Rerouting metabolism to activate macrophages
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GPD2, the mitochondrial glycerol-3 phosphate dehydrogenase,  contributes to the shift in core metabolism in macrophages activated during infection or during the transition to an alternatively activated phenotype during tissue repair.
	
Metabolic and redox alterations are central to macrophage polarization following infection and tissue damage, and are also key to how macrophages subsequently shift to repair and healing1. In this issue of Nature Immunology, Langston et al.2 show that mitochondrial glycerol-3 phosphate dehydrogenase (GPD2) plays a role in both facets of macrophage biology by directly coupling the co-enzyme Q (CoQ) pool within the mitochondrial inner membrane to the cytosolic NADH/NAD+ ratio. This intimate link between glycolysis and respiration3 enables mitochondria to prevent a build-up of NADH in the cytosol and thereby allows glycolysis to keep on providing pyruvate to the TCA cycle. Within mitochondria, the pyruvate is converted to citrate that goes to the cytosol to generate acetyl-coA, which enhances pro-inflammatory gene expression by histone acetylation2. This work elegantly extends our understanding of the central role of  metabolic changes in macrophage polarization. 
	GPD2 is located on the outer face of the mitochondrial inner membrane, where it oxidizes glycerol-3-phosphate (G-3-P) to dihydroxyacetone phosphate (DHAP), using the electrons generated  to reduce the CoQ pool3 (Fig. 1). The DHAP then converts cytosolic NADH to NAD+, which recycles DHAP to G-3-P, a process catalysed by the cytosolic isoform of glycerol-3-phosphate dehydrogenase, GPD1. These reactions comprise the glycerol phosphate shuttle (GPS), which funnels electrons from cytoplasmic NADH to the mitochondrial  CoQ pool and on to oxygen3 (Fig. 1). The GPS prevents NADH from building up in the cytosol and thereby slowing the glycolytic flux at GAPDH, a key regulatory enzyme in glycolysis that converts glyceraldehyde-3 phosphate  to glycerol 1,3 bisphosphate,  while at the same time reducing NAD+ to NADH.  The GPS complements the malate-aspartate shuttle (MAS), which also oxidises cytosolic NADH, but passes its electrons to the mitochondrial matrix NADH/NAD+ pool, rather than to the CoQ pool. Activation of the GPS enables glycolysis to continue to supply pyruvate to the TCA cycle in the mitochondrial matrix, while also reducing the CoQ pool (Fig. 1). Langston et al.2 use Gpd2-/- mice  to show that GPD2 contributes to both the activation of macrophages by lipopolysaccharide (LPS), and to the subsequent switch to tissue repair after prolonged stimulation2. 
After inflammatory activation by the Toll-like receptor 4 agonist LPS, macrophages markedly upregulate aerobic glycolysis, while also lowering ATP production through oxidative phosphorylation1. This metabolic shift enables carbons from glucose to enter the TCA cycle, but instead of being broken down to CO2, the carbon atoms can now be used to sustain anabolism and pro-inflammatory signalling. Glucose also drives the pentose phosphate pathway to provide ribose for cell growth, as well as NADPH for both anabolism and antioxidant defence. High glycolytic flux can generates a lot of ATP, taking the pressure off oxidative phosphorylation. However it is important to note that even though oxidative phosphorylation is not being used, the TCA cycle and a functioning respiratory chain are still essential for pro-inflammatory macrophages. During inflammation, glycolysis produces pyruvate, which enters mitochondria to generate acetyl-coA, which combines with oxaloacetate and leads to a build-up of citrate4 (Fig. 1). Citrate is an essential intermediate in pro-inflammatory signalling4 following its export to the cytosol by the citrate transporter4, where it is cleaved by the citrate lyase ACLY to acetyl-coA and oxaloacetate. Acetyl-coA is then carboxylated to malonyl-coA and fuels fatty acid synthesis (Fig. 1). GPD2 was known to facilitate glycolytic flux by recycling cytosolic NADH.  Langston et al.2 have extended this by showing that GPD2 also enables pyruvate to flow into mitochondria to generate citrate and cytosolic acetyl-coA,  rather than being diverted to lactate.  The associated  transfer of electrons to the CoQ pool by GPD2 inevitably leads to a slight increase in respiration, as the respiratory chain passes the electrons on to O2. Another important role for cytosolic acetyl-coA during inflammation is to enhance the expression of proinflammatory cytokines by histone acetylation4. A key advance here is the demonstration by Langston et al.2 that the activity of GPD2 is important in facilitating the generation of citrate and the activation of inflammatory gene expression.
LPS stimulation also leads to extensive succinate production from glutaminolysis during inflammation5 (Fig. 1). The succinate is exported to the cytosol via the dicarboxylate carrier, where it enhances pro-inflammatory and pro-glycolytic gene expression5 by increasing the lifetime of the transcription factor HIF-1. Succinate generation by glutaminolysis requires a reduced CoQ pool to slow succinate oxidation to fumarate by succinate dehydrogenase (SDH) (Fig. 1). Hence, a further role of GPD2 during inflammation may be to enhance succinate production, although this possibility was not explored in the current study2. What the authors show here2 is that the activity of GPD2 is important for feeding electrons from the cytosolic NADH pools into the CoQ pool to sustain the glycolytic flux and to maintain the supply of citrate (and probably succinate) to sustain the proinflammatory state. 
