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Abstract

The immune system plays a multifunctional role throughout the regenerative process, regulating 

both pro-/anti-inflammatory phases and progenitor cell function. In the present study, we identify 

the myokine/cytokine Meteorin-like (Metrnl) as a critical regulator of muscle regeneration. Mice 

genetically lacking Metrnl have impaired muscle regeneration associated with a reduction in 

immune cell infiltration and an inability to transition towards an anti-inflammatory phenotype. 

✉Correspondence and requests for materials should be addressed to J.P.W. james.white@dm.duke.edu.
Author contributions
J.P.W., B.M.S. and G.S.B. conceptualized the study. J.P.W. designed research, performed biochemical, cellular and in vivo 
experiments, analysed the data and wrote the manuscript. D.E.L., R.R.R., A.B. and G.S.B. performed in vivo experiments. S.G.G. and 
J.R.G. performed single-cell experiments. D.B.B. performed cell migration assays. D.E.L. and R.H. performed and analysed in vitro 
experiments. J.L.H. and V.B.K. performed and/or analysed protein measurements. I.R.L. and C.R.H. supplied human muscle samples 
and ran gene expression analysis. J.P.W., G.S.B., A.B., R.R.R. and B.M.S. co-wrote the manuscript, with assistance from the co-
authors.

Competing interests
The authors declare no competing interests.
Additional information
Extended data is available for this paper at https://doi.org/10.1038/s42255-020-0184-y.
Supplementary information is available for this paper at https://doi.org/10.1038/s42255-020-0184-y.
Peer review information Primary Handling Editor: Elena Bellafante.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

HHS Public Access
Author manuscript
Nat Metab. Author manuscript; available in PMC 2020 September 21.

Published in final edited form as:
Nat Metab. 2020 March ; 2(3): 278–289. doi:10.1038/s42255-020-0184-y.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1038/s42255-020-0184-y
https://doi.org/10.1038/s42255-020-0184-y
http://www.nature.com/reprints


Isochronic parabiosis, joining wild-type and whole-body Metrnl knock-out (KO) mice, returns 

Metrnl expression in the injured muscle and improves muscle repair, providing supportive 

evidence for Metrnl secretion from infiltrating immune cells. Macrophage-specific Metrnl KO 

mice are also deficient in muscle repair. During muscle regeneration, Metrnl works, in part, 

through Stat3 activation in macrophages, resulting in differentiation to an anti-inflammatory 

phenotype. With regard to myogenesis, Metrnl induces macrophage-dependent insulin-like growth 

factor 1 production, which has a direct effect on primary muscle satellite cell proliferation. 

Perturbations in this pathway inhibit efficacy of Metrnl in the regenerative process. Together, these 

studies identify Metrnl as an important regulator of muscle regeneration and a potential 

therapeutic target to enhance tissue repair.

Skeletal muscle has extensive regenerative capabilities due to resident progenitor cells 

(satellite cells) and a highly coordinated interaction with haematopoietic/immune cells 

during the repair process. This complex yet efficient process can result in complete 

restoration of normal morphology and function in healthy muscle. Due to the temporal 

nature of tissue repair, there are still gaps in the understanding of the interplay between 

immune and satellite cell functions during the regenerative process. Further understanding of 

such events could identify therapeutic targets to enhance regeneration and muscle resilience 

with ageing and in a number of important diseases.

The haematopoietic component of muscle repair has recently received a great deal of 

investigation. Several cell types have been suggested as key regulators of repair, including 

innate immune cells, such as eosinophils1 and macrophages2–5, and adaptive immune cells, 

such as regulatory T cells6–8. The role of macrophages in muscle regeneration is particularly 

complex due to the phenotypical changes occurring during the initial inflammatory phase 

and the subsequent anti-inflammatory/regenerative phase9,10. Currently, there is limited 

understanding of what factor(s) coordinate the transition between pro- and anti-

inflammatory phenotypes throughout the regenerative process. Furthermore, there is a 

limited understanding of how these environments cue satellite cell expansion to help 

myogenesis and tissue repair.

Metrnl has been recently identified as a myokine that acts as an immune/metabolic regulator 

in adipose tissue11. It has since been implicated in regulating activity of various cell types, 

including alternatively activated macrophages12, osteocytes13 and adipocytes14. Moreover, 

increased Metrnl gene expression has been reported with damage-inducing downhill 

running11 and other modes of exercise15. The induction of Metrnl during tissue damage and 

its role in immune regulation suggests the hypothesis that Metrnl plays a broad role in 

muscle tissue repair. We investigated this question in the specific context of skeletal muscle 

injury in mice and humans.

In the present study, we describe a role for Metrnl in coordinating skeletal muscle repair 

through macrophage accretion and phenotypical switch. Our results suggest that Metrnl 

secretion occurs predominantly from macrophages in response to local injury. Furthermore, 

we show that Metrnl also works directly on macrophages through a Stat3-dependent auto-/

paracrine mechanism. This promotes an anti-inflammatory function and induction of insulin-

like growth factor 1 (IGF-1), which activates muscle progenitors to help myogenesis.
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Results

Metrnl is necessary for successful muscle regeneration

We first determined a time course of Metrnl messenger RNA expression in the tibialis 

anterior (TA) muscle before and throughout 14 d of recovery from an injection of barium 

chloride (BaCl2). This injectable myotoxin is used in a well-established murine model of 

muscle regeneration16,17. A robust increase in Metrnl mRNA expression (~30-fold) was 

observed by 24 h after injury, with sustained elevation for the initial 7 d of recovery (Fig. 

