor progression59,64. These
mechanisms warrant further investigation. Finally, elimination of sys-
temic senescent cells may impair normal physiological processes40,
representing a major therapeutic constraint that limits clinical trans-
lation. Therefore, we targeted a specific SASP factor in senescent
tumor endothelial cells for translational research, indirectly support-
ing our findings. As noted previously, developing future methods for
specific senescent cell elimination would better elucidate the role of
senescent TECs in tumor progression.

Methods
Patients
To investigate whether a history of diabetes is associated with the
prognosis of primary pancreatic ductal adenocarcinoma, we retro-
spectively analyzed the clinicopathological and follow-up data of
patients with resectable primary pancreatic cancer treated from 2015
to 2020 at the Department of Hepatobiliary Surgery, Xijing Hospital
(Xi’an, China). The inclusion criteria were as follows: ① pathologically
confirmed pancreatic ductal adenocarcinoma following surgical
resection;② absence of distantmetastasis;③ primary tumors deemed
resectable through pre- and intraoperative evaluation; ④ docu-
mented records pertaining to diabetes history; and ⑤ complete
pathological records. The exclusion criteria were as follows: ①

metastatic disease at diagnosis (e.g., liver metastasis);② unresectable
tumors due to poor physiological status or vascular invasion pre-
cluding resection or reconstruction (e.g., celiac trunk, superior
mesenteric artery or portal vein involvement); ③ missing diabetes
history records; ④ absence of pathological documentation; and ⑤

lack of postoperative follow-up. Informed consent was obtained
from all participants and included a statement on the clin-
icopathological data for scientific research, with no financial com-
pensation provided. Sex was determined through self-reports. Ethics
approval was granted by the Medical Ethics Committee of Xijing
Hospital (approval number: KY20243015-1; 5 March 2024).

Publicly available clinical and survival data for PDACpatients were
collected from the cBioPortal database (http://www.cbioportal.org/)
using the MSK-IMPACT pancreatic cancer cohort. The inclusion cri-
teria were as follows: ① histologically confirmed pancreatic ductal
adenocarcinoma with follow-up records; ② nonmetastatic disease; ③
documented records pertaining to diabetes history; and ④ primary
resectable tumors. The exclusion criteria were as follows:①metastatic
malignancies; ② missing diabetes history documentation; ③ locally
advanced tumors; and ④ incomplete follow-up records.

Animals
Specific-pathogen-free (SPF) male C57BL/6J mice (strain #N00010),
aged 8 weeks, were purchased from Beijing Vital River Laboratory

Fig. 4 | Senescent endothelial cells support tumor progression. a Line graph
showing OD values from CCK-8 proliferation assays for PANC-1 cells cocultured
with control HUVECs or HUVECs with hydrogen peroxide (HO, 300μM)-induced
senescence (n = 3 biologically independent samples per group).b, cRepresentative
images (b) and quantification (c) of the number of migrated PANC-1 cells cocul-
tured with control HUVECs or HUVECs with HO-induced senescence in Transwell
migration assays (n = 3 biologically independent samples per group). d Line graph
showing OD values from CCK-8 proliferation assays for PANC-1 cells cocultured
with control HUVECs or HUVECs with senescence induced by high glucose (HG,
25mmol/L) + palmitic acid (PA, 300 μmol/L) (n = 3 biologically independent sam-
ples per group); low glucose (5.5mmol/L) + BSA served as the control.
e, f Representative images (e) and quantification (f) of the number of migrated
PANC-1 cells cocultured with control HUVECs or HUVECs with HG+ PA-induced
senescence in Transwell migration assays (n = 3 biologically independent samples

per group). g Schematic representation of ABT-263 treatment in KPC tumor-
bearing mice (by figdraw.com). h Photographs of orthotopic pancreatic tumors
from the chow, HFD+ STZ, andHFD+ STZ +ABT263 groups (n = 6mice per group).
i Bar graph showing fasting blood glucose levels in the chow, HFD + STZ, and
HFD+ STZ +ABT263 groups (n = 6 mice per group). j Bar graph showing tumor
volumes in the chow, HFD + STZ, and HFD+ STZ +ABT263 groups (n = 6 mice per
group). k Bar graph showing tumor weights in the chow, HFD + STZ, and HFD+
STZ +ABT263 groups (n = 6 mice per group). l, m Representative images (l) and
quantification (m) of immunofluorescence staining for P16 (red) and CD31 (green)
in chow, HFD + STZ, and HFD+ STZ +ABT263 tumor tissues (n = 6mice per group).
The bars represent the means ± SDs. OD optical density, CT control. P-values were
determined by two-way ANOVA (a, d), two-tailed unpaired t-test (c, f), and one-way
ANOVA (i, j, k, m). Source data are provided as a Source Data file.
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AnimalTechnologyCo., Ltd. RBPJECKOmice (CDH5-CreERT; RBPJflox/flox) on
a C57BL/6J background were generated and validated as previously
described65. To induce Cre-mediated recombination, 6-week-old male
RBPJECKO mice received daily intraperitoneal injections of tamoxifen
(100mg/kg; Sigma‒Aldrich, St. Louis, MO) for five consecutive days.
All animal procedures were approved by the Animal Ethics Committee
of the Fourth Military Medical University.

