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            Abstract
Obesity-induced metabolic disease involves functional integration among several organs via circulating factors, but little is known about crosstalk between liver and visceral adipose tissue (VAT)1. In obesity, VAT becomes populated with inflammatory adipose tissue macrophages (ATMs)2,3. In obese humans, there is a close correlation between adipose tissue inflammation and insulin resistance4,5, and in obese mice, blocking systemic or ATM inflammation improves insulin sensitivity6,7,8. However, processes that promote pathological adipose tissue inflammation in obesity are incompletely understood. Here we show that obesity in mice stimulates hepatocytes to synthesize and secrete dipeptidyl peptidase 4 (DPP4), which acts with plasma factor Xa to inflame ATMs. Silencing expression of DPP4 in hepatocytes suppresses inflammation of VAT and insulin resistance; however, a similar effect is not seen with the orally administered DPP4 inhibitor sitagliptin. Inflammation and insulin resistance are also suppressed by silencing expression of caveolin-1 or PAR2 in ATMs; these proteins mediate the actions of DPP4 and factor Xa, respectively. Thus, hepatocyte DPP4 promotes VAT inflammation and insulin resistance in obesity, and targeting this pathway may have metabolic benefits that are distinct from those observed with oral DPP4 inhibitors.
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                    Figure 1: Hepatocyte-specific DPP4 silencing suppresses VAT inflammation and improves insulin sensitivity in DIO mice.[image: ]


Figure 2: Silencing of hepatocyte DPP4, but not treatment with the oral DPP4 inhibitor sitagliptin, lowers VAT inflammation and improves metabolism in DIO mice.[image: ]


Figure 3: DPP4 and FXa synergistically activate inflammatory signalling in macrophages.[image: ]


Figure 4: Silencing PAR2 or CAV1 in ATMs in obese mice lowers VAT inflammation and improves response to insulin.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Hepatocyte-specific deletion of CaMKII or ATF4 in DIO mice lowers VAT inflammation.
a–c, Sixteen-week-old Camk2gfl/fl mice that had been previously fed the DIO diet for 13 weeks were injected intravenously with AAV8-TBG-cre (H-CaMKII(KO)) or AAV8-TBG-lacZ (wild-type, WT). Mice were analysed after three additional weeks on the DIO diet. a, Representative images of VAT immunostained for F4/80, with quantification of crown-like-structure (CLS) macrophages, and expression of Adgre1 mRNA, which encodes F4/80. b, As in a, except that the mice were injected with fluorescent beads using a procedure that labels circulating Ly6chi monocytes, and then bead-labelled cells were assayed in VAT sections. c, mRNAs for Il6, Mcp1, Tnf and Il1b in VAT. d, Blood monocyte count. e, Plasma IL6 and TNFα measured by ELISA, and quantification of Adgre1, Mcp1 and Tnfa mRNA in liver. In a–e, n = 4 mice per group; mean ± s.e.m.; *P < 0.05; n.s., not significant by two-tailed Student’s t-test. f, g, Mice similar to those in a–c, and from a third group in which Camk2gfl/fl mice were injected intravenously with adeno-Atf4 and AAV8-TBG-cre (H-CaMKII(KO) + adeno-Atf4). f, CLS macrophages and Adgre1 mRNA in VAT were quantified, with representative images of F4/80-stained VAT. g, Il6, Mcp1, Tnfa and Il1b mRNA in VAT and Adgre1, Mcp1 and Tnfa mRNA in liver were quantified. Note that the first two groups of mice received adeno-lacZ instead of adeno-Atf4. n = 4 mice per group; mean ± s.e.m.; *P < 0.05 by one-way ANOVA; n.s., not significant. h, AAV8-TBG-cre (H-ATF4(KO)) or AAV8-TBG-lacZ (wild-type) was injected intravenously into 16-week-old Aft4fl/fl mice previously fed the DIO diet for 13 weeks. After three further weeks on the DIO diet, VAT from these mice was immunostained for F4/80 to identify macrophages, the percentage of macrophages in CLS was quantified, and the VAT was assayed for Adgre1 and the indicated inflammatory mRNAs. Twelve wild-type and 11 H-ATF4(KO) mice was analysed for CLS macrophages, and a randomly selected subset of five wild-type and five H-ATF4(KO) mice was analysed for the VAT mRNAs. Mean ± s.e.m., *P < 0.05 by two-tailed Student’s t-test.