The authors2 also show that GPD2 enhances the production mitochondrial reactive oxygens species (ROS) at complex I by reverse electron transport (RET)6,7. RET occurs when the mitochondrial CoQ pool is highly reduced, in conjunction with a large membrane potential and a pH gradient across the mitochondrial inner membrane6 (the membrane potential and pH gradient drive ATP generation by oxidative phosphorylation, so when  mitochondrial ATP production is low these parameters increase, helping to sustain  RET; Fig. 1). The generation by RET of ROS at complex I is emerging as important in ischemia-reperfusion injury7, immune signalling8 and in oxygen sensing by the carotid body9. How ROS produced by RET act as a redox signal is still unclear, but the authors demonstrate2 that GPD2 supports RET by maintaining the CoQ pool reduced. A key point is that GPD2 directly couples cytosolic NADH to the CoQ pool, without using up the redox energy stored by the cytosolic NADH/NAD+ ratio. This contrasts with the  transfer of electrons from cytosolic to matrix NADH by the MAS, where much of the redox energy is lost by proton pumping at complex I and so cannot reduce the CoQ pool as much. Consequently, the bypass provided by GPD2 enables the cytosolic NADH to maintain a highly reduced CoQ pool, which enables RET at complex I. How this can occur was shown previously by the ectopic expression of the yeast NADH dehydrogenase 1 in Drosophila, which, just like GPD2, allowed the cytosolic NADH/NAD+ ratio to directly drive excessive reduction of the CoQ pool and thereby facilitate RET10. While the precise targets of redox signalling by RET remain uncertain, it seems that the redox state of the CoQ pool is a key link between cytosolic and mitochondrial metabolism during inflammation. 
A final interesting aspect of the work of Langston et al.2  is that the initial activation of GPD2 after macrophage stimulation with LPS also acts in the longer term to desensitize macrophages to subsequent LPS stimulation, and contributes to the shift in macrophage metabolism towards repair and resolution. How this occurs is not clear, but may involve chronic stimulation of RET. Although not explored in the current study2, the metabolite itaconate may also contributes to this adaptation in conjunction with RET. Itaconate is produced from cis-aconitate in a reaction catalysed by cis-aconitate decarboxylase (CAD)11, the expression of which is upregulated after immune activation by LPS. The itaconate is then exported from the mitochondria to the cytosol, where it activates the transcription factor Nrf2, which has antioxidant functions12. A combination of RET and itaconate represents an appealing candidate mechanism that would regulate the subsequent shift of activated macrophages to tissue repair. 
The study of Langston et al.2 is a significant contribution to understanding the metabolism of stimulated macrophages, but much remains to be done. A key implication is that a full understanding of how macrophages initially respond to and subsequently resolve inflammatory activation will require measurement of the changes in metabolites, ROS signalling, histone acetylation and gene expression in parallel over the minutes, hours and days that follow initial macrophage polarization. Another implication is that the uncritical use of broad terms such as “oxidative metabolism”, “mitochondrial damage” and “glycolytic metabolism” when discussing macrophage metabolism is imprecise, often obscuring, rather than clarifying, the metabolic processes in the cell. Consequently, it is far better to refer to the actual metabolic steps involved. Another important insight is the observation that the reduction state of the CoQ pool represents a link between glycolysis and mitochondrial metabolism, and is a key factor during pro- and anti-inflammatory macrophage polarisation. This suggests future experiments to test the role of the alternative oxidase AOX8, which directly oxidises the CoQ pool and inhibits RET by mitochondria. The efforts of various groups to understand the role of metabolism in activated macrophages is reminiscent of the cautionary tale of the blind men encountering an elephant. Lacking the overview granted by vision, each of them makes a judgement consistent with their own limited measurements: one grasping the trunk describes a snake, while another touching a leg identifies a tree. Integration of the data reported from many labs is required to construct a more accurate description of metabolism in macrophages,  with the aim of seeing the whole elephant! 
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[bookmark: _GoBack]Fig. 1 | NADH oxidation by GPD2 in macrophage polarization. GPD2 is part of the GPS, which oxidizes NADH in the cytosol by reducing dihydroxyacetone phosphate (DHAP) to  glycerol-3 phosphate (G-3 P)  which in turn passes the electrons to the CoQ pool, by reducing ubiquinone (UQ) to ubiquinol (UQH2). This oxidation of NADH enables glycolysis to continue and to generate pyruvate rather than lactate. The pyruvate then goes to the mitochondrial matrix where it can form citrate that is exported to the cytosol by the citrate carrier (CIC), where it is converted to acetyl-coA by ATP-dependent citrate lyase (ACL) that can enhance pro-inflammatory gene expression by histone acetylation. In addition, the activation of GPD2 leads to a more reduced CoQ pool, which enhances superoxide (O2•-) production by reverse electron transport (RET) at complex I, if it occurs as the same time as an elevated membrane potential and increased  pH gradient across the mitochondrial inner membrane. The increased reduction of the CoQ pool will also slow the activity of succinate dehydrogenase (SDH) and thereby increases the accumulation of succinate  in response to glutaminolysis during inflammation. The succinate is then exported to the cytosol by the dicarboxylate carrier (DIC) where it stabilizes the transcription factor HIF-1
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