1a). The potential physiological relevance to humans was evidenced by an increase in Metrnl 
mRNA expression in human muscle 18 h after unaccustomed resistance training, which can 

be highly damaging to muscle18 (Extended Data Fig. 1a). To investigate the importance of 

Metrnl in muscle regeneration, we injured muscle of whole-body Metrnl KO mice with 

BaCl2 and compared recovery with that in wild-type controls (Fig. 1b). The Metrnl KO has 

no evident morphological phenotype in a sedentary, uninjured state (Extended Data Fig. 1b). 

In the context of muscle injury, the genetic loss of Metrnl resulted in a reduction in cross-

sectional area of myofibres expressing embryonic myosin heavy chain (eMHC), a marker for 

early myofibre regeneration (Fig. 1c). Moreover, the myofibre cross-sectional area was 

reduced at 14 d (Fig. 1d) and 28 d (Fig. 1e) of recovery when compared with that in wild-

type muscle.

We previously observed Metrnl regulating the immune milieu in murine adipose tissue11. 

We investigated changes in muscle inflammatory profiles at 1 and 4 d after BaCl2-induced 

injury. Compared with that in wild-type muscle, at 1 d post-injury, gene expression was 

reduced 32% and 37% for anti-inflammatory genes Arg1 and Chil3l3, respectively, whereas 

the expression of pro-inflammatory genes did not change (Fig. 1f). At 4 d post-injury, the 

induction of mRNA for anti-inflammatory macrophage genes Arg1, Chi3l3 and Mrc1 
decreased by 40%, 64% and 36%, respectively, compared with that in wild-type muscle (Fig. 

1g). Moreover, at 4 d post-injury there was an approximately twofold increase in expression 

of pro-inflammatory marker RNAs TNFα, IL-1β, Nos2 and IL-6 in the Metrnl KO muscle, 

compared with wild type. These effects were not due to differences in the baseline 

inflammatory environment because, before injury, there were no differences in gene 

expression between uninjured wild-type muscle and Metrnl KO muscle (Extended Data Fig. 

1c).

In addition to altered gene expression, compared with wild-type muscle, the Metrnl KO 

muscle also showed a 36% reduction in total numbers of CD45+ cells infiltrating injured 

muscle 1 d after injury, a 32% reduction at 4 d and a 110% increase in cells at 7 d (Fig. 2a). 

We further quantified inflammatory cell phenotype in injured muscle with the monocytic 

Ly6c marker (Supplementary Fig. 1). Injured wild-type muscle was characterized by an 

abundance of pro-inflammatory cells (high numbers of Ly6c+ cells) at 1 d after injury, 

followed by a shift to a less inflammatory state (low numbers of Ly6c+ cells) at 4 and 14 d 

after injury, consistent with marking entry into the anti-inflammatory or regenerative phase 

of tissue repair (Fig. 2b,c). Although the Metrnl KO mouse showed a high percentage of 

Ly6c+ cells 1 d after injury, there was no subsequent decline in the Ly6c+ cell numbers at 4 

or 14 d after injury. Thus, the loss of Metrnl results in altered immune cell accretion and 
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phenotype in injured muscle. In terms of protein expression, we measured Metrnl protein in 

the media of both Ly6c+ and Ly6c− cell groups at both time points after injury. Then, 1 d 

after injury, the Ly6c− cells increased Metrnl protein secretion; Metrnl secretion was further 

increased by the Ly6c+ cells 4 d after injury (Fig. 2d). Similar trends were observed when 

protein expression was normalized to cell number (Fig. 2e).

Myofibre-specific Metrnl expression is dispensable for muscle regeneration

We have previously shown Metrnl to be secreted from whole muscle and cultured 

myotubes11. Therefore, we used a Metrnl floxed mouse crossed with an inducible skeletal 

muscle-specific (skeletal α-actin) Cre mouse to generate a myofibre-specific Metrnl KO. 

The cross was effective in reducing ~90% of Metrnl gene expression in uninjured muscle 

after tamoxifen treatment. Furthermore, we confirmed that the Metrnl KO was specific to 

skeletal muscle (Extended Data Fig. 2a). In response to injury, the loss of muscle Metrnl 

reduced mRNA expression in muscle only 20% after 1 d of recovery, and was not different 

at 4 or 7 d after injury when compared with that in control (corn oil-treated) mice (Fig. 3a). 

We then assessed muscle regenerative potential using eMHC staining and histology after 

BaCl2 injury (Fig. 3b); eMHC staining and histology appeared similar in both tamoxifen-

treated and control groups at 5 and 14 d, respectively (Fig. 3c,d). Consistent with 

histological measurements, the number of CD45+ cells infiltrating injured muscle 

throughout 7 d of recovery was similar for muscle-specific Metrnl KO and control mice 

(Fig. 3e). Furthermore, the Ly6c staining pattern 4 d after injury was similar between groups 

(Fig. 3f,g). These data support the premise that an exogenous (outside muscle cells 

themselves) source of Metrnl may regulate muscle regeneration.

As the Metrnl KO muscle showed fewer immune cells on injury, we next evaluated potential 

chemokine properties of Metrnl for attracting macrophages. Pro-inflammatory/M1 and anti-

inflammatory/M2 macrophages were generated by treatment with lipopolysaccharide (LPS; 

M1) or interleukin (IL)-4/IL-13 (M2). An in vitro migration assay (Extended Data Fig. 2b) 

showed selective affinity of M1 macrophages to migrate to Metrnl, especially at the 100 ng 

ml−1 Metrnl dose that yielded similar chemotactic activity to the positive control, chemokine 

CXCL-8 treatment (Extended Data Fig. 2c). Migration of M2 macrophages increased at the 

lower Metrnl dose, but to a much lesser extent (Extended Data Fig. 2d).