Diabetic models
To observe tumor progression in vivo, we established four mouse
models representing different diabetes stages on a C57BL/6J back-
ground: ① The chow group: 8-week-old male C57BL/6J mice received a
normal diet for 4weeks, followedby intraperitoneal injectionof citrate
buffer (49.5%0.1Mcitric acidmonohydrate, 60347ES25, Yeasen; 50.5%
0.1M trisodium citrate dihydrate, 60348ES25, Yeasen) for 5

Fig. 5 | Notch signaling is activated in senescent endothelial cells. a Bubble plot
showing pathway enrichment analysis for specific markers of senescent capillary
endothelial cells (n = 14 patients in the control group and n = 10 patients in the
diabetic group). b Bar graph showing the mRNA expression of Hes1 and Hey1 in
TECs isolated from KPC tumors in chow and HFD+ STZ mice (n = 4 mice per
group). c Bar graph showing the mRNA expression of HES1 and HEY1 in HUVECs
with senescence induced by hydrogen peroxide (HO, 300 μM) (n = 3 biologically
independent samples per group). d Bar graph showing the mRNA expression of
HES1 and HEY1 in HUVECs with senescence induced by HG+ PA (n = 3 biologically
independent samples per group). e Bar graph showing the mRNA expression of
HES1 and HEY1 in HUVECs with senescence induced by doxorubicin (n = 3 biolo-
gically independent samples per group). f Heatmap showing the expression of
senescence-related genes in NICD-overexpressing TECs based on RNA-seq data
from the GEO database (GSE111127; n = 3mice per group). g Bar graph showing the
mRNA expression of HES1, CDKN1A, and CDKN2A in proliferating or senescent

HUVECs treated with DMSO or DAPT (n = 3 biologically independent samples per
group).h Representative images of SA-β-galactosidase (SA-β-Gal) staining (blue) in
proliferating or senescent HUVECs treated with DMSO or DAPT (n = 3 biologically
independent samples per group). i Line graph showing OD values from CCK-8
proliferation assays of PANC-1 cells cocultured with proliferating or senescent
HUVECs treated with DMSO or DAPT (n = 3 biologically independent samples per
group). j Representative images from Transwell migration assays for PANC-1 cells
cocultured with proliferating or senescent HUVECs treated with DMSO or DAPT
(n = 3 biologically independent samples per group). OD optical density, WT wild
type, TEC tumor endothelial cell, HO hydrogen peroxide, HG high glucose, PA
palmitic acid, DMSO dimethyl sulfoxide. The bars represent the means ± SDs.
P-values were determined by a two-sided hypergeometric test with Benjamini‒
Hochberg correction (a), two-tailed unpaired t-test (b–e), and two-way ANOVA
(g, i). Source data are provided as a Source Data file.
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consecutive days. ② The 4-week HFD group: Mice were fed a high-fat
diet (HFD; D12492, Research Diets, 60% fat) for 4 weeks and then
received citrate buffer injections as described above. ③ The 16-week
HFD group: Micewere fed a HFD for 16 weeks to serve as a prediabetic
or early-stage diabetic model characterized by impaired glucose tol-
erance and mild fasting hyperglycemia. ④ The HFD+ STZ group: Mice
were fed a HFD for 4 weeks, followed by intraperitoneal injection of
streptozotocin (40mg/kg; S0130; Sigma‒Aldrich) for 5 consecutive
days, afterwhich type 2diabeteswith significant fasting hyperglycemia
and impaired glucose tolerance was induced. Ten days after injection,
fasting blood glucose levels were measured after a 10-h fast. Intra-
peritoneal glucose tolerance tests (IPGTTs) were used to assess

glucose tolerance. Diabetic mice were defined as those with a fasting
glucose concentration ≥11.1mmol/L and impaired glucose tolerance.
To exclude direct effects of STZ on tumors, HFD+ STZ mice received
insulin glargine (5 IU/kg, subcutaneous injection, Sanofi-Aventis) every
12 h. Prefasting blood glucose levels were measured 10 h after insulin
injection to prevent hypoglycemia-related mortality.

