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            Abstract
Muscle regeneration is sustained by infiltrating macrophages and the consequent activation of satellite cells1,2,3,4. Macrophages and satellite cells communicate in different ways1,2,3,4,5, but their metabolic interplay has not been investigated. Here we show, in a mouse model, that muscle injuries and ageing are characterized by intra-tissue restrictions of glutamine. Low levels of glutamine endow macrophages with the metabolic ability to secrete glutamine via enhanced glutamine synthetase (GS) activity, at the expense of glutamine oxidation mediated by glutamate dehydrogenase 1 (GLUD1). Glud1-knockout macrophages display constitutively high GS activity, which prevents glutamine shortages. The uptake of macrophage-derived glutamine by satellite cells through the glutamine transporter SLC1A5 activates mTOR and promotes the proliferation and differentiation of satellite cells. Consequently, macrophage-specific deletion or pharmacological inhibition of GLUD1 improves muscle regeneration and functional recovery in response to acute injury, ischaemia or ageing. Conversely, SLC1A5 blockade in satellite cells or GS inactivation in macrophages negatively affects satellite cell functions and muscle regeneration. These results highlight the metabolic crosstalk between satellite cells and macrophages, in which macrophage-derived glutamine sustains the functions of satellite cells. Thus, the targeting of GLUD1 may offer therapeutic opportunities for the regeneration of injured or aged muscles.
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                    Fig. 1: GLUD1 loss in macrophages boosts the activation of satellite cells and muscle regeneration.


Fig. 2: Uptake of macrophage-derived glutamine by satellite cells boosts muscle regeneration.


Fig. 3: GLUD1 loss or inhibition in macrophages benefits damaged and aged muscles.
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              RNA sequencing data have been deposited in the Gene Expression Omnibus (GEO) data repository, with accession number GSE123825. Other data that support the findings of this study are available from the corresponding author (M.M.) upon reasonable request. Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Infiltrating GLUD1-deficient macrophages improve muscle repair.
a, Western blot for GLUD1 in BMDMs from control and Glud1ΔMo mice. Vinculin was used as loading control. Representative image of three independent blots. b, c, RT–qPCR of Glud1 in F4/80+ macrophages (b), and Glud1 in Ly6G+ neutrophils (c), sorted from tibialis anterior muscles 1 day post-CTX (n = 4). d, Monocyte-derived macrophages (F4/80+GFP−) and tissue-resident macrophages (F4/80+GFP+) in tibialis anterior muscles 1 day post-CTX. Injured mice were CD68.eGFP transgenic mice reconstituted with wild-type (WT→CD68.eGFP) (n = 3) or Glud1ΔMo bone marrow cells (Glud1 KO→CD68.eGFP) (n = 4). e, Necrotic area on H&E-stained sections from tibialis anterior muscles 6 days post-CTX. Injured mice were CD68.eGFP transgenic mice reconstituted with wild-type (WT→CD68.eGFP) or Glud1ΔMo bone marrow cells (KO→CD68.eGFP) (n = 6). Baseline (B.): WT→CD68.eGFP (n = 3); KO→CD68.eGFP (n = 4). f, RT–qPCR of Glud1 in F4/80+ macrophages, sorted from spleens upon tamoxifen-induced macrophage-specific Glud1 deletion in Glud1L/L;Csf1rcreERT mice (designated L/L in the figure); tamoxifen-injected littermates (Glud1L/L and negative for Csf1rcreERT; designated WT in the figure) were used as controls (n = 5).g–i, Quantification of necrosis (g), apoptosis (h) and regenerating fibres (i), from tibialis anterior muscles 6 days post-CTX in tamoxifen-injected Glud1L/L;Csf1rcreERT mice and littermate controls (Glud1L/L and negative for Csf1rcreERT) (n = 6). j–l, Quantification of proliferating (Ki67-expressing) satellite cells in tibialis anterior muscles (j) 1 day post-CTX injury (control, n = 4; Glud1ΔMo n = 5) with representative images (k), or in crural muscles (l) 3 days post-ligation (n = 5). The yellow arrows indicate PAX7+Ki67− cells, and the white arrows indicate PAX7+Ki67+ cells. m, n, Western blot for PAX7 in tibialis anterior muscles lysates (m) from control or Glud1ΔMo mice 1 day post-CTX (n = 4), and densitometric quantification (n). Vinculin was used as loading control. Numbers represent fold change versus vinculin. o–u, FACS quantification of total CD45+ leukocytes (o), F4/80+ macrophages (p), Ly6G+ neutrophils (q), TCRβ+ total T cells (r), CD4+ T cells (s), CD8+ cytotoxic T cells (t) and CD45R+ B cells (u), in tibialis anterior muscles at baseline or 1 day post-CTX (n = 3). v, Laser Doppler analysis 1, 3, 6, 9 and 13 days post-ligation (control n = 5 for all the time points; Glud1ΔMo, day 0, 1, 3 and 6, n = 4; day 9 and 13, n = 3). Toe perfusion of nonligated control was defined as 100%. w, Quantification of vessel density in crural muscles 14 days post-ligation (control, n = 5; Glud1ΔMo, n = 3). A representative (a–m, o–w) or a pool (n) of at least two independent experiments is shown. Unpaired two-tailed t-test; NS, not significant (P > 0.05). Scale bars, 50 μm. Graphs show mean ± s.e.m.
Source data