                          Source data
                        


Extended Data Figure 2 DPP4 in the plasma of DIO mice induces Mcp1 and Il6 in SVF cells from the VAT of obese mice and in macrophages.
a, Representative images of haemotoxylin and eosin-stained VAT sections from lean and DIO mice and Adgre1 mRNA levels in SVF from lean and DIO mice. n = 4 mice per group; mean ± s.e.m.; *P < 0.05. b, SVF cells from the VAT of lean mice were incubated for 4 h in medium containing 10% (v/v) plasma from lean or DIO mice and then assayed for Mcp1 and Il6 mRNA. n = 4 mice per group; mean ± s.e.m.; *P < 0.05; n.s., not significant. c, Mcp1 mRNA was assayed in mouse peritoneal macrophages (Mϕs) or bone marrow-derived macrophages that were incubated for 4 h with medium containing 10% (v/v) plasma from lean or DIO mice. n = 5 technical replicates per group; mean ± s.e.m.; *P < 0.05. d, Mcp1 mRNA levels in SVF cells that were incubated for 4 h with medium containing 10% (v/v) control or heat-inactivated (heat) plasma from the indicated groups of mice. n = 6 mice per group; mean ± s.e.m.; *P < 0.05. e, UV protein chromatogram obtained after fractionation of DIO mice plasma using gel-filtration FPLC; vertical grey bar depicts peak of activity shown in f. f, Obese mouse SVF cells were incubated with medium containing 10% lean or DIO mouse plasma or the indicated FPLC fractions from e and assayed for Mcp1 mRNA. n.d., Mcp1 mRNA not detected. Arrows indicate the fractions that were selected for LC–MS/MS analysis. g, LC–MS/MS normalized spectral counts corresponding to DPP4 in the FPLC fractions from f. h, DPP4 activity in the plasma of lean and DIO mice. n = 5 mice per group; mean ± s.e.m.; *P < 0.05. i, SVF cells from DIO mice were incubated for 4 h with medium containing 10% (v/v) lean or DIO mouse plasma that was pre-treated for 1 h with or without 10 μM DPP4 inhibitor KR62436. The cells were then assayed for Il6 mRNA. n = 3 technical replicates per group; mean ± s.e.m.; *P < 0.05. j, VAT from the mice in Extended Data Fig. 1f, g was assayed for Dpp4 mRNA (n = 4). Data in a–c and h were analysed by two-tailed Student’s t-test; data in i and j were analysed by one-way ANOVA (g, h); data in d were analysed by two-way ANOVA.

                          Source data
                        


Extended Data Figure 3 Restoration of DPP4 in livers of H-CaMKII(KO) mice abrogates suppression of VAT inflammation in DIO mice; ATF4 ChIP of the Dpp4 gene; and AAV8-H1-shDpp4 treatment lowers hepatic DPP4.
Wild-type and H-CaMKII(KO) mice and a third group in which Camk2gfl/fl mice were injected intravenously with adeno-Dpp4 together with the AAV8-TBG-cre (H-CaMKII(KO) + adeno-Dpp4) were analysed as follows. a, Body weight, plasma DPP4 activity and liver and VAT DPP4 protein. b, Representative images of VAT immunostained with F4/80 antibody, with quantification of CLS macrophages and Tnfa and Mcp1 mRNA in VAT. Note that the first two groups of mice received adeno-lacZ instead of adeno-DPP4. In a and b, n = 3–4 mice per group; mean ± s.e.m.; *P < 0.05 by one-way ANOVA; n.s., non-significant. For gel source data, see Supplementary Fig. 1. c, Top, ChIP was performed with liver extracts from the indicated groups of mice using anti-ATF4 or control IgG antibodies. The region spanning the predicted ATF4-binding sequence in exon 1 of Dpp4 was amplified by RT–qPCR and normalized to the values obtained from the input. n = 3 ChIP assays for wild-type, H-CaMKII(KO), H-CaMKII(KO) + adeno-Atf4; n = 1 for H-ATF4(KO); n = 10 for control IgG; mean ± s.e.m.; #,*P < 0.05 by one-way ANOVA for groups 1–3. Bottom, per cent input for ATF4 ChIP using liver extracts from the indicated DIO mice and PCR primers for a region in the Dpp4 gene that does not contain a consensus sequence for ATF4 binding. n = 3 ChIP assays for wild type, H-CaMKII(KO), H-CaMKII(KO) + adeno-Atf4; n = 1 for H-ATF4(KO); n = 10 for control IgG; mean ± s.e.m.; n.s., non-significant by one-way ANOVA. d, e, Sixteen-week-old mice previously fed with the DIO diet for 10 weeks were injected intravenously with hepatocyte-specific AAV8-H1-shDpp4 (H-shDpp4) or control AAV8-H1 vector (con). After four additional weeks on DIO diet, the mice were analysed as follows. d, DPP4 immunoblot, with densitometric quantification of DPP4 protein in the indicated tissues; representative of three independent experiments. e, Dpp4 mRNA in liver and VAT. In d and e, n = 5 mice per group; mean ± s.e.m.; *P < 0.05; n.s., non-significant by two-tailed Student’s t-test. See Supplementary Fig. 1 for gel source data.

