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            Abstract
Fibroblast growth factorÂ 1 (FGF1) is an autocrine/paracrine regulator whose binding to heparan sulphate proteoglycans effectively precludes its circulation1,2. Although FGF1 is known as a mitogenic factor, FGF1 knockout mice develop insulin resistance when stressed by a high-fat diet, suggesting a potential role in nutrient homeostasis3,4. Here we show that parenteral delivery of a single dose of recombinant FGF1 (rFGF1) results in potent, insulin-dependent lowering of glucose levels in diabetic mice that is dose-dependent but does not lead to hypoglycaemia. Chronic pharmacological treatment with rFGF1 increases insulin-dependent glucose uptake in skeletal muscle and suppresses the hepatic production of glucose to achieve whole-body insulin sensitization. The sustained glucose lowering and insulin sensitization attributed to rFGF1 are not accompanied by the side effects of weight gain, liver steatosis and bone loss associated with current insulin-sensitizing therapies. We also show that the glucose-lowering activity of FGF1 can be dissociated from its mitogenic activity and is mediated predominantly via FGF receptor 1 signalling. Thus we have uncovered an unexpected, neomorphic insulin-sensitizing action for exogenous non-mitogenic human FGF1 with therapeutic potential for the treatment of insulin resistance and type 2 diabetes.
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                    Figure 1: Acute rFGF1 injection lowers glucose in diabetic mice.[image: ]


Figure 2: Chronic administration of rFGF1 achieves sustained glucose lowering and insulin sensitization in diabetic mice.[image: ]


Figure 3: rFGF1 induces insulin-dependent glucose uptake.[image: ]


Figure 4: Chronic administration of rFGF1 is insulin sensitizing.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Acute rFGF1 injection lowers blood glucose levels and reduces food intake.
aâ€“c, Blood glucose levels in ob/ob mice after subcutaneous (sc, n = 3) or intraperitoneal (ip, n = 3) injection of rFGF1 (a), intravenous (iv) injection of rFGF1 (n = 6) or control vehicle (n = 5) (b), or subcutaneous injection of rFGF1 premixed with heparin (1.5Â mgÂ kgâˆ’1, n = 3) (c). d, Serum insulin levels 24Â h after rFGF1 treatment under ad libitum fed or fasting conditions in chow-fed C57BL/6J mice (n = 10). e, Blood glucose levels in fasted, chow-fed mice after treatment with rFGF1 (n = 8). f, Food intake during 24Â h after injection of rFGF1 in chow-fed C57BL/6J mice (n = 8). gâ€“i, Food intake during indicated times after injection of rFGF1 in ob/ob (n = 6) (g), db/db (n = 3) (h) and DIO (n = 6) (i) mice. Control PBS (open bar) or murine rFGF1 (0.5Â mgÂ kgâˆ’1; filled bar) were injected subcutaneously to ad libitum fed mice unless otherwise noted. Values are means and s.e.m. Statistics by two-tailed t-test: *PÂ <Â 0.05; **PÂ <Â 0.01.


Extended Data Figure 2 Chronic administration of rFGF1 lowers blood glucose independently of food intake and metabolic hormones.
aâ€“c, MRI analyses of fat (a) and lean mass content (b) at indicated days, and food intake (c) during chronic administration of control vehicle (n = 6) or rFGF1 (n = 8) in ob/ob mice. d, Random-fed blood glucose of a pair-fed cohort of ob/ob mice (red line, filled triangles, n = 12) plotted alongside blood glucose trends during chronic administration of control vehicle (black line, open squares, n = 6) or rFGF1 in ob/ob mice (black line, filled squares; n = 8). Pair-fed cohort food intake was restricted to equal the food intake of rFGF1-injected ob/ob mice throughout the 5-week trial. eâ€“g, Serum cholesterol (e), free fatty acids (f) and metabolic hormone levels (g) after 5-week administration of control PBS or rFGF1 in ob/ob mice (n = 4). hâ€“j, Body weight (h), tissue mass analyses (i) and food intake (j) of DIO mice after 4Â weeks of rFGF1 treatment (n = 6). All injections were performed subcutaneously with control vehicle (PBS, open bars or symbols) or murine rFGF1 (0.5Â mgÂ kgâˆ’1; filled bars or symbols) to ad libitum fed mice every 48Â h throughout chronic administration trials. Values are means and s.e.m. Statistics by two-tailed t-test: *PÂ <Â 0.05; **PÂ <Â 0.01.


Extended Data Figure 3 rFGF1 does not stimulate insulin secretion and chronic administration reduces systemic inflammation.
a, Glucose-stimulated insulin secretion (basal; 3Â mM glucose; stimulated, 20Â mM glucose) of ob/ob islets after 1Â h pretreatment with control PBS (open bars) or rFGF1 (10Â ngÂ mlâˆ’1, filled bars; n = 6). b, c, Time course of serum insulin (b) and blood glucose (c) levels in ob/ob mice after a single rFGF1 injection (0.2Â mgÂ kgâˆ’1 intravenously; n = 8). d, Serum cytokines in ob/ob mice after 5Â weeks of subcutaneous administration of control vehicle (PBS, open bars; n = 4) or rFGF1 (0.5Â mgÂ kgâˆ’1 every other day, filled bars; n = 6) Values are means and s.e.m. Statistics by two-tailed t-test: *PÂ <Â 0.05; **PÂ <Â 0.01.


Extended Data Figure 4 rFGF1 is an insulin sensitizer and does not affect bone morphology.
aâ€“d, Steady-state glucose infusion rate (a), hepatic inflammation-related gene expression (b), glucose tolerance tests (c) and body weights (d) of DIO mice after 3Â weeks of administration of control PBS (n = 11) or rFGF1 (0.5Â mgÂ kgâˆ’1 every other day; n = 9). e, f, Basal hepatic glucose production (e) and basal and clamped serum insulin concentrations (f) measured during hyperinsulinaemicâ€“euglycaemic clamp studies of DIO mice after 3 weeks of administration of control PBS (n = 11) or rFGF1 (n = 9). g, h, Insulin induced phosphorylation of AKT in liver (g) and muscle tissues (h) of DIO mice after 3Â weeks of administration of control PBS (n = 11) or rFGF1 (n = 12). iâ€“n, Food intake (i), carbon dioxide production (j), heat production (k), total activity (l), respiratory exchange ratio (m) and oxygen consumption (n) of chronically rFGF1-treated DIO mice (3Â weeks of treatment with control PBS (blue symbols, n = 4) or rFGF1 (red symbols, n = 4) measured in metabolic cages. o, Representative haematoxylin and eosin staining of inguinal white adipose tissue from DIO mice after 4 weeks of administration of control PBS (n = 6) or rFGF1 (n = 6). p, Serum creatine kinase levels in chronically rFGF1-treated ob/ob mice (n = 4). q, r, Bone mineral density (q) and trabecular bone thickness (TbÂ Th), trabecular bone space (TbÂ Sp) and cortical bone thickness (CÂ Th) (r) in 4-week treated DIO mice analysed by micro-computed tomography (n = 6). s, Total and high-molecular-weight (HMW) serum adiponectin levels in ob/ob mice after 4Â weeks of rFGF1 injections every 48Â h (n = 4). Control vehicle (PBS, open bar), rFGF1 (0.5Â mgÂ kgâˆ’1 subcutaneously; filled bars). Scale bar, 100Â Î¼m. Values are means and s.e.m. Statistics by two-tailed t-test: *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.005; ****PÂ <Â 0.001.


Extended Data Figure 5 Binding affinities of rFGF1 and rFGF1Î”NT to FGFRs.
Removal of the N terminus from FGF1 reduces the ligandâ€™s binding affinity for FGFRs. a, Overlays of SPR sensorgrams of FGF1 binding to the ligand-binding domain of FGFRs and fitted saturation binding curves. Equilibrium dissociation constants (Kd values) were derived from the saturation binding curves. b, Overlays of SPR sensorgrams of FGF1Î”NT binding to the ligand-binding domain of FGFRs. Where possible, Kd values were calculated from fitted saturation binding curves.


Extended Data Figure 6 rFGF1 and rFGF1Î”NT signal through FGFR1 in a dose-dependent manner.
a, Western blot showing intracellular signalling in serum-starved HEK293 cells after a 15-min treatment with the indicated concentrations of PBS, rFGF1Î”NT or rFGF1. b, Dose response of glucose-lowering effects of subcutaneously delivered rFGF1Î”NT (striped bars) in comparison with rFGF1 (filled bars) in 12-week-old ob/ob mice (n = 8). c, Food intake in DIO mice during a 24Â h period after injection of control PBS (open bar), rFGF1 (0.5Â mgÂ kgâˆ’1 subcutaneously; filled bars) or rFGF1Î”NT (0.5Â mgÂ kgâˆ’1 subcutaneously; striped bar, n = 10). d, Blood glucose levels in high-fat-diet-fed (8Â months) Fgfr1fl/fl (WT, n = 5) and aP2-Cre;Fgfr1fl/fl (R1 knockout (KO), n = 4) mice at 0Â h (open bars) and 24Â h (filled bars) after treatment with rFGF1Î”NT (0.5Â mgÂ kgâˆ’1 subcutaneously). e, Western blot showing intracellular signalling in serum-starved HEK293 cells after a 15-min treatment with PBS or 10Â ngÂ mlâˆ’1 rFGF1, two independent preparations of rFGF1Î”NT, and rFGF1Î”NT2. f, Blood glucose levels in ob/ob mice at 0Â h (open bars) and 24Â h (filled bars) after treatment with rFGF1Î”NT and rFGF1Î”NT2 (0.5Â mgÂ kgâˆ’1 subcutaneously; n = 2). Gel images are representative of at least three biological replicates. Values are means and s.e.m. Statistics by two-tailed t-test: *PÂ <Â 0.05; ***PÂ <Â 0.005.


Extended Data Table 1 Metabolic parameters of ob/ob mice chronically treated with rFGF1Full size table
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As a non-endocrine member of the fibroblast growth factor (FGF) family, FGF1 is known as a classic growth factor with mitogenic and angiogenic activity. This study identifies FGF1 as a powerful metabolic regulator. Injection of recombinant FGF1 (rFGF1) results in potent, insulin-dependent glucose lowering in diabetic mice, but does not lead to hypoglycaemia. Chronic pharmacological treatment with rFGF1 increases insulin-dependent glucose uptake in skeletal muscle and suppresses hepatic glucose production to achieve whole-body insulin sensitization. This work raises the possibility that FGF1 could have therapeutic potential for the treatment of insulin resistance and type 2 diabetes.
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