Extended Data Fig. 2 GLUD1 loss in macrophages does not alter either their recruitment or M1, M2 or wound-healing gene-expression patterns.
a, Crystal-violet-stained BMDMs, migrating towards CCL21, CCL2 or PBS (Uns) in glutamine (Q)-enriched or glutamine-reduced medium (n = 3). b, c, Quantification (b) and representative images (c) of F4/80 staining in ear sections with acetone (vehicle) or upon TPA-induced cutaneous rash, 3 days and 8 days after applying TPA (vehicle, n = 4; TPA day 3, n = 6 control and 5 Glud1ΔMo; TPA day 8, n = 4). d, Heat map analysis of M1 and M2 macrophage gene expression in CD45+F4/80+ macrophages sorted from tibialis anterior muscles at baseline and 1 day post-CTX (n = 4). e, Heat map analysis of wound-healing gene expression in CD45+F4/80+ macrophages sorted from tibialis anterior muscles at baseline and 1 day post-CTX (n = 4). In a–c, experiments show representative values of two independent experiments; d, e show values from one single experiment. Unpaired two-tailed t-test; NS, not significant (P > 0.05). Scale bars, 50 μm. Graphs show mean ± s.e.m.
Source data


Extended Data Fig. 3 GLUD1 loss in macrophages does not alter either M1 and M2 polarization or their related functions.
a–d, RT–qPCR of Cxcl9 (a), Tnfa (b), Arg1 (c) and Il10 (d) in BMDMs isolated from control and Glud1ΔMo mice (n = 3). e–h, FACS analysis of different M1 (e, f) or M2 (g, h) polarization states in CD45+CD11b+F4/80+ macrophages isolated from tibialis anterior muscles at baseline (n = 5) or 1 day post-CTX (n = 6). i, Quantification of macrophage phagocytosis. BMDMs were treated with LPS or PBS (unstimulated) before the assay (n = 3). j, k, Quantification (j), and representative images (k), of total endothelial sprout length of spheroid containing HUVECs and wild-type or Glud1ΔMo BMDMs. BMDMs were treated with IL-4 before the assay; unstimulated BMDMs were used as control (unstimulated n = 7; IL-4 n = 8). l, m, CD206+F4/80+ area in tibialis anterior muscles 1 day (n = 5) and 6 days (n = 8) post-CTX (l), or in crural muscles 3 days (control n = 6; Glud1ΔMo n = 5), 7 days (control n = 7; Glud1ΔMo n = 5) and 14 days (control n = 6; Glud1ΔMo n = 5) post-ligation (m). All experiments show representative values of at least two independent experiments. Unpaired two-tailed t-test; NS, not significant (P > 0.05). Scale bars, 50 μm. Graphs show mean ± s.e.m.
Source data