Injury-induced Metrnl expression is largely due to an influx of immune cells

To determine the source of Metrnl in muscle injury, we performed single-cell RNA-

sequencing (RNA-seq) analysis on TA muscle 1 d after injury and on the uninjured control 

(Fig. 4a). Cluster analysis of these data showed distinct cellular phenotypes between injured 

and uninjured muscle (Fig. 4b,c), predominantly due to the influx of immune cells 

(Supplementary Fig. 2a–d). Violin and gene cluster plots revealed that Metrnl expression 

among the cell populations was prominent in the post-injury macrophage cluster (Fig. 4d,e). 

This population highly expressed the macrophage markers CD64 (Fig. 4f) and CD11b/Mac1 

(Fig. 4g). We hypothesized that a macrophage source of Metrnl should result in rescue of 

dysfunctional recovery after injury in the whole-body, Metrnl KO mouse. Therefore, we 

anastomosed two mouse pairs (KO–KO and wild-type (WT)–KO) for 3 weeks, then injured 

the TA muscle of the KO mouse (Fig. 5a). At 14 d after injury in the Metrnl KO host of the 
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WT–KO pair, there was improved muscle morphology (Fig. 5b), including increased 

myofibre cross-sectional area (Fig. 5c). Parabiosis yielded the return of Metrnl mRNA 

expression after injury in the Metrnl KO host of the WT–KO pair (Fig. 5d), confirming the 

necessity for peripheral immune cells to express Metrnl and help regeneration. To test the 

role of macrophage-secreted Metrnl in muscle regeneration, we crossed the Metrnl floxed 

mouse with a constitutive macrophage-specific (LysM) Cre mouse. The Metrnl floxed 

mouse without the LysM Cre allele served as a control. After injury, the deletion of Metrnl 

from macrophages reduced total muscle Metrnl mRNA by ~80% at day 1 and 55% at day 4 

after injury (Fig. 5e). We next assessed regenerative consequences of macrophage-specific 

Metrnl KO (Fig. 5f). CD45+ immune cell accretion was reduced 4 and 7 d after injury in the 

Cre+ mice (Fig. 5g). At 5 d after injury, there was a reduction in the cross-sectional area of 

eMHC+ fibres (Fig. 5h,i). At 14 d after injury, the myofibre cross-sectional area was reduced 

together with a robust immune cell presence (Fig. 5j,k) when compared with those in Metrnl 

fl/fl Cre− muscle. We included the Metrnl KO muscle in the experiment to show similar 

perturbations in gross histology between the macrophage-specific and whole-body KOs. 

Moreover, we observed a high percentage of pro-inflammatory Ly6c+ cells at day 4, similar 

to what is observed in the whole-body KO (Fig. 5l,m). These data support the hypothesis 

that macrophage-mediated Metrnl expression is critical for successful muscle regeneration.

To confirm the role of peripheral macrophages contributing to Metrnl mRNA expression and 

subsequent promotion of muscle repair, bone marrow transplantation was performed to 

determine whether the WT haematopoietic compartment could rescue muscle repair in the 

Metrnl KO mouse (and the reciprocal experiment of KO marrow into the WT mouse) 

(Extended Data Fig. 3a). Bone marrow transplantation resulted in a near-complete renewal 

of the recipient haematopoietic compartment. When marrow from a green fluorescent 

protein (GFP) donor mouse was transplanted into a WT mouse we observed >98% GFP+ 

peripheral blood cells in the WT recipient (Extended Data Fig. 3b). We also observed the 

repopulated GFP+ cells migrating into the injured muscle (Extended Data Fig. 3c). The WT 

donor cells could induce robust Metrnl mRNA expression in both WT and KO recipient 

muscle after injury. When Metrnl KO marrow was transplanted into a WT recipient, there 

was a marked reduction in Metrnl expression after injury (Extended Data Fig. 3d). Myofibre 

cross-sectional area was highest in all conditions where WT marrow was transplanted into a 

host, regardless of host genotype (Extended Data Fig. 3e,f).

Metrnl signals directly to macrophages through Stat3 and indirectly to satellite cells by 
IGF-1 production

To determine whether Metrnl has a direct effect on macrophages, we treated naive/M0-like 

bone marrow-derived macrophages (BMMs) with or without Metrnl and measured canonical 

immune signalling pathways. Phosphorylation of Stat3 was increased after 6 h of Metrnl 

treatment (Fig. 6a). As Metrnl can directly signal to macrophages through Stat3, we tested 

the effects of Metrnl ± Stat3 inhibitor on pro-inflammatory BMMs. After 24 h of Metrnl 

treatment there was an induction of anti-inflammatory markers including Arg1, Chi3l3 and 

IL-10, which were ablated by the addition of the Stat3 inhibitor (Fig. 6b). In contrast, Metrnl 

suppressed several pro-inflammatory genes, which, again were prevented by the Stat3 

inhibitor (Fig. 6c). Next, we wanted to test the Metrnl/Stat3 pathway in vivo using a 

Baht et al. Page 5

Nat Metab. Author manuscript; available in PMC 2020 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment combination of recombinant Metrnl and the Stat3 inhibitor. We show that Metrnl 

KO muscle treated with recombinant Metrnl results in an anti-inflammatory cell phenotype 4 

d after injury. This effect was inhibited with concomitant treatment with a Stat3 inhibitor 

(Fig. 6d).