                          Source data
                        


Extended Data Figure 4 Silencing of DPP4 in liver suppresses VAT inflammation and improves metabolism without increasing plasma incretins.
a, Top, 16-week-old mice previously fed with the DIO diet for 10 weeks were injected intravenously with AAV8-H1-shDpp4 (H-shDpp4) or control AAV8-H1 vector (con). After four weeks, the mice were assayed for Il6, Mcp1, Tnfa and Il1b mRNA in VAT. Bottom, control and H-shDpp4-treated mice similar to those above were analysed nine days after adenovirus injections for Il6, Mcp1, Tnfa and Il1b mRNA in ATMs. b–g, H-shDPP4 and control mice were analysed after four weeks. b–d, Representative images of adipose tissue immunostained with F4/80 antibody, with quantification of CLS macrophages, Adgre1 and inflammatory gene mRNA expression in perirenal, inguinal and brown fat. e, Plasma MCP1, IL6 and TNFα. f, Body weight and food intake. g, Weights of liver and the indicated adipose tissue depots. In a–g, n = 5–6 mice per group; mean ± s.e.m.; *P < 0.05; n.s., non-significant by two-tailed Student’s t-test. h–j, Mice similar to those in b–g were assayed. h, Blood glucose and plasma insulin. i, p-AKT and total AKT in VAT and liver after insulin injection into the portal vein. n = 1 PBS-injected, n = 4 insulin-injected mice per group; blots are representative of three independent experiments. Gel source data are shown in Supplementary Fig. 1. j, Plasma active GIP (1–42) and GLP1 (7–36). In h and j, n = 6 mice per group; mean ± s.e.m.; *P < 0.05; n.s., non-significant by two-tailed Student’s t-test.

                          Source data
                        


Extended Data Figure 5 Hepatocyte-specific silencing of DPP4 improves glucose metabolism in ob/ob mice without increasing plasma incretins and does not affect VAT inflammation or glucose metabolism in lean mice.
a–h, Five-week-old chow-fed ob/ob mice were injected intravenously with AAV8-H1-shDpp4 (H-shDpp4) or AAV8-H1-control (con), and were assayed four weeks later. a, Body weight. b, Immunoblot of liver and VAT DPP4. c, Representative images of VAT immunostained with F4/80 antibody, with quantification of CLS macrophages and Adgre1 mRNA in VAT. d, Il6, Mcp1, Tnfa and Il1b mRNA in VAT. e, Blood glucose after challenge with intraperitoneal glucose or insulin. f, p-AKT and total AKT in VAT and liver extracts after portal vein insulin injection. g, Blood glucose and plasma insulin 5 h after food withdrawal. h, Plasma active GIP (1–42) and GLP1 (7–36). i–m, Sixteen-week-old chow-fed wild-type lean mice were injected intravenously with AAV8-H1-shDpp4 (H-shDpp4) or AAV8-H1-control (Con) and were analysed as follows. i, Body weight. j, Immunoblot of DPP4 in liver and VAT. k, p-AKT and total AKT in VAT and liver extracts after portal vein insulin injection. l, Blood glucose and plasma insulin 5 h after food withdrawal. m, Blood glucose after challenge with intraperitoneal glucose or insulin. In all panels, n = 5–6 mice per group; mean ± s.e.m.; n.s., non-significant by two-tailed Student's t-test. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Figure 6 Effect of DPP4 silencing on insulin-induced p-AKT in primary hepatocytes, on NEFA in obese or lean mice and on metabolism in comparison with sitagliptin in obese mice.
a, Wild-type or DPP4-silenced primary hepatocytes were treated with or without 50 μM palmitate for 10 h with the last 5 h in serum-free medium, and then stimulated with 100 nM of insulin for 5 min. p-AKT and total AKT and DPP4 were assayed by immunoblot. The data are representative of two independent experiments. b, Plasma samples from the following mice were assayed for non-esterified fatty acids (NEFA) four weeks after intravenous injection with AAV8-H1-shDpp4 (H-shDpp4) or control AAV8-H1 vector (con): 16-week-old mice fed the DIO diet for the last 10 weeks, 5-week-old chow-fed ob/ob mice, and 6-week-old chow-fed wild-type lean mice. n = 5–6 mice per group; mean ± s.e.m.; *P < 0.05 and n.s., non-significant by two-tailed Student's t-test. c–h, After 10 weeks on high-fat diet, control DIO mice, H-shDpp4 DIO mice and DIO mice were administered sitagliptin (sita) in drinking water to achieve a dose of ~30–45 mg/kg/day. After 4 weeks of treatment, the mice were analysed as follows. c, Body weight. d, Plasma and VAT DPP4 activity. e, Hepatic DPP4 immunoblot and hepatocyte DPP4 activity. f, Blood glucose and plasma insulin 5 h after food withdrawal. g, p-AKT and total AKT in VAT and liver after portal vein insulin injection. h, Plasma non-esterified fatty acids (NEFA). For all quantified data panels except e, n = 6–8 mice per group; for e, n = 4 mice per group; mean ± s.e.m.; *,#P < 0.05 and n.s., non-significant by one-way ANOVA. For gel source data, see Supplementary Fig. 1. i, DIO mice were treated with AAV8-H1-con, AAV8-H1-shDpp4 or sitagliptin (+ AAV8-H1-con) exactly as above, except the mice were analysed after 11 weeks of treatment instead of after 4 weeks. n = 5 mice per group; mean ± s.e.m.; *,#P < 0.05 and n.s., non-significant by one-way ANOVA.

