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            Abstract
Type 2 diabetes is characterized by insulin resistance and a gradual loss of pancreatic beta cell mass and function1,2. Currently, there are no therapies proven to prevent beta cell loss and some, namely insulin secretagogues, have been linked to accelerated beta cell failure, thereby limiting their use in type 2 diabetes3,4. The adipokine adipsin/complement factor D controls the alternative complement pathway and generation of complement component C3a, which acts to augment beta cell insulin secretion5. In contrast to other insulin secretagogues, we show that chronic replenishment of adipsin in diabetic db/db mice ameliorates hyperglycemia and increases insulin levels while preserving beta cells by blocking dedifferentiation and death. Mechanistically, we find that adipsin/C3a decreases the phosphatase Dusp26; forced expression of Dusp26 in beta cells decreases expression of core beta cell identity genes and sensitizes to cell death. In contrast, pharmacological inhibition of DUSP26 improves hyperglycemia in diabetic mice and protects human islet cells from cell death. Pertaining to human health, we show that higher concentrations of circulating adipsin are associated with a significantly lower risk of developing future diabetes among middle-aged adults after adjusting for body mass index (BMI). Collectively, these data suggest that adipsin/C3a and DUSP26-directed therapies may represent a novel approach to achieve beta cell health to treat and prevent type 2 diabetes.
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                    Fig. 1: Adipsin prevents islet atrophy and ameliorates hyperglycemia in diabetic mice.[image: ]


Fig. 2: Adipsin prevents beta cell failure in db/db mice by blocking beta cell death and dedifferentiation.[image: ]


Fig. 3: Adipsin/C3a regulates Dusp26, a phosphatase that regulates beta cell identity and survival.[image: ]


Fig. 4: DUSP26 inhibition protects human beta cells and circulating adipsin is associated with protection from future diabetes in humans.[image: ]
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Extended data

Extended Data Fig. 1 Islet area in the eye is correlated with beta cell area in the pancreas and lower fasting glucose.
(a) Scatterplot of fasting glucose levels and eye islet area in db/db mice transplanted with islets in the anterior chamber of the eye and treated with AAV-Adipsin or AAV GFP (n = 5 per group). (b) Scatterplot of beta cell area and eye islet area in db/db mice transplanted with islets in the anterior chamber of the eye and treated with AAV-Adipsin or AAV-GFP (n = 5 per group). (c) Representative immunohistochemistry images of insulin (brown) performed in pancreatic sections from db/db-GFP and db/db-Adipsin mice. IHC was performed at least twice independently with similar results. Scale bars, 100 µm. (d) Quantification of beta cell area in db/db mice transplanted with islets in the anterior chamber of the eye and treated with AAV-Adipsin or AAV-GFP (n = 5 per group). Data were analyzed by two-tailed unpaired t-test. (p = 0.027). (e) Western blot for adipsin from sera of B6 WT mice injected with GFP-AAV or adipsin-AAV after 5 months (n = 4 per group) along with quantification. (f) Quantification of islet area in the eye over time in WT-GFP and WT-Adipsin mice (n = 5 WT-Adipsin, n = 6 WT-GFP). Eye imaging was repeated at least 3 times independently with similar results. (g) Reporter islets transplanted into the anterior chamber of the eyes of WT-GFP and WT-Adipsin mice were serially imaged by light microscopy. Representative images are from a single mouse in each treatment group at the indicated time points. Islets are outlined within dashed white circles. Islets are amplified inside the white box. Eye imaging was repeated at least 3 times independently with similar results. Scale bars, 1 mm. Data are expressed as mean ± s.e.m. *P < 0.05, ** P < 0.01, *** P < 0.001.

                          Source data
                        


Extended Data Fig. 2 Treatment with AAV-Adipsin prevents beta cell failure without affecting body weight or insulin sensitivity.
(a) Cfd mRNA levels were quantified by qPCR in the indicated tissues from db/db mice transduced with AAV-Adipsin or AAV-GFP at 1 month post-transduction (iWAT: n = 3 db/db-Adipsin, n = 4 db/db-GFP. vWAT: n = 3 for both groups. Liver: n = 4 for both groups. Kidney: n = 6 db/db-Adipsin, n = 5 db/db GFP. Islets: n = 2 for both groups). (b) Mouse serum adipsin levels were measured by ELISA (n = 5 db/db-GFP, n = 5 db/db-Adipsin, n = 2 B6 WT, n = 3 Adipsin KO). (c) Body weights of db/db mice transduced with AAV-Adipsin versus AAV-GFP at the indicated time points (n = 8 mice per group at 1 month post transduction and n = 15-16 mice per group at 1.5-months post transduction). (d) Glucose infusion rate during hyperinsulinemic euglycemic clamp in db/db mice treated with adipsin versus controls (n = 5 db/db-Adipsin, n = 6 db/db-GFP). (e) Scatterplot of fasting glucose and beta cell mass in db/db mice transduced with AAV-Adipsin versus controls (n = 18-21 per group). (f) Scatterplot of fasting insulin and beta cell mass in db/db mice injected with AAV-Adipsin versus controls (n = 18-21 per group). (g) Representative IHC staining for insulin (brown) in pancreases of two control and two adipsin transduced db/db mice. Areas in the dashed boxes are amplified in the panels at the right of each image. IHC was repeated at least twice independently with similar results. Scale bars, 1 mm left panels, 100 µm amplified regions. Data are expressed as mean ± s.e.m.


Extended Data Fig. 3 Adipsin prevents beta cell death and prevents loss of beta cell transcriptional identity.
(a) Representative images of immunofluorescence (IF) staining for insulin and TUNEL assay in pancreases of db/db mice injected with AAV-Adipsin versus controls. White dashed box indicates region magnified in white panel. IF was repeated at least twice independently with similar results. (b) Quantification of TUNEL + beta cells as determined by IF. (n = 4 mice per group at 1.5 months, n = 5 mice per group at 6 months). Data were analyzed by two-tailed unpaired t-test. (p = 0.03). (c) Representative images of immunofluorescence (IF) staining for insulin and Ki67 in pancreases of the indicated groups of mice. White dashed box indicates region magnified in white panel. IF was repeated at least twice independently with similar results. (d) Quantification of Ki67 + beta cells as determined by IF (At 1.5 months; n = 6 mice per group. At 6 months n = 3 db/db-Adipsin, n = 4 db/db-GFP). (e) Glucagon positive cells were quantitated by IHC in the pancreases of db/db mice transduced with AAV-Adipsin versus controls. Representative images are shown. IHC was repeated at least three times independently with similar results. (f) Quantification of alpha cell mass in B6 WT mice, db/db mice treated with AAV-GFP and db/db mice treated with adipsin AAV at the indicated time points (Pre AAV; n = 4 db/db, n = 4 B6 WT. At 1.5 months post-AAV; n = 6 db/db-Adipsin, n = 5 db/db-GFP, n = 2 B6 WT. At 6 months post-AAV; n = 13 db/db-Adipsin, n = 16 db/db-GFP, n = 4 B6 WT). Data were analyzed by two-tailed unpaired t-test. (At 1.5 months post-AAV db/db-GFP vs db/db-Adipsin p = 0.03). (g) Quantification of the ratio between alpha cell mass and beta cell mass in pancreases from the specified groups at the indicated time points (Pre AAV; n = 4 db/db, n = 4 B6 WT. At 1.5 months post-AAV; n = 6 db/db-Adipsin, n = 5 db/db-GFP, n = 2 B6 WT. At 6 months post-AAV; n = 13 db/db-Adipsin, n = 16 db/db-GFP, n = 4 B6 WT). Data were analyzed by two-tailed unpaired t-test. (At 6 months post-AAV db/db-GFP vs db/db-Adipsin p = 0.029). (h) Fasting serum glucagon levels in db/db mice transduced with AAV-GFP or AAV-Adipsin (n = 8 per group). Scale bars, 100 µm (a, c and e). Data are expressed as mean ± s.e.m. *P < 0.05, ** P < 0.01, *** P < 0.001.

                          Source data
                        


Extended Data Fig. 4 Adipsin increases the expression of beta cell transcription factors and decreases gastrin expression.
(a,b) Representative images (a) of MAFA and insulin IF in B6 WT mice, db/db mice injected with AAV-Adipsin or AAV-GFP along with quantification (b) of MAFA + beta cells (n = 4 mice for B6 WT, n = 6 mice per db/db treatment group). Data were analyzed by two-tailed unpaired t-test. (p = 0.029). (c,d) Representative images (c) of NKX2-2 and insulin IF in the indicated groups along with quantification (d) of NKX2-2 + beta cells (n = 5 mice per group). Data were analyzed by two-tailed unpaired t-test. (p = 0.027). (e,f) Representative images (e) of gastrin and insulin IF in the indicated groups along with quantification (f) of gastrin + beta cells (n = 5 mice per group). White dashed box indicates region magnified in white panel. Data were analyzed by two-tailed unpaired t-test. (p = 0.038). Scale bars, 100 µm (a, b and c). Data are expressed as mean ± s.e.m. *P < 0.05, ** P < 0.01, *** P < 0.001.

                          Source data
                        


Extended Data Fig. 5 Adipsin/C3a increases insulin secretion and protects from beta cell death by inhibiting DUSP26.
(a) Ins1 beta cells were subjected to a glucose-stimulated insulin secretion assay at 0 or 17 mM glucose with or without C3a (n = 8 per group). Results are representative of three independent experiments. Data were analyzed by two-tailed unpaired t-test. (Glc 0 mM vs glc 17 mM p = 0.0019, glc 17 mM vs glc 17 mM + C3a p = 0.009). (b) Representative gating strategy for islet cells. (c) Heatmap of genes significantly changed by palmitate treatment and counter-regulated by C3a in WT islets (n = 3 per group) Colors show raw z-scores of mean normalized counts. (d) GO biological process analysis of genes whose expression were downregulated by palmitate and counter-regulated (increased) by C3a. Data were analyzed by Fisher/binominal test with Bonferroni-adjusted P value (n = 33 genes) (e) GO biological process analysis of genes whose expression were upregulated by palmitate and counter-regulated (decreased) by C3a. Data were analyzed by Fisher/binominal test with Bonferroni-adjusted P value (n = 43 genes) (f) Pathway analysis from the DEPOD database depicting significant phosphatase substrates in islets that are regulated at the gene expression level by C3a from Fig. 3d. (n = 76 genes) Data were analyzed by Fisher/binominal test with Bonferroni-adjusted P value (g) Ins2 and Gcg were determined by qPCR in isolated pancreatic islets from WT mice transduced with Dusp26 or control lentivirus (n = 4 GFP, n = 3 Dusp26). Data are representative of 3 independent experiments. Data were analyzed by two-tailed unpaired t-test. (Ins2 p = 0.0284, Gcg p = 0.033). (h) Cell viability was determined in INS-1 cells transduced with Dusp26 and controls (n = 6 per group). Data are representative of 3 independent experiments. Data were analyzed by two-tailed unpaired t-test. (GFP in veh vs GFP in Pa p = 0.022, Dusp26 in veh vs Dusp26 in Pa p = 0.0000047, GFP in Pa vs Dusp26 in Pa p = 0.0004). (i) Representative western blot analysis of DUSP26 in INS-1 cells treated with shRNA against Dusp26 versus control shRNA. Data are representative of 3 independent experiments. (j) Quantification of DUSP26 expression for Supplementary Figure 8d from 3 independent experiments. Data were analyzed by two-tailed unpaired t-test. (p = 0.028). (k) Body weight in db/db mice treated for 2 weeks with NSC-87877 and controls at the indicated time points (n = 15 NSC-87877 group, n = 16 saline group). (l) Representative western blot analysis for FLAG after immunoprecipitation of the DUSP26 protein complex using FLAG-M2 antibodies in lysates of INS-1 cells overexpressing control GFP, intact DUSP26 (D26) and catalytically inactive DUSP26 mutant (C152S). Data are representative of at least 3 independent experiments. (m) KEGG pathway analysis of proteins enriched in DUSP26 immunoprecipitation experiment. Proteins with log2 ≥ 1.5 between control GFP and DUSP26 mutant (C152S) were included in the analysis. Top and selected pathways are shown. Data were analyzed by Fisher/binominal test with Bonferroni-adjusted P value (n = 253 genes) (n) Heatmap of selected proteins belonging to relevant pathways and significantly enriched in the DUSP26 mutant (C152S) pulldown. (n = 2 per group). Colors show log2 fractional intensity. Data are expressed as mean ± s.e.m. *P < 0.05, ** P < 0.01, *** P < 0.001.

                          Source data
                        


Extended Data Fig. 6 Baseline participant characteristics.
The average adipsin concentration was 900 ± 273 ng/mL (mean ± s.d.) Values depict mean ± standard deviation where appropriate.


Extended Data Fig. 7 Clinical correlates of adipsin.
(a) In cross-section multivariable analyses, higher adipsin levels associate with lower odds of diabetes (OR 0.69) and with higher odds of obesity (OR 1.68). Adipsin is associated with a number of clinical traits including BMI, waist circumference, diastolic blood pressure reduction and reduced HDL cholesterol. Additionally, higher levels associate with significantly lower fasting glucose, with a trend toward improved insulin resistance as measured by HOMA-IR that did not meet the Bonferroni-corrected p-value threshold for significance. Analyses were multivariable linear (t statistic) or logistic regression models (Wald Chi-square test) with two-sided p-values deemed significant at a Bonferroni-corrected p-value threshold of p = 0.05/10 primary traits = 0.005. Similar results were obtained in secondary analyses stratified by Framingham cohort (Offspring vs. Third Generation). (b) Cross-sectional radiographic anatomically specific adiposity volumes were obtained from participants of the Third-Generation Framingham cohort (n = 3068, 2002 to 2005). In secondary analyses, volumetric measures of adiposity reveal that adipsin is strongly associated with subcutaneous (SAT) and intrathoracic adipose volumes and not visceral adipose volumes. With regard to subcutaneous adipose, a one standard deviation rise in adipsin was associated with a 0.4 standard deviation increase in subcutaneous adipose volume. Analyses were multivariable linear regression models (t statistic) with two-sided p-values deemed significant at a p-value threshold of p = 0.05.


Extended Data Fig. 8 GWAS of adipsin levels in the Framingham Cohort.
A genome-wide association study of adipsin levels was conducted among n = 6791 individuals with available genetic data using an additive genetic model (t statistic). (a) A quintile-quintile plot of the observed and expected P-values. Each dot represents observed data while the solid line represents the null hypothesis of no association. (b) A regional plot of the sentinel SNP (rs2930902) associated with elevated plasma adipsin level is housed intronically within the MED16. Other significant cis-SNPs are also shown.


Extended Data Fig. 9 Significant cis variant SNPs with phenotypic association, eQTL analysis, and associated metabolites from published databases.
The lead SNP on chromosome 19 rs2930902 is an intron variant in the MED16 locus and is associated with type 2 diabetes. Tissue specific cis-eQTL’s reveal that this SNP is significantly associated with adipsin expression in a number of tissues but notably in subcutaneous (but not visceral) adipose tissue. Moreover, the same SNP is associated with known branch chain amino acid metabolites (glycine and valine) known to predict incident type 2 diabetes mellitus. Three additional SNPs associated with adipisin expression are shown.
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