Extended Data Fig. 4 GLUD1 loss in macrophages enhances GS-mediated glutamine release.
a, Quantification (by gas chromatography–mass spectrometry) of intracellular 2-OG content in BMDMs cultured in glutamine-enriched or glutamine-reduced medium (n = 3). b, c, Liquid chromatography–mass spectrometry measurement of total cellular energy charge ([ATP + 1/2ADP]/[ATP + ADP + AMP]) (b) and ATP content (c) in BMDMs (n = 3). d, Oxygen consumption rate (OCR) in BMDMs (n = 5). e, f, Quantification of intracellular (e) and extracellular (f) glutamine content in BMDMs cultured in glutamine-enriched or glutamine-reduced medium (n = 3). g, [U-14C]glutamine uptake in BMDMs cultured in glutamine-enriched (n = 4) or glutamine-reduced (wild type n = 4; Glud1ΔMo n = 3) medium. h, Evaluation of [U-13C]glutamine-derived carbon incorporation into glutamate in BMDMs (n = 3). i, j, Evaluation of [U-13C]glucose-derived carbon incorporation levels into 2-OG (i) and glutamate (j) in BMDMs (n = 3). k, l, Quantification of intracellular (k) and extracellular (l) glutamine content in BMDMs upon silencing of BCAT1 or BCAT2 (n = 3). m, n, Quantification of intracellular (m) and extracellular (n) glutamine content in BMDMs upon silencing of GOT1 or GOT2 (n = 3). o, Quantification of satellite cells on tibialis anterior muscles 1 day post-CTX injury, stained for pHH3 and PAX7. Control and Glud1ΔMo mice were treated two times per day with the BCAT1 inhibitor gabapentin, or vehicle as control (n = 6). p, Fold change in glutamate-to-leucine ratio in the interstitial fluid of tibialis anterior muscles 1 day post-CTX, relative to PBS-injected control muscle (PBS n = 6; CTX n = 9). q, Fold change in glutamate-to-leucine ratio in the interstitial fluid of crural muscles 3 days post-ligation, relative to control baseline muscle (baseline n = 7, 8 control, Glud1ΔMo, respectively; ligated n = 11, 12 control, Glud1ΔMo, respectively). r, Evaluation of the conversion of glutamate to 2-OG by analysing [U-13C]glutamine (glutamine-enriched condition) or [U-13C]glutamate (glutamine-reduced condition) incorporation into 2-OG in wild-type BMDMs (n = 3). s, Evaluation of the conversion of 2-OG to glutamate by analysing 15NH4+ incorporation into glutamate in wild-type BMDMs (n = 3). t, Evaluation of GS activity by analysing 15NH4+ incorporation into glutamine in BMDMs (n = 3). u, v, Evaluation of the conversion of GLUD1 activity (u), and GS activity (v), in muscle-infiltrating macrophages, sorted 1 day post-CTX. One unit for the conversion of glutamate to 2-OG is the amount of enzyme that will generate 1 μmole of NADH per minute at pH 7.6 at 37 °C. One unit of GS activity is defined as the enzyme producing 1 nmole of γ-glutamyl hydroxamic acid per minute (control n = 4; Glud1ΔMo n = 3). The control condition in u, v is the same one displayed in Fig. 2p at day 1. All experiments (except for o) show representative values of at least two independent experiments, o shows values from one single experiment. Unpaired two-tailed t-test; NS, not significant (P > 0.05); a.u., arbitrary unit. Graphs show mean ± s.e.m.
Source data


Extended Data Fig. 5 Harnessing glutamine uptake in vitro.
a, b, Quantification (a) and representative images (b) of myotube diameter in C2C12 cells cultured in BMDM-conditioned medium (n = 3 except for glutamine-reduced C2C12, for which n = 2). c, RT–qPCR of Slc1a5 knockdown efficiency in C2C12 cells. Cells were transduced with a lentivirus co-expressing Cas9 and a gRNA targeting the Slc1a5 locus (SLC1A5-KD) (n = 5) or a nontargeting control gRNA (n = 4). d, [U-14C]glutamine uptake in SLC1A5-deficient C2C12 cells (SLC1A5 KD) generated by co-expressing Cas9 along with a gRNA targeting the Slc1a5 locus. Parental cells (control) and cells transduced with a nontargeting control gRNA were used as negative controls. C2C12 cells treated with SLC1A5 inhibitor GPNA were used as a positive control (n = 3). e, f, Quantification (e) and representative images (f) of myotube diameter in control or SLC1A5-KD C2C12 cells cocultured with BMDMs under glutamine deprivation (n = 3 except control C2C12 n = 2). g, RT–qPCR analysis of the proliferation marker Pcna in control or SLC1A5-KD C2C12 cells, or control C2C12 treated with the mTOR inhibitor Torin2, cultured for 18 h in BMDM-conditioned glutamine-reduced growth medium, in which the only glutamine present comes from wild-type or GLUD1-knockout BMDMs. A nontargeting control gRNA was used as control (n = 3). h, RT–qPCR analysis of the differentiation marker Myog in control or SLC1A5-KD C2C12 cells, or control C2C12 treated with the mTOR inhibitor Torin2, cultured for 72 h in BMDM-conditioned glutamine-reduced differentiation medium, in which the only glutamine present comes from wild-type or GLUD1-knockout BMDMs. A nontargeting control gRNA was used as control (n = 3). i, Representative images of an immunofluorescence for PAX7 on a pure satellite cell population, freshly isolated from hindlimb muscles of wild-type mice. j, RT–qPCR for Slc1a5 in satellite cells, transduced with the same lentivirus as above. The graph shows values of three biological repetitions per condition. k, l, Quantification (k) and representative images (l) of EdU by immunofluorescence in control or SLC1A5-KD satellite cells. A nontargeting control gRNA was used as a control (control gRNA n = 5; SLC1A5-KD n = 6). m–o, Quantification (m, n) and representative images (o) of fusion index and myotube size in control or SLC1A5-KD satellite cells after 5 days of culture in differentiation medium. A nontargeting control gRNA was used as a control. The graph shows values of three biological repetitions per condition. All experiments show representative values of at least two independent experiments. Unpaired two-tailed t-test; NS, not significant (P > 0.05). Scale bars, 50 μm (b, f, l), 100 μm (o). Graphs show mean ± s.e.m.
Source data


Extended Data Fig. 6 Selective and inducible knockdown of Slc1a5 in satellite cells.
a, Schematic of the AAV8 expression vector for in vivo targeting of satellite cells. U6, Pol III promoter driving the expression of the gRNA targeting the Slc1a5 locus or a nontargeting control gRNA. Because the mice used in this experiment are LSL-Cas9/Pax7creERT mice, Cas9 is exclusively activated in PAX7+ cells upon tamoxifen administration and genome editing of the Slc1a5 locus will occur selectively in satellite cells. b, Schematic of an AAV8-based CRISPR–Cas9-mediated in vivo genome editing. c, d, Representative images (c) and quantification (d) for PAX7 and Cas9 staining on uninjured muscles before and after tamoxifen administration (n = 4). e, f, RT–qPCR for Slc1a5 in freshly isolated satellite cells (n = 4) (e) and all other mononuclear cells (nonsatellite cells) (n = 3) (f) upon in vivo genome editing of the Slc1a5 locus (SLC1A5-KD) specifically in satellite cells. Nontargeting control gRNA was used as a control. g, h, Quantification (g) and representative images (h) of SLC1A5 and PAX7 staining on freshly isolated satellite cells, upon in vivo genome editing of the Slc1a5 locus (SLC1A5-KD) specifically in satellite cells (n = 3). All experiments show representative values of at least two independent experiments. Unpaired two-tailed t-test; NS, not significant (P > 0.05). Scale bars, 50 μm (c), 20 μm (h). Graphs show mean ± s.e.m.
Source data


Extended Data Fig. 7 Slc1a5 knockdown in satellite cells impairs the recovery of the muscle from CTX-induced damage.
a–d, Quantification of TUNEL+ cells (a), F4/80+ area (c) and representative images (b, d), in tibialis anterior muscle 6 days post-CTX obtained from LSL-Cas9/Pax7creERT mice treated with an AAV8 vector encoding control gRNA or Slc1a5 gRNA (SLC1A5-KD) (n = 4). e, f, Quantification (e) and representative images (f) of EdU+ myonuclei in tibialis anterior muscle 6 days post-CTX, upon in vivo genome editing of the Slc1a5 locus (SLC1A5-KD) specifically in satellite cells. EdU was given by intraperitoneal injection at 24 h, 48 h and 72 h after CTX injection (n = 6). In a–d, representative values of two independent experiments are shown; e, f show values of one experiment. Unpaired two-tailed t-test; NS, not significant (P > 0.05). Scale bars, 20 μm. Graphs show mean ± s.e.m.
Source data


Extended Data Fig. 8 Macrophage-specific genetic deletion or pharmacological inhibition of GLUD1 alters the basal inflammation and weight of muscle tissue only in aged mice.
a, Representative images of F4/80+ area in crural muscles of young and aged mice. b–i, Quantification and representative images of F4/80+ area in brain (b, c), liver (d, e), lung (f, g), and skin (h, i) of aged mice (n = 5 except in b for Glud1ΔMo n = 4). j–n, Body weight (j) and mass-to-body weight ratio of kidney (k), liver (l), spleen (m) and fat tissues (n) of aged mice upon R162 treatment (control n = 5; Glud1ΔMo n = 6). In a–i, representative values of at least two independent experiments are shown; j–n show values of one experiment. Unpaired two-tailed t-test; NS, not significant (P > 0.05). Scale bars, 50 μm (a, i); 20 μm (c, e, g). Graphs show mean ± s.e.m.
Source data


Extended Data Fig. 9 GLS loss in macrophages is not advantageous for muscle repair.
a, b, [U-14C]glutamine uptake (a) and glutamine oxidation (b) in wild-type or GLS-knockout BMDMs cultured with glutamine-enriched or glutamine-reduced medium (n = 3). c, d, 2-OG-to-succinate ratio in wild-type or GLS-knockout BMDMs (c) and 2-OG-to-succinate ratio in wild-type or GLUD1-knockout BMDMs (d). BMDMs were treated with 50 ng/ml LPS or PBS (unstimulated) before the assay (n = 3). e, Evaluation of GS activity by analysing the percentage of the 15NH4+-derived ammonia incorporation levels into glutamine in BMDMs isolated from control and GlsΔMo mice (n = 3). f, Fold change in glutamine-to-glutamate ratio in the interstitial fluid of tibialis anterior muscle 1 day post-CTX, relative to PBS-injected control muscle (n = 6). g, h, Quantification of necrotic (right side of the graph) and regenerating (left side of the graph) areas on H&E-stained sections from tibialis anterior muscles 6 days post-CTX (n = 6) (g) and representative images (h). i, j, Quantification (i) and representative images (j) of TUNEL+ cells in tibialis anterior muscle 6 days post-CTX (n = 6). k–m, Representative images (k) and quantification of F4/80+ area (l), CD206−F4/80+ cells (M1) to CD206+F4/80+ cells (M2) ratio (m) in tibialis anterior muscles 6 days post-CTX (n = 6). n–q, RT–qPCR of Tnfa (n), Cxcl9 (o), Mrc1 (p) and Retnla (q) in BMDMs isolated from control and GlsΔMo mice. BMDMs were treated with LPS or PBS (unstimulated) before the assay (n = 3). r, Scheme illustrating the physiological role of GLUD1 in macrophages in response to muscle damage. During muscle disruption, ischaemia or ageing, interstitial glutamine drops—probably because of the loss in myofibres (a major glutamine source) and poor blood supply. Infiltrating macrophages respond to glutamine starvation by reducing their oxidative GLUD1 activity in favour of GS activity. Macrophage-derived glutamine is released and progressively fills the muscle interstitium, where it is taken up by satellite cells, promoting their proliferation and differentiation into new fibres (two processes that are favoured by glutamine-dependent mTOR activation). Towards the end of this regenerative process, the newly generated fibres will undertake glutamine production and inflammation will be progressively resolved. GLUD1-deficient macrophages are metabolically pre-adapted towards glutamine synthesis and release, thus preventing this glutamine drop. It follows that—in the case of muscle damage—macrophage-specific knockout of Glud1 or pharmacological GLUD1 blockade strengthens satellite cell activation, ultimately leading to therapeutic muscle regeneration. All experiments show representative values of at least two independent experiments. Unpaired two-tailed t-test; NS, not significant (P > 0.05). Scale bars, 20 μm (h), 10 μm (j, k). Graphs show mean ± s.e.m.
Source data


Extended Data Table 1 Blood count in control and Glud1ΔMo miceFull size table
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