                          Source data
                        


Extended Data Figure 7 DPP4 requires a plasma factor to induce inflammation in SVF.
a, Mcp1 mRNA was assayed in SVF cells that were incubated for 4 h with medium containing 10% (v/v) DIO mouse plasma; DIO mouse plasma immunodepleted of DPP4; recombinant DPP4 (rDPP4) alone; or rDPP4 plus DIO mouse plasma immunodepleted of DPP4. n = 3 technical replicates per group;. mean ± s.e.m. b, As a, except plasma from H-shDPP4 DIO mice were used instead of DPP4-depleted obese mouse plasma, and both Mcp1 and Il6 were assayed (n = 5 technical replicates per group; mean ± s.e.m.). In a and b, groups with different symbols are different from each other (P < 0.05 by one-way ANOVA). c, DPP4-depleted plasma from DIO mice was fractionated by Superdex-200 FPLC. Each fraction, as well as unfractionated DIO mouse plasma, was incubated with SVF cells with or without rDPP4, followed by assay of Mcp1 mRNA. n.d., Mcp1 mRNA not detected. The fraction numbers in red (arrows) were selected for LC–MS/MS analysis. The data are from a single experiment.

                          Source data
                        


Extended Data Figure 8 DPP4 and FXa synergistically promote VAT inflammation, and inhibition of FXa improves glucose metabolism.
a, LC–MS/MS normalized spectral counts corresponding to FX in the indicated FPLC fractions from Extended Fig. 7c. b, SVF cells or BMDMs were pre-incubated for 1 h with or without 10 μM FXa inhibitor rivaroxaban (riv) and then incubated with medium containing 10% (v/v) plasma from lean or DIO mice and assayed for Mcp1 mRNA. n = 3 technical replicates per group; mean ± s.e.m.; *,#P < 0.05 by two-way ANOVA. c, BMDMs were pretreated with or without 10 μM FXa inhibitor rivaroxaban (riv) or 10 μM DPP4 inhibitor KR62436, followed by incubation for 4 h with rFX or rDPP4 alone or both together. Il6 mRNA was then quantified. n = 4 technical replicates per group; mean ± s.e.m.; #,*P < 0.05 by one-way ANOVA. d, SVF cells from lean or DIO mice were treated with rFX or rDPP4 alone or in combination for 4 h, and then Mcp1 and Il6 mRNA levels were assayed (n = 4 technical replicates per group; mean ± s.e.m.; *P < 0.05 and n.s., non-significant by one-way ANOVA). e–j, The control and rivaroxaban-treated mice from Fig. 3b, c were assayed. e, Body weight. f, Adgre1, Mcp1, Il6, Tnfa and Il1b mRNA in VAT. g, h, Blood glucose and plasma insulin 5 h after food withdrawal. i, p-AKT and total AKT in VAT and liver after portal vein insulin injection. j, Plasma non-esterified fatty acids (NEFA). In e–h and j, n = 5 mice per group; mean ± s.e.m.; *P < 0.05 and n.s., non-significant by two-tailed Student’s t-test. In i, the mean fold increases of the plus-insulin values relative to the minus-insulin value, based on the densitometric ratio of p-AKT:total AKT, are shown below the blots (n = 1 PBS-injected and n = 4-insulin injected mice per group; mean ± s.e.m.; *P < 0.05). For gel source data, see Supplementary Fig. 1.