Although Metrnl appears to signal directly to macrophages by Stat3, there is no effect of 

Metrnl treatment on muscle stem cells (MuSCs) (Extended Data Fig. 4a). This leaves an 

open question with regard to the mechanism by which Metrnl promotes satellite cell 

proliferation during regeneration. We treated BMMs with Metrnl for 24 h and measured 

mRNA of known myogenic factors that could signal to the satellite cell. After 24 h of 

treatment, we observed increased mRNA expression of known Stat3 gene targets, including 

Socs3 and Bcl3, but also saw an increase in IGF-1, IL-10 and IL-6 (Extended Data Fig. 4b). 

Interestingly, these genes were dependent on Stat3 signalling, because treatment with a Stat3 

inhibitor blocked expression. We also treated BMMs with a Stat6 inhibitor to determine 

whether IL-4-related signalling was involved in the Metrnl-induced gene expression. 

Inhibition of Stat6 did not alter gene expression in the BMMs treated with Metrnl (Extended 

Data Fig. 4b). Next, we treated cultured MuSCs with recombinant IGF-1 and IL-10, two 

known factors induced by Metrnl that are involved in myogenesis4,5. Only IGF-1 increased 

MuSC proliferation (Extended Data Fig. 4c). We then used conditioned medium from 

BMMs as a treatment for MuSCs (Extended Data Fig. 4d). Metrnl-treated BMMs resulted in 

an increase in satellite cell proliferation compared with that in control treated BMMs 

(Extended Data Fig. 4e). As IGF-1 was the only Metrnl-induced BMM factor that directly 

increased MuSC proliferation, we repeated the experiment in IGF-1 KO BMMs and 

observed no increase in satellite cell proliferation (Extended Data Fig. 4e), suggesting IGF-1 

as a potential myogenic mechanism within the Metrnl pathway. We tested this hypothesis in 

vivo using the Metrnl KO muscle treated with a combination of recombinant Metrnl, Stat3 

inhibitor and IGF-1 receptor inhibitor (Fig. 6e). Treatment with recombinant Metrnl to 

injured Metrnl KO muscle resulted in an increase in satellite cell proliferation 4 d after 

injury, as indicated by bromodeoxyuridine (BrdU) incorporation (Extended Data Fig. 4f). 

This effect was blocked by cotreatment with either the Stat3 inhibitor or the IGF-1 receptor 

inhibitor (Extended Data Fig. 4f). At 5 d after injury, the cross-sectional area of eMHC+ 

myofibres increased with recombinant Metrnl, which was also negated with both Stat3 and 

IGF-1 receptor inhibition (Fig. 6f).

Discussion

The immune–muscle interaction during muscle repair has emerged as a critical process for 

successful regeneration. In the present study, we identify Metrnl, a macrophage-secreted 

factor, as a crucial factor regulating muscle regeneration through immune cell recruitment 

and promotion of the anti-inflammatory/regenerative immune environment. We show Metrnl 

signals directly to macrophages through a Stat3-dependent mechanism, while activating 

satellite cells indirectly through macrophage-induced IGF-1 secretion (Supplementary Fig. 

3).

Metrnl has previously been shown to modulate the immune environment in adipose tissue by 

promoting an anti-inflammatory macrophage phenotype11. We have extended this 
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mechanism in the context of skeletal muscle repair. The robust Metrnl expression (increased 

30-fold) in the initial days after injury suggested a role in muscle repair. The hypothesis was 

confirmed on observations of perturbed regeneration in the whole-body Metrnl KO mouse. 

Importantly, we also observed increased expression in human skeletal muscle after 

unaccustomed resistance exercise, an established model of muscle damage18. Although 

muscle-selective Metrnl deletion had minimal impact on total muscle mRNA in the initial 

days after injury, it was clear that most Metrnl expression comes from infiltrating immune 

cells.

The work of Ushach et al.12 led us to explore the possibility that most Metrnl expression 

originated from infiltrating macrophages. The importance of macrophages in muscle 

regeneration is well known10,19, although the diverse function of macrophages during the 

repair process makes it difficult to ascertain an exact mechanism. Serving in both pro- and 

anti-inflammatory roles, the macrophage has equally important roles in phagocytosis of 

injury-related debris, paracrine immune cell regulation, and promotion of myofibre and 

extracellular matrix expansion. A growing list of macrophage-derived factors promoting 

muscle regeneration has been identified. This list, although not comprehensive, includes 

IL-10 (ref. 5), CC chemokine ligand 2 (CCL2)20, IGF-1 (ref. 4) and a disintegrin-like and 

metalloproteinase with a thrombospondin type 1 motif (ADAMTS1)2. Our data suggest that 

Metrnl can be included in this list of immune factors regulating muscle regeneration.

Single-cell RNA-seq confirmed the high expression of Metrnl in macrophage populations in 

the injured muscle. Although macrophage clusters expressed most of the Metrnl, we 

detected expression in other immune cell populations, including neutrophils, monocytes and 

natural killer cells. These cells could also contribute to the induction of Metrnl during the 

initial days after injury. Other non-immune populations such as fibro-/adipogenic 

progenitors had high levels of Metrnl expression. These cell populations will be considered 

in future experiments. Together, our single-cell RNA-seq data and in vivo mouse models 

provide strong evidence that, soon after injury, Metrnl originates predominantly from 

macrophages.

In the present study, we show that Metrnl signals to macrophages through Stat3 and induces 

gene expression of several growth factors with known functions in muscle regeneration, 

including IL-10, IGF-1 and IL-6 (refs. 4,5,21). Metrnl-induced expression of these factors 

was dependent on Stat3 signalling rather than the canonical IL-4/Stat6 mechanism 

commonly associated with differentiation of alternatively activated/M2 macrophages. Stat3 

signalling in the macrophage is paradoxical because both the pro-inflammatory IL-6 and the 

anti-inflammatory IL-10 pathways converge on Stat3. Still, Stat3 signalling has been shown 

to promote macrophage differentiation into the M2/anti-inflammatory phenotype22,23 and 

appears to be a mechanism for Metrnl to promote the anti-inflammatory/regenerative 

potential of muscle regeneration. Moreover, Metrnl induces macrophage gene expression of 

both pro- (IL-6) and anti-inflammatory (IGF-1/IL-10) genes24 which could default to the 

anti-inflammatory side of Stat3 signalling; this is observed during dual treatment of IL-10 

and IL-6 (ref. 25). Moreover, macrophage-derived IGF-1 secretion is intriguing due to its 

phenotypical effects on macrophages and stimulation of satellite cell proliferation4. Lu et al.
26 showed that IGF-1 mRNA expression increased in both Ly6c− and Ly6c+ macrophages 3 
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d after injury. These observations could be interpreted as a transition point between the 1- 

and 4-d time points shown in the present study. In congruence, we observed an increase in 

Metrnl protein secretion from Ly6c+ macrophages 1 d after injury and Ly6c− macrophages 4 

d after injury, when each respective cell population is predominant in injured muscle.

Proliferation of muscle satellite cells is critical for successful regeneration. Although Metrnl 

does not directly activate satellite cells, it promotes macrophage-mediated IGF-1 expression, 

which serves to activate satellite cells. Although IL-10 has been implicated in promotion of 

myogenesis during regeneration and other models of muscle hypertrophy5, it failed to 

directly activate MuSCs in culture. This is in agreement with the work of Deng et al.5. In 

addition, Castiglioni et al.7 previously observed low expression of the IL-10 receptor on the 

satellite cell. In contrast, based on our own single-cell data, the IGF-1 receptor is highly 

expressed on the satellite cell. Inhibition of IGF-1 and Stat3 signalling neutralized the 

myogenic effects of Metrnl in vivo, suggesting a Stat3/IGF-1 myogenic pathway for Metrnl 

to promote muscle regeneration. Limitations of those experiments are the use of the small-

molecule IGF-1 receptor inhibitor AG1024 and the Stat3 inhibitor. Although both are often 

used to block IGF-1 (refs. 27–29) and Stat3 (ref. 30) signalling, respectively, they may be non-

specific and inhibit off-target kinases in the various cell types present during muscle 

regeneration. Genetic targeting blockage of IGF-1 and Stat3 signalling will be considered in 

future experiments.

Together these results show that Metrnl is a critical regulator of muscle regeneration acting 

directly on immune cells to promote an anti-inflammatory/pro-regenerative environment and 

myogenesis. The efficacy of recombinant Metrnl in rescuing the regenerative perturbations 

of the Metrnl KO muscle suggests potential therapeutic approaches to enhance regeneration 

with ageing or other inflammatory myopathies including Duchenne muscular dystrophy.

Methods

Animals

C57BL/6J (WT) mice were used at age 3–5 months. All animal care followed the guidelines 

and was approved by the Institutional Animal Care and Use Committees at Duke Medical 

Center. The Metrnl KO mouse has been previously described by Rao et al.11. The skeletal α-

actin Cre was purchased from Jackson Laboratories. The Cre recombinase was induced with 

intraperitoneal injections of tamoxifen 100 mg kg−1 d−1 for 5 consecutive days. The Metrnl 

floxed and LysM Cre mice were generously given to us by Benjamin Alman.

Isolation of peripheral blood mononuclear cells and MuSCs

Skeletal muscle was dissected (roughly 2 g per mouse) and isolated using the methods 

previously described31. Briefly, dissected muscle was distributed evenly to gentleMACS C 

tubes (Miltenyi Biotec) containing 15 ml of a collagenase–dispase solution (2.4 U ml−1 of 

dispase, Gibco; 2 mg ml−1, Sigma). The muscle was incubated at 37 °C in a water bath for 

45 min and subjected to dissociation using a gentleMACS dissociator (Miltenyi Biotec) 

every 15 min. Heat-inactivated horse serum, 1 ml (Invitrogen, Life Technologies), was added 

to each tube to halt the digestion reaction. All solutions were brought up to 40 ml by adding 
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phosphate-buffered saline (PBS), passed through 70-μm mesh filters (BD Biosciences), and 

centrifuged for 10 min at 1,600g and 4 °C. The supernatant was discarded and the remaining 

pellet was resuspended in 2 ml of staining solution (2% heat-inactivated horse serum in 

Hanks’ balanced salt solution), which was transferred to a 5-ml FACS tube. This solution 

was again centrifuged for 10 min at 1,600g and 4 °C. This was repeated twice to obtain a 

clean pellet containing mononuclear cells. This pellet was resuspended in staining solution 

and stained with the respective monoclonal antibodies.

Protein and mRNA expression

RNA isolation, complementary DNA synthesis and mRNA expression were performed as 

previously described32. All primers used in this manuscript can be found in Supplementary 

Table 1. Concentrations of mouse Metrnl in tissue culture supernatants were quantified by 

ELISA (R&D Systems, catalogue no. DY6679) at a fivefold dilution. The mean intra-assay 

coefficient of variation was 2.1%. All antibodies used in this study can be found in 

Supplementary Table 2.

Muscle injury

Skeletal muscle injury was performed by injection of BaCl2 into the TA muscle as 

previously described33. Then 30 μl of 1.2% BaCl2 (Sigma) was injected. A small (1-cm) 

incision was made in the skin overlying the distal third of the TA muscle. A 25-G, 5/8 (0.5 × 

16 mm2) needle was inserted along the longitudinal axis of the muscle and the BaCl2 

injected slowly as the needle was withdrawn. A second injection was performed 

approximately 3 mm and at a 15° angle from the first injection. After the injection the skin 

was bound with Vet-bond adhesive.

Histology and immunofluorescence in muscle cryosection

Immediately after dissection, the whole muscle was fixed in 4% paraformaldehyde for 8 h, 

then cut at the mid-belly and placed in OCT buffer for later use; 10-μm sections were cut on 

the cryostat and evaluated microscopically.

BrdU labeling

Two pulses of 4 mg ml−1 of BrdU (Sigma) in 250 μl PBS were administered at 24 and 12 h 

before tissue harvest via intraperitoneal injection. Satellite cells were isolated as previously 

described34. Fixed cells were processed and stained with PE-conjugated anti-BrdU antibody 

(BD Biosciences) according to the manufacturer’s protocol. Sorted cells were identified as 

DAPI positive and BrdU incorporation was defined by comparing unstained controls.

EdU labeling

Quantification of MuSC proliferation was assayed with Click-iT EdU Alexa Fluor 594 

Imaging kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. 

Quantification of ethynyl deoxyuridine (EdU)-positive cells was performed on the 

automated Cellomics ArrayScan as previously described34.

Baht et al. Page 9

Nat Metab. Author manuscript; available in PMC 2020 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Myofibre cross-sectional analysis

Myofibre cross-sectional analysis was performed as previously described32,33. In brief, four 

distinct digital images from haematoxylin and eosin (H&E)-stained muscle sections (10 μm) 

from the mid-belly of the TA muscle at a ×20 magnification were taken and analysed for 

fibre cross-sectional area using National Institutes of Health (NIH) imaging software (Image 

J). Each fibre was traced with a handheld mouse and the number of pixels traced was 

calibrated to a defined area in micrometres squared. The researcher, blinded to the treatment 

groups, traced approximately 150 fibres per sample. All fibres in the cross-sectional images 

were quantified unless the sarcolemma was not intact.

Parabiosis

Parabiosis methods were performed as previously described35–38. In brief, anastomosis 

surgery was carried out using 3- to 4-month-old female mice, 3 weeks before TA muscle 

injury. Experimental groups included WT–WT, WT–Metrnl KO (WT–KO), KO–KO or KO–

WT. A shared blood supply was ensured 3 weeks after surgery using flow cytometry35.

Bone marrow transplantation

Mice (aged ~12 weeks) were irradiated (900 cGy) and the tail vein injected with bone 

marrow isolated from age-matched donors (1 × 106 cells in 200 ml PBS). Engraftment into 

the bone marrow was allowed to occur for 2 months and verified using flow cytometry as 

previously described36.

10× Single-cell analysis

Generation of Drop-seq data—Single-cell RNA-seq was performed on single-cell 

isolates of young muscle 24 h after BaCl2 injury. Then 10,000 cells were used to generate 

cDNA. After size selection (<40-μm filter), the cells were washed to remove cell debris, 

counted and normalized to 1 × 106 cells ml−1. On the 10X Genomics Chromium Drop-seq 

platform, cells were resuspended in a master mix containing reverse transcription (RT) 

reagents. This suspension was partitioned with a unique gel-bead that carries immobilized 

oligonucleotides containing an Illumina P5 adaptor, a read 1 oligonucleotide, a cell-defining 

×10 barcode, a unique molecular identifier for transcript counting and a poly(dT) primer. Oil 

was used to form nanolitre-scale gel beads in emulsion (GEMs) within which an individual 

cell was lysed, the oligos were released from the gel bead and the RT reaction started. A 

unique, cell-defining, ×10 barcode is shared by all cDNAs generated from the individual cell 

within each GEM.

After the RT reaction, the GEMs were broken and the full-length cDNAs cleaned and 

quantified. The cDNA was sheared to ~200 basepairs and sequencing libraries constructed 

by end-repair and A-tailing, adaptor ligation, SPRI bead clean-up, sample index PCR (for 

sample multiplexing), and Illumina P7 and read 2 primer addition. The final libraries 

contained P5 and P7 primers used in Illumina bridge amplification. The 125-bp paired-end 

sequencing was generated for 10,000 cells per single-cell expression (SCE) library on 1.5 

lanes on an Illumina 2500 sequencing platform, at 50,000 reads per cell.
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Analysis of SCE data—Our analysis pipeline of SCE sequence data began with 10X 

Genomics Cell Ranger software v.1.3 to demultiplex the raw FASTQ reads and align them to 

the mouse genome. We used Seurat39 to perform quality control and analysis by normalizing 

data on a log scale after filtering for minimum gene and cell observance frequency cut-

offs40. We then filtered to identify and exclude possible multiplets (that is, more than one 

cell was present and sequenced in a GEM)40. To further reduce noise we removed technical 

artefacts using regression methods40. After completing the quality control, we calculated the 

principal components (PCs) using the most variably expressed genes in our dataset40.

Genes underlying the resulting PCs were examined to confirm whether they were not 

enriched in genes involved in cell division or other standard cellular processes. Significant 

PCs for downstream analyses were determined using methods implemented by Macosko et 

al. and carried forward to perform cell clustering and enhance visualization41. Cells were 

grouped into clusters using Seurat’s FindClusters function40, which uses the smart local 

moving algorithm42 with visualization of cells through the use of t-distributed stochastic 

neighbour embedding43; this reduces the information captured in the selected significant 

PCs to two dimensions39,43. Additional downstream analyses included examining the 

distribution of an assumed list of genes of interest, closer examination of genes associated 

with cell clusters and then refining the clustering of cells to identify or further resolve the 

cell types39.

Macrophage migration assay

THP-1 (American Type Culture Collection) cells were grown in a complete medium 

containing RPMI-1640 (Sigma Aldrich), 10% fetal bovine serum (Gibco), 0.1% 2-

mercaptoethanol (Sigma) and 1% penicillin–streptomycin (Sigma). THP-1 cells (1 × 106) 

were added to the top chamber of a 3-μm polyester transwell migration chamber and 

differentiated into M0 macrophages by 24 h of treatment with 10 ng ml−1 of phorbol 12-

myristate 13-acetate (Sigma). After differentiation, phorbol 12-myristate 13-acetate was 

removed by gentle washing with PBS. Cells were then differentiated into either M1 

macrophages with 15 ng ml−1 of LPS (Sigma) or M2 macrophages with 25 ng ml−1 of IL-4 

and 25 ng/ml−1 of IL-13 (both from R&D Systems) in complete medium. After 

differentiation, cells were gently washed and incubated in migration medium (Iscove’s 

modified Dulbecco’s medium + 1% penicillin–streptomycin), with the bottom chamber 

containing no chemoattractant (negative control), 10 ng ml−1 of (low) recombinant human 

Metrnl (Aviscera Bioscience), 100 ng ml−1 of (high) recombinant human Metrnl or 10 nM 

(positive control) recombinant human CXCL-8 (R&D Systems). After a 24-h incubation at 

37 °C/5% CO2, transwell inserts were removed. Non-migrated cells were gently removed 

from the top layer of the insert using cottonwool tips before the transwell and migrated cells 

were fixed for 15 min in 4% formaldehyde. After fixation, cells were allowed to dry before 

being stained for 10 min in 0.25% crystal violet. Cells were then rinsed in ultra-pure and 

sterile water (ddH2O) and allowed to dry before quantification using light microscopy. 

Experiments were completed in triplicate, with each well having cells counted in five 

different viewing areas. The results are the mean ± s.d. of total cells per well per experiment.
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Human RT protocol

A cohort of subjects used in Lalia et al.44 was used to quantify Metrnl mRNA expression 

after a bout of unaccustomed resistance training. In brief, muscle biopsies were obtained 

from the right vastus lateralis before and 18 h after unaccustomed, seated, unilateral leg 

extensions.

Macrophage culture

Primary murine BMM cultures were established by flushing marrow from mouse tibia and 

femurs using a 27-G syringe filled with Dulbecco’s modified Eagle’s medium (Life 

Technologies); the marrow was then dispersed by drawing through the syringe a few times, 

and red cells were lysed with ammonium chloride. Adherent cells were cultured in BMM 

medium (Dulbecco’s modified Eagle’s medium supplemented with 10% (v:v) fetal bovine 

serum (Hyclone) and 30% (v:v) L929 cell-conditioned medium) for 5 d. The cells were 

lifted using Cell Dissociation Medium (Life Technologies), replated at equal densities and 

cultured for an additional 2 d to yield confluent plates of cells. The macrophages were then 

untreated (M0) or stimulated with 50 ng ml−1 of Salmonella LPS (Sigma) to stimulate a pro-

inflammatory/M1 activation. After 6 or 24 h, conditioned medium from the cells was saved 

and subsequently used for protein determination by ELISA; the plates of cells were washed 

twice with cold PBS and used for RNA preparation and gene expression analysis by 

quantitative RT–PCR.

Satellite cell/MuSC culture

Satellite cells were isolated as described above and seeded in plates coated with collagen I (1 

μg ml−1, BD Biosciences) and laminin (10 μg ml−1, BD Biosciences) in myogenic growth 

medium (20% heat-inactivated horse serum, 1% penicillin–streptomycin and 5 ng ml−1 of β-

fibroblast growth factor in F10). Then, 384-well plates were used for all EdU proliferation 

assays using ~2,000 cells per well.

Chemical reagents

Metrnl (R&D Biosystems) in vitro 100 ng ml−1, in vivo (2 μg per muscle), Stat3 inhibitor 

(Calbiochem) in vitro 50 μM and in vivo (intramuscularly) 50 μg per muscle45, IGF-1 100 

nM (R&D Biosystems)46, IL-10 (R&D Biosystems) 10 ng ml−1 (ref. 5), IGF-1 receptor 

inhibitor AG1024 (Cayman Chemical) in vivo 30 μg 100 μl−1 (ref. 47) and Stat6 inhibitor 

AS1517499 (Sigma) 50 nM as shown in ref. 48.

Statistical analysis

Data were analysed by one-way analysis of variance (ANOVA) using Tukey’s post hoc 

analysis or two-tailed, unpaired, Student’s t-test. All data are reported as mean ± s.e.m. 

Statistical analysis was performed using GraphPad Prism v.7 software.

Reporting Summary

Further information on research design is available in the Nature Research Reporting 

Summary linked to this article.
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Data availability

All transcriptomic data generated or analysed during the present study are included in this 

published article (and its Supplementary information files). Additional data that support the 

findings of this study are available from the corresponding author on reasonable request and 

in GSE145236. Source data for Fig. 6 are available online.

Extended Data
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Extended Data Fig. 1 |. Metrnl mRNA expression with human muscle damage and CSA analysis 
of uninjured Metrnl Ko muscle.
a, Human muscle Metrnl mRNA expression before and after unaccustomed resistance 

training (N=11/group). b, left Myofiber cross-sections from uninjured wild-type and Metrnl 

KO mice and right corresponding myofiber cross-sectional area (N=6/group). c, Whole 

muscle mRNA expression of anti-inflammatory and pro-inflammatory macrophage makers 

in uninjured muscle (N=4 for both groups). Scale bar is 50μm; Two-tailed, unpaired 

Student’s t-test (a–c). Data are presented as mean ± SE.
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Extended Data Fig. 2 |. Skeletal muscle specific deletion of Metrnl and the chemotaxis ability of 
Metrnl.
a, Metrnl mRNA across tissues with or without tamoxifen treatment. Samples were 

harvested two weeks after tamoxifen IP injections (N=5/group). b, Migration assays using 

LPS and IL-4-treated macrophages. c, FACS analysis of migrating M1 or (d) M2 

differentiated macrophages to recombinant Metrnl protein (N=3/group). Two-tailed, 

unpaired Student’s t-test (a) and ANOVA with Tukey’s post hoc comparison (c, d). Data are 

presented as mean ± SE.

Baht et al. Page 15

Nat Metab. Author manuscript; available in PMC 2020 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 3 |. Hematopoietic-derived Metrnl expression is necessary and sufficient for 
successful muscle regeneration.
a, Experimental design for the bone marrow transplant. Wild-type or Metrnl KO mice served 

as donor mice to wild-type or Metrnl KO recipient mice. Mice received BaCL2 injection five 

weeks after irradiation and recovered for 14 days before harvest. b, left GFP+ cells in 

circulating blood from a wild-type donor into a wild-type recipient 5 weeks after transplant. 

right GFP+ cells in circulating blood from a GFP donor into a wild-type recipient 5 weeks 

after transplant. N=5 biologically independent samples. c, GFP+ cells infiltrating muscle 1 

day after injury in the respective transplant groups. N=5 biologically independent samples. 

Scale bar 100 μm. d, Metrnl mRNA expression. (N=5/group). e, Representative images of 

the respective transplantation groups 14 days after injury. N=5 biologically independent 

samples. f, Quantification of myofiber cross sectional area of the respective transplantation 

groups. (N=5/group). Scale bar 100 μm. ANOVA with Tukey’s post hoc comparison (d, f). 
Data are presented as mean ± SE.
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Extended Data Fig. 4 |. Metrnl signals directly to macrophages through Stat3 and indirectly to 
satellite cells through IGF-1.
a, EdU incorporation in MuSCs treated with recombinant Metrnl or control 24 h in culture 

(N=6/group). b, untreated/M0 BMM mRNA expression of IL-10, IGF-1 and IL-6 with or 

without recombinant Metrnl and/or Stat inhibitors, N=3/group. c, EdU incorporation in 

MuSCs treated with recombinant Metrnl, IL-10 and IGF-1 for 24 h in culture. (N=6/group). 

d, Experimental design of BMM-conditional media treatment to MuSCs. e, EdU 

incorporation in media-treated MuSCs in culture for 24 h. (N=3/group). f, BrdU 
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incorporation in satellite cells 4 days after injury with or without recombinant Metrnl or 

Stat3 inhibitor. (N=6/group) Two-tailed, unpaired Student’s t-test (a). One-way ANOVA 

with Tukey’s post hoc comparison (b–f). Data are presented as mean ± SE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Metrnl is necessary for successful muscle regeneration.
a, Metrnl mRNA expression in the TA throughout 14 d of recovery from BaCl2 injury (n = 5 

per group). Asterisks indicate the means that are significantly different from controls: *P = 

0.0002, **P = 0.0045, ***P = 0.0211. b, Experimental design showing the time scale of 

BaCl2 injection and tissue analysis at 5 d (eMHC), 14 d (H&E stain) and 28 d (H&E stain) 

post-injection. c, The eMHC staining (left) and quantification of eMHC+ fibres’ cross-

sectional area (right) in WT and Metrnl KO TA muscle (n = 5 per group). CSA, cross-

sectional area. Scale bar, 100 μm. d, TA muscle H&E staining (upper) at 14 d after injury 
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and related myofibre cross-sectional area (lower) (n = 5 per group). Scale bar, 100 μm. e, TA 

muscle H&E staining (upper) and related myofibre cross-sectional area (lower) 28 d after 

injury (n = 5 per group). f,g, Whole-muscle mRNA expression of anti-inflammatory and 

pro-inflammatory macrophage makers at 1 d post-injury (f) and 4 d post-injury (g) (n = 6 for 

both groups). Two-tailed, unpaired, Student’s t-test (a,c–g). Data are presented as mean ± 

s.e.m.
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Fig. 2 |. Metrnl deletion alters immune cell migration and phenotype in injured muscle.
a, Total counts of CD45+ cells in muscle throughout 7 d of recovery (n = 5 per group). 

Asterisks indicate the means that are significantly different from controls: *P = 0.0029, **P 
= 0.0016, ***P = 0.006. b, Immune inflammatory profile showing CