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            Abstract
Metformin, the universal first-line treatment for type 2 diabetes, exerts its therapeutic glucose-lowering effects by inhibiting hepatic gluconeogenesis. However, the primary molecular mechanism of this biguanide remains unclear, though it has been suggested to act, at least partially, by mitochondrial complex I inhibition. Here we show that clinically relevant concentrations of plasma metformin achieved by acute intravenous, acute intraportal or chronic oral administration in awake normal and diabetic rats inhibit gluconeogenesis from lactate and glycerol but not from pyruvate and alanine, implicating an increased cytosolic redox state in mediating metformin’s antihyperglycemic effect. All of these effects occurred independently of complex I inhibition, evidenced by unaltered hepatic energy charge and citrate synthase flux. Normalizing the cytosolic redox state by infusion of methylene blue or substrates that contribute to gluconeogenesis independently of the cytosolic redox state abrogated metformin-mediated inhibition of gluconeogenesis in vivo. Additionally, in mice expressing constitutively active acetyl-CoA carboxylase, metformin acutely decreased hepatic glucose production and increased the hepatic cytosolic redox state without altering hepatic triglyceride content or gluconeogenic enzyme expression. These studies demonstrate that metformin, at clinically relevant plasma concentrations, inhibits hepatic gluconeogenesis in a redox-dependent manner independently of reductions in citrate synthase flux, hepatic nucleotide concentrations, acetyl-CoA carboxylase activity, or gluconeogenic enzyme protein expression.
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                    Fig. 1: Acute treatment with 50 mg kg–1 metformin administered i.v. inhibits contributions from lactate but not alanine to hepatic gluconeogenesis in normal SD rats.[image: ]


Fig. 2: Acute treatment with 50 mg kg–1 metformin administered i.v. inhibits contributions from lactate but not alanine to hepatic gluconeogenesis in ZDF rats.[image: ]


Fig. 3: Acute treatment with 50 mg kg–1 metformin administered i.v. decreases fasting plasma glucose and inhibits EGP in the ACC DKI mouse model by modulating redox.[image: ]


Fig. 4: Infusion of pyruvate and DHA and infusion of MB both abrogate the effects of acute i.v. treatment with 50 mg kg–1 metformin on plasma glucose and EGP in normal SD rats.[image: ]


Fig. 5: Portal vein infusion of 50 mg kg–1 metformin acutely inhibits hepatic gluconeogenesis and selectively alters lactate, β-OHB and glycerol turnover and clearance rates without altering alanine turnover and alanine clearance rates or impacting mitochondrial VCS in a HFD–STZ SD rat model of T2D.[image: ]


Fig. 6: Chronic oral metformin treatment (3.5 mg mL–1 in the drinking water for 14 d) specifically inhibits contributions from lactate but not alanine to hepatic gluconeogenesis without impacting mitochondrial VCS in a flux HFD–STZ SD rat model of T2D.[image: ]
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                Change history
	07 February 2019
In the version of this article originally published, the VPC and VCS flux data shown in Fig. 6e,f were inadvertently duplicated from Fig. 5j,k. The correct data are now shown in Fig. 6e,f. In these corrected data, VPC flux in response to chronic oral metformin treatment was still significantly decreased (Fig. 6e), and there was still no impact of metformin on VCS flux (Fig. 6f). Therefore, the text describing these data remains the same and this correction does not change the conclusion of this study.
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