Orthotopic pancreatic cancer models
Two weeks after STZ or citrate buffer injection, 3 × 10⁵ KPC cells or 1 ×
10⁶ Pan02 cells were orthotopically injected into the pancreatic cap-
sule. Tumor-bearing mice were euthanized 14 days after inoculation.
For RBPJECKO and control (CDH5-CreERT-negative; RBPJflox/flox) mice,
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2 × 10⁶ Pan02 cellswere injected into the pancreatic capsule of 8-week-
old male mice. These tumor-bearing mice were euthanized 21 days
after injection. The tumor dimensions were measured using calipers.
The tumor volume was calculated as 1/2 (length × width × height).
Humane endpoints were defined as follows: ① >20% body weight loss
relative to the initial inoculation weight; ② marked abdominal disten-
sion/ascites; ③ significant reduction in food and water intake; and ④

persistent painful tremors or a hunched posture. All animal experi-
ments were performed in accordance with the Guide for the Care and
Use of Laboratory Animals prepared by the National Academy of Sci-
ence. All animal work was approved by the Animal Experiment
Administration Committee of Fourth Military Medical University
(Xi’an, China). Themaximal permitted tumor volume (2000mm³) was
not exceeded in any experiment.

Cell lines
Pan02 cells, HUVECs, and PANC-1 cells were purchased from the
American Type Culture Collection (ATCC). KPC cells (cat. no. NM-
YD04) were purchased from Shanghai Model Organisms Center, Inc.
The cell lines were cultured in DMEM (Gibco) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin solution (P/S).
To induce senescence, HUVECs were treated with hydrogen peroxide
(HO, 300μM) for 24 h or with high glucose (HG, 25mmol/L) and pal-
mitic acid (PA, 300 μmol/L) for 48 h.

Single-cell RNA-Seq data processing
To perform scRNA-seq analysis on the pancreatic cancer model, cell
suspensions derived from pancreatic tumors of chow (n=2) and
HFD+STZ (n=4)mice were processed using the 10×Chromium System
(10× Genomics, USA) according to the manufacturer’s protocol. Com-
plementary DNA (cDNA) library construction and scRNA-seq data pro-
cessing were performed by Gene Denovo (Guangzhou, China). The
Seurat package (version 5.1.0) in R software (version 4.2.3) was used for
quality control and downstream analysis. Batch effects were corrected
using the Harmony package (version 0.1.1). The top 2000 variable genes
were identified using the FindVariableFeatures function. Data were
subsequently normalized (NormalizeData function), scaled, and cen-
tered (ScaleData function) based on these variable genes. After principal
component analysis (RunPCA function) was performed, the RunHar-
mony function was used to reduce batch effects within the integrated
scRNA-seq data across samples. The top 20 harmony dimensions were
then used for unsupervised clustering in Seurat. Doublets were removed
using the DoubletFinder package (version 2.0.4). Major cell types in the
tumor microenvironment were identified using specific markers from
the CellMarker 2.0 database (bio-bigdata.hrbmu.edu.cn/CellMarker).

scRNA-seq data for clinical pancreatic cancer patients were also
obtained from the Genome Sequence Archive (GSA) database (acces-
sion number CRA001160, ngdc.cncb.ac.cn). To address batch effects,
the Harmony package was applied as described above. Cell type

annotations and clinical feature data can be downloaded from the
CRA001160 dataset. Cell markers for each cell type were obtained
from the published article associated with this dataset36. Since corre-
lation analysis can be strongly influenced by an excess of zero counts
(dropout events), we utilized the scImpute package (version 0.0.9) to
accurately and robustly impute dropout values in the scRNA-seq data
prior to correlation analysis66.

Endothelial cell subtype analysis
To further investigate endothelial cell heterogeneity in pancreatic
cancer patients with or without diabetes, endothelial cell subsets were
extracted and subjected to unsupervised clustering. Based on pub-
lished literature37, theAddModuleScore function in the Seurat package
was utilized to calculate enrichment scores for arterial, venous, and
capillary endothelial cell phenotypes using highly expressed markers,
enabling the annotation of endothelial subtypes. To further evaluate
cell proliferation and senescence status, enrichment scores were cal-
culated using markers associated with the pancancer endothelial
senescence signature46, endothelial proliferation (GOBP: POSITIVE
REGULATIONOF ENDOTHELIAL CELL PROLIFERATION; GO:0001938),
endothelial apoptosis (GOBP: POSITIVE REGULATION OF ENDOTHE-
LIAL CELL APOPTOTIC PROCESS; GO:2000353), fatty acidmetabolism
(REACTOME: FATTY ACID METABOLISM; R-HSA-8978868), fatty acid
oxidation (GOBP: POSITIVE REGULATION OF FATTY ACID OXIDA-
TION; GO:0046321), and Notch signaling (GOBP: POSITIVE REGULA-
TION OF NOTCH SIGNALING PATHWAY; GO:0045747) phenotypes.