Extended Data Figure 9 DPP4 and FXa synergistically induce inflammatory signalling pathways in macrophages.
a, BMDMs were pre-treated for 4 h with or without 0.25 U rFXa, medium was then removed, cells were washed and treated with 10 μM rivaroxaban (riv) to inhibit residual FXa activity. The cells were then incubated for 4 h with or without 70 ng rDPP4 and assayed for Mcp1 and Il6 mRNA. b, BMDMs were pre-treated for 4 h with or without 70 ng rDPP4, medium was then removed, cells were washed and treated with 10 μM KR62436 to inhibit residual DPP4 activity. The cells were then incubated for 4 h with or without 0.25 U rFXa and assayed for Mcp1 and Il6 mRNA. In a and b, n = 3 technical replicates per group; mean ± s.e.m.; *P < 0.05 versus all other groups by one-way ANOVA. c, ATMs were pre-treated for 1 h with or without 10 μM of the PAR2 inhibitor GB83, 25 μM of the CAV1 inhibitor daidzein, 10 μM of the MEK inhibitor PD98059 or 10 μM of the IKK inhibitor PS-1145. The cells were then incubated for 4 h with or without rFXa and rDPP4 and assayed for Mcp1 and Il6 mRNA. n = 4 technical replicates per group; mean ± s.e.m.; *,#P < 0.05 by one-way ANOVA. d, Human monocyte-derived macrophages were pre-treated for 1 h with or without 10 μM PAR2 inhibitor (GB83) or 25 μM CAV1 inhibitor (daidzein) and then incubated for 4 h with or without rFXa, rDPP4 or both and assayed for MCP1 and IL6 mRNA. n = 3 technical replicates; mean ± s.e.m.; #,*P < 0.05 versus all other groups by one-way ANOVA. e–g, Bone marrow-derived macrophages were incubated for 10 min with or without 0.25 U rFXa, 70 ng rDPP4 or rFXa plus rDPP4 and then assayed by immunoblot for phosphorylated and total IRAK1, TAK1, RAF1, ERK1/2 and P65, followed by densitometric quantification. The data are representative of two (e, f) or three (g) independent experiments. For all panels, n = 3 technical replicates per group; mean ± s.e.m.; *P < 0.05 versus other groups and n.s., not significant by one-way ANOVA. h–j, Bone marrow-derived macrophages were pretreated for 1 h with or without the following inhibitors. h, IRAK-1/4 inhibitor-I, 0.5 μM. i, TAK1 MAPKKK inhibitor Z-7-oxozeaenol, 0.1 μM. j, RAF1 inhibitor GW5074, 1 μM. Cells were then incubated for 4 h with or without rFXa plus rDPP4 and assayed for Mcp1 and Il6 mRNA. n = 4 technical replicates per group; mean ± s.e.m.; *P < 0.05 by one-way ANOVA.

                          Source data
                        


Extended Data Figure 10 Supporting data for GERP experiments.
a, Five-week-old chow-fed ob/ob mice were treated daily by intraperitoneal injection of FITC-labelled glucan shells for 12 days and then assayed by DAPI staining, F4/80 immunofluorescence and glucan shell fluorescence in the indicated tissues. b–e, Five-week-old chow-fed ob/ob mice were injected intraperitoneally once daily for 12 days with 0.2 mg GERPs containing scrambled siRNA (control), Par2 siRNA or Cav1 siRNA. The mice were analysed 24 h after the last injection. b, Body weight. c, Immunoblots of PAR2 and CAV1 in ATMs and splenic extracts. d, Il6, Mcp1, Tnfa and Il1b mRNA in VAT. e, Plasma non-esterified fatty acids (NEFA). In b, d and e, n = 5–6 mice per group; *P < 0.05 and n.s., non-significant by two-tailed Student’s t-test for each siRNA GERP versus control GERP. For gel source data, see Supplementary Fig. 1.
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