Cell–cell crosstalk network analysis
To investigate cell crosstalk between different endothelial subtypes
and pancreatic cancer cells, the CellChat package (version 1.6.1) was
used. Ligand–receptor pairs with P-values < 0.05 (calculated via a one-
sided permutation test in CellChat) were deemed to have significant
interactions between the subpopulations. Potential crosstalk networks
between endothelial subtypes and malignant cells were visualized
using dot plots.

Bulk RNA-seq analysis
RNA extraction, sequencing and analysis were performed by Gene
Denovo (Guangzhou, China) using an Illumina HiSeq3000 system
(Illumina, San Diego, CA). Briefly, pancreatic tumor tissues were col-
lected from chow or HFD + STZ mice (n = 3 per group). After the cap-
sule and overlying tissues were removed, the tissues were washedwith
PBS. Total RNA was isolated using TRIzol (Invitrogen) following the
manufacturer’s protocol. Bulk RNA-seq data from LFD and HFD KPC
models were obtained from the Gene Expression Omnibus
(GSE266899; www.ncbi.nlm.nih.gov/geo/). Principal component ana-
lysis (PCA; stats package version 4.2.3, prcomp function) was per-
formed for dimensionality reduction and sample relationship
visualization. Endothelial disorganization-associated genes included

Fig. 6 | INHBB is a potential SASP factor. a Venn diagram for intersection analysis.
b Dot plot showing INHBB expression in the pancreatic cancer microenvironment.
c Scatter plots showing the correlation between INHBB expression and the endo-
thelial senescence scores. d Violin plot showing INHBB expression in TECs from
nondiabetic and diabetic tumors. e Bar graphs showing INHBBmRNAexpression in
TECs isolated from KPC tumors and different senescent endothelial cell models.
f, gRepresentative images (f) and quantification (g) of INHBB protein expression in
chow and HFD+ STZ tumors. h Bar graphs showing the Activin B concentration in
tumor homogenates. i, j Representative images (i) and quantification (j) of immu-
nofluorescence staining for INHBB (red) and CD31 (green) in chow, HFD + STZ, and
HFD+ STZ +ABT263 tumors. k Box plot showing INHBB expression in pancreatic
tumors (n = 179 patients) and normal pancreas (n = 171 patients). The data are
presented asmedians and quartiles; the box bounds represent the upper and lower
quartiles. l Kaplan‒Meier survival curves for overall survival (n = 761 with low and
n = 428 with high INHBB expression) and disease-free survival (n = 117 with low and

n = 161 with high INHBB expression) in pancreatic cancer patients. m Gene set
enrichment analysis for the Activin receptor signaling pathway. n Line graph
showing OD values from CCK-8 assays for Activin B- or vehicle-treated Pan02 cells.
o, p Representative images (o) and quantification (p) of migrated Pan02 cells
treatedwith ActivinBor vehicle.q Phosphorylated and total Smad2 levels inActivin
B- or vehicle-treated Pan02 cells. NC negative control, TEC tumor endothelial cell,
OD optical density. The bars represent the means ± SDs. a–d, m n = 3 mice per
group for bulk RNA-seq; n = 14 patients in the control group and n = 10 patients in
the diabetic group for scRNA-Seq; n = 2 mice in the chow group and n = 4 mice in
the HFD+ STZ group for scRNA-seq. e–j, n = 4–6 mice per group. e, n–q n = 3–6
biologically independent samples per group. P-values were determined by the
Spearman test (c),Mann‒Whitney test (d), two-tailedunpaired t-test (e,g,h,p), log-
rank test (l), one-way (j) and two-way ANOVA (n). Source data are provided as a
Source Data file.
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Fabp4, Igfbp7, Sparc, Sparcl1, Col4a1, Cd81, Col4a2, Igfbp3, Fabp5,
Tshz2, Rgcc, S100a6, Vwa1, Ebf1, Tmem252, Gapdh, Pdlim1 and Prnp34.

Differentially expressed gene analysis and pathway enrichment
From the scRNA-seq data, cluster-specific marker genes for each
endothelial subtype were identified using the FindAllMarkers

function in the Seurat package based on normalized expression
data. Differentially expressed genes (DEGs) between endothelial
cells in the control and diabetic groups were identified with the
FindMarkers function. With respect to the bulk RNA-seq data, DEGs
between the control and diabetic groups were identified using the
DESeq2 package (version 1.38.3). Statistical significance was

Fig. 7 | Notch signaling regulates the expression of INHBB. a Correlation scatter
plots showing the correlation between INHBB expression and the Notch signaling
score in tumor endothelial cells based on scRNA-seq data of PDAC patients (n = 14
patients in the control group and n = 10 patients in the diabetic group) and tumor-
bearingmice (n = 2mice in the chow group and n = 4mice in the HFD + STZ group).
b Bar graphs showing INHBB expression in Notch-activated HUVECs and TECs
according to the bulk RNA-seq data in the GEO database (GSE163568, GSE40403,
and GSE111127; n = 3 biologically independent samples per group). c Bar graphs
showing the mRNA expression of HES1 and INHBB in Notch-activated HUVECs
treatedwith recombinant DLL4-Fc protein (n = 3 biologically independent samples
per group). d Bar graph showing the mRNA expression of INHBB in proliferating
and senescent HUVECs treated with DMSO or 10 μM DAPT (n = 3 biologically
independent samples per group). e, f Representative images (e) and quantification
(f) of INHBB protein expression in senescent HUVECs treated with DMSO or 10μM

DAPT detected by Western blotting (n = 3 biologically independent samples per
group). g Tumor samples from CDH5-CreERT-negative; RBPJflox/flox mice (WT, n = 7
mice), CDH5-CreERT; RBPJflox/flox mice (RBPJECKO, n = 9 mice) and recombinant Activin
B coinjected RBPJECKO mice (n = 7mice). h Bar graph showing tumor volumes in the
WT (n = 7 mice), RBPJECKO (n = 9 mice), and RBPJECKO+Activin B (n = 7 mice) groups.
i Table for tumor formation ratios in theWT (n = 7mice), RBPJECKO (n = 9mice), and
RBPJECKO+Activin B groups (n = 7 mice). j, k Representative images (j) and quantifi-
cation (k) of SA-β-Gal staining (blue) in tumor tissues collected from WT and
RBPJECKO mice (n = 3 mice per group). l, m Representative images (l) and quantifi-
cation (m) of INHBB staining (red) in tumor tissues collected fromWT and RBPJECKO

mice (n = 3 mice per group). The bars represent the means ± SDs. P-values were
determined by the Spearman test (a), two-tailed unpaired t-test (b, c, f, k,m), two-
way ANOVA (d), one-way ANOVA (h) and chi-square test (i). Source data are pro-
vided as a Source Data file.
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assessed by the Wilcoxon test, and the Benjamini–Hochberg cor-
rection was used to adjust the P-values. FDR < 0.05 was the cutoff
criterion for differentially expressed genes. Pathway enrichment
was performed using the enrichPathway function in the cluster-
Profiler package (version 4.6.2) via two-sided hypergeometric
testing with FDR correction.

Flow cytometry
To determine the ratio of senescent endothelial cells in the tumor
microenvironment, flow cytometry was used to compare the abun-
dance of CD45−CD31+SA-β-Gal+ cells between the chow and HFD + STZ
groups. After the tumor cell suspensions were prepared, the Fc
receptors were blocked with TruStain FcX™ antibody (BioLegend,
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101319), and the cells were incubated with a PE-conjugated anti-mouse
CD31 (PECAM-1) antibody (BioLegend, 160203) and a Pacific blue-
conjugated anti-mouse CD45 (PTPRC) antibody (BioLegend, 157211)
for 30min at 4 °C. Cell suspensions were washed with PBS containing
1% BSA, and the cells were resuspended in 100 µL of fixation solution
(2% paraformaldehyde, PFA). The cells were incubated for 10min at
room temperature in the dark. The cells were then washed in PBS
containing 1% BSA to remove the fixation solution. The cells were
resuspended in 100 µL of the working solution of the CellEvent™
Senescence Green Flow Cytometry Assay Kit (Invitrogen™, C10841,
1:1000) and incubated for 90min at 37 °C in the dark. The cells were
finally washed with PBS containing 1% BSA and resuspended for flow
cytometry analysis. The gating strategy is shown in Supplementary
Fig. 2i. The antibodies used are listed in Supplementary Table 3.

Primary tumor endothelial cell isolation
Orthotopic pancreatic tumors were mechanically minced and
digested in 1mg/mL collagenase IV (Sigma‒Aldrich, C5138) and
100 μg/mL DNase I (Roche, 10104159001) for 25min at 37 °C. After
filtration through a 70-μm strainer, the cell suspensions were cen-
trifuged at 350 × g for 5min (4 °C). Red blood cells were lysed using
lysis buffer. Approximately 2 × 10⁷ cells were resuspended in 100 μL
of MACS buffer containing 10 μL of anti-CD45-coated magnetic
beads (Miltenyi Biotec, 130-052-301) and incubated at 4 °C for 15min.
Cells underwent negative selection with the Manual MACS Separator
for CD45 depletion. CD45− cells were incubated with anti-CD31-
coated magnetic beads (Miltenyi Biotec, 130-097-418) for 15min at
4 °C. CD31⁺ cells (TECs) were positively selected using the Manual
MACS Separator. Primary TECs were plated in 24-well plates and
cultured in endothelial cell medium (ScienCell, 1001) supplemented
with 5% FBS, 1% endothelial cell growth supplement (ScienCell, 1052),
and 1% P/S (ScienCell, 0503).

Immunofluorescence staining
Tumor tissues were embedded in optimal cutting temperature (OCT)
compound (Sakura, 4583), followed by 4 h of fixation in 4% PFA and
overnight dehydration in 30% sucrose. Frozen sections were air-dried
at room temperature for 2 h. The sections were subsequently washed
three times with PBS, blocked with immunostaining blocking buffer
containing 0.3% Triton X-100 (Beyotime, P0102) for 1 h at room tem-
perature, and incubated with primary antibodies overnight at 4 °C.
After the sections were washed with PBS, they were incubated with
secondary antibodies at 37 °C for 1 h, followed by nuclear staining with
DAPI (Servicebio, G1012) for 10min at room temperature. Images were
acquired using a fluorescence microscope. The antibodies used are
listed in Supplementary Table 3.

Immunohistochemistry staining
Tumor tissues were fixed in 4% PFA (Servicebio, G1101) and embedded
in paraffin. The sections were subjected to deparaffinization,

rehydration, and antigen retrieval, treated with 3% hydrogen peroxide
for 25min, and then washed three times with PBS. After blocking with
3% BSA for 30min, the sections were incubated with primary anti-
bodies overnight at 4 °C. Following threewasheswith PBS, the sections
were incubated with secondary antibodies at room temperature for
60min, washed three times with PBS, and developed with DAB sub-
strate (the development time was microscopically optimized). The
sections were counterstained with hematoxylin for 3min, rinsed with
tap water, briefly immersed in a hematoxylin differentiation solution,
rinsed, treated with a hematoxylin bluing solution, and rinsed again.
Images were acquired using a brightfield microscope. The antibodies
used are listed in Supplementary Table 3.

Hematoxylin and eosin (H&E) staining
After deparaffinization and rehydration, sections were stained with
hematoxylin for 5–10min, rinsed briefly in distilled water, treated with
hematoxylin differentiation solution, rinsed with tap water, immersed
in hematoxylin bluing solution, and rinsed again. The sections were
then dehydrated in 95% ethanol for 1min and stained with eosin for
1–3min. Images were acquired using a brightfield microscope.

Senescence-associated β-galactosidase (SA-β-gal) staining
SA-β-gal activity was assessed in tumor tissues and cultured cells using
a senescence β-galactosidase staining kit (Beyotime, C0602). Cells or
tissue sections were washed three times with PBS and fixed for 15min
at roomtemperature. After 3washeswith PBS, β-galactosidase staining
solution was added (930μL of staining solution C supplemented with
10μLof solutionA, 10μL of solutionB, and 50μLofX-Gal; pH6.0), and
the samples were incubated overnight at 37 °C without CO₂. The
samples were subsequently washed three times with PBS, and blue
staining was examined by microscopy.

In vitro and in vivo coculture assays
Primary TECs were cultured in endothelial cell medium (ScienCell,
1001) for 24h. Conditioned medium (CM) was collected and cen-
trifuged at 2000 × g for 5min (4 °C), after which the cell debris was
removed. CM from TECs derived from chow or HFD+ STZ mice were
used to treat KPC and Pan02 cells for 24 h in vitro. For in vivo cocul-
ture, freshly isolated chow or HFD+ STZ TECs weremixed with KPC or
Pan02 cells at a 1:1 ratio. Themixed suspensions were injected into the
pancreatic capsules of C57BL/6Jmice fed a normal diet. Themice were
sacrificed 14 days after inoculation. The tumor volume was calculated
based on caliper measurements, as previously described.

Activin B treatment assay
To evaluate the protumoral effects of Activin B, Pan02 cells were
treated with 50ng/mL recombinant Activin B for 24 h. Proliferation
and migration were assessed. Phosphorylated Smad2 levels were
analyzed byWestern blotting. For in vivo studies, 2 × 10⁶ Pan02 cells in
Matrigel containing 2μg/mL Activin B were injected into the

Fig. 8 | Bimagrumab inhibits tumor progression in diabetic mice. a Schematic
representation of bimagrumab treatment in chow and diabetic KPC tumor-bearing
mice (by figdraw.com). b Line graph showing body weight changes in chow (n = 6
mice per group) and diabetic (n = 9 mice per group) KPC tumor-bearing mice
treated with IgG, bimagrumab, or bimagrumab+metformin. c Pancreatic tumor
samples from chow (n = 6mice per group) and diabetic (n = 9mice per group) KPC
tumor-bearing mice treated with IgG, bimagrumab, or bimagrumab+metformin.
d Bar graph showing tumor volumes in chow (n = 6 mice per group) and diabetic
(n = 9 mice per group) KPC tumor-bearing mice treated with IgG, bimagrumab, or
bimagrumab+metformin. e Bar graph showing tumor weights in chow (n = 6 mice
per group) and diabetic (n = 9 mice per group) KPC tumor-bearing mice treated
with IgG, bimagrumab, or bimagrumab+metformin. f Bar graph showing fasting
bloodglucose changes in diabetic tumor-bearingmice after treatment with 2 doses
of IgG, 2 doses of bimagrumab alone, or 2 doses of bimagrumab combined with 7

doses of metformin (n = 9 mice per group). g Representative images of bilateral
tibialis anterior muscles from diabetic mice treated with IgG, bimagrumab, or
bimagrumab+metformin (n = 9 mice per group). h Bar graph showing the weights
of the bilateral tibialis anterior muscles in diabetic mice (n = 9 mice per group).
i, jRepresentative images (i) andquantification (j) of picrosirius red staining (red) in
tumors from chow and diabetic KPC tumor-bearing mice treated with IgG or
bimagrumab (n = 6 mice per group). k, l Representative images (k) and quantifi-
cation (l) of α-SMA staining (brown) in tumors from chow and diabetic KPC tumor-
bearing mice treated with IgG or bimagrumab (n = 6 mice per group). The bars
represent the means ± SDs. P-values were determined by one-way ANOVA (d–f, h)
and two-way ANOVA (j, l). The effects of bimagrumab in the chow and diabetic
groups were also assessed by two-way ANOVA (d, e). Source data are provided as a
Source Data file.
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pancreatic capsules of RBPJECKO mice. The mice were sacrificed 21 days
after injection. The tumor dimensions (length/width/height) were
measured using calipers, and the tumor volume was calculated as
previously described.

Cell proliferation assay
KPC, Pan02 or PANC-1 cells (2 × 10³) were seeded in 96-well plates.
CCK-8 assays were conducted after 0, 24, 48, and 72 h. Next, 110μL of
DMEM containing 10μL of CCK-8 solution was added per well and
incubated for 2 h (37 °C, 5% CO₂). The absorbance (450 nm) was
measured using a microplate reader.

Cell migration assay
Formigration assays, 4 × 10⁴KPC/Pan02 cells or 6 × 10⁴ PANC-1 cells in
serum-free DMEM were seeded into 8.0-µm-pore Transwell inserts
(Corning, CLS3422; 6.5mm diameter). The lower chamber contained
800μL of DMEMsupplementedwith 20% FBS. After 24 h of incubation
(37 °C, 5% CO₂), nonmigrated cells on the upper surface of the insert
were removed using a cotton swab. The migrated cells on the lower
surface were fixed in 4% PFA and stained with 1% crystal violet. Images
were acquired using a brightfield microscope.

Real-time quantitative PCR assay
RNA was isolated from cells using TRIzol (Invitrogen) per the manu-
facturer’s protocol. For cDNA synthesis, 500 ng of total RNA was
reverse transcribed with M-MLV reverse transcriptase (Accurate Biol-
ogy, AG11728). qPCR was performed on a Bio-Rad real-time PCR sys-
tem. Gene expression was normalized to that of endogenous controls
and calculated via the ΔΔCt method. The primers used are listed in
Supplementary Table 4.

Western blotting
Proteins from tumors or cells were extracted in RIPA lysis buffer sup-
plemented with protease inhibitors. The protein concentration was
quantified using a BCA protein assay kit (Beyotime, P0012). A total of
15–20 µgof proteinwas separatedby 10%SDS‒PAGE and transferred to
PVDFmembranes. Themembranes were blocked with 5% skimmilk or
5% BSA (1 h, room temperature) and then incubated with primary
antibodies overnight at 4 °C. After three TBST washes, themembranes
were incubated with an HRP-conjugated secondary antibody (1 h,
room temperature). The proteins were detected using ECL reagents.
The antibodies used are listed in Supplementary Table 3.

ELISA
Activin B concentrations in tumor lysates were measured as follows:
Tumors were homogenized in PBS containing protease inhibitors and
centrifuged at 5000×g for 5min (4 °C), and the concentrations of
Activin B in the supernatants were measured using an ELISA kit
(JL20394; Jianglaibio) according to the manufacturer’s instructions.

In vivo ABT-263 treatment
To eliminate senescent cells in the diabetic tumor microenvironment,
HFD+ STZ C57BL/6J mice bearing orthotopic tumors (KPC and Pan02
graft models) received a daily oral administration of ABT-263 (100mg/
kg, HY-10087, Navitoclax, MedChemExpress) or vehicle for 7 con-
secutive days (7–13 days after injection). The mice were sacrificed on
day 14 after injection. Fasting blood glucose was measured after the
final dose. Tumors were sampled and embedded in OCT for double
immunofluorescence staining. Chow-fed C57BL/6J mice receiving
vehicle served as negative controls.

In vivo bimagrumab treatment
To assess the therapeutic effects of INHBB receptor inhibition on
diabetic tumors, tumor-bearing chow and HFD + STZ mice (KPC and
Pan02 models) received weekly subcutaneous injections of 20mg/kg

bimagrumab (HY-P99355, BYM338, MedChemExpress) or the IgG1λ1
isotype control (HY-P99992; MedChemExpress) on days 7 and 14 after
injection. After two doses, themice were sacrificed on day 16. Diabetic
tumor-bearing mice additionally received daily intraperitoneal injec-
tions of metformin (250mg/kg, D150959; Sigma‒Aldrich) for 7 days
(days 7–13). Fasting blood glucose was measured after the final dose.
Bilateral tibialis anterior muscles were harvested to assess posttreat-
ment changes in muscle mass.

Survival analysis
Cox regression was used to assess the association between diabetes
history andoverall survival inprimary pancreatic cancer cohorts (MSK-
IMPACT and Xijing Hospital). Significant univariable Cox factors were
included in the multivariate analysis. Kaplan‒Meier and restricted
mean survival time (RMST) analyses were performed to determine the
associations between overall survival and diabetes history/pre-
operative fasting glucose using R packages (survival, version 3.5–7;
survRM2, version 1.0.4). The Kaplan‒Meier plotter database (https://
kmplot.com/analysis) was used to evaluate the prognostic value of
INHBB expression for overall survival and disease-free survival in
pancreatic cancer patients.

Statistics and reproducibility
Group differences in categorical variables were assessed by Pearson
chi-square tests. For continuous variables, nonnormally distributed
data were analyzed using Wilcoxon rank-sum tests, whereas nor-
mally distributed data were analyzed by Student’s t-tests. In the
RNA-seq analysis, intergroup gene expression differences were
evaluated by Wilcoxon test. Gene expression and enrichment score
correlations were examined using Spearman correlation analysis.
Unpaired two-tailed Student’s t-tests were used for two-group
comparisons. Multigroup comparisons were performed by one-
way or two-way ANOVA followed by appropriate post hoc tests. The
bars represent the mean ± standard deviation (SD). P < 0.05 was
considered to indicate statistical significance. Analyses were per-
formed in Prism 8.0 (GraphPad). For representative results shown,
experiments were repeated at least three times with similar results.
No data were excluded. Mice were randomized to control or
experimental groups. Experiments were unblinded unless otherwise
specified.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Raw sequencing data generated in this study are deposited in the NCBI
Sequence Read Archive (SRA) under accession codes PRJNA1182960
(bulk RNA-seq data from the chow and HFD + STZ mice) and
PRJNA1182991 (scRNA-seq data from the chow and HFD + STZ mice).
scRNA-seq data for PDAC patients were obtained from the Genome
Sequence Archive database (GSA, accession: CRA001160). Published
bulk RNA-seq datasets analyzed are available in the Gene Expression
Omnibus (GEO) under accessions GSE266899, GSE111127, GSE163568,
andGSE40403.We have all relevant approvals fromChina’sMinistryof
Science and Technology related to the export of genetic information
and materials relevant to this work. Source data are provided with
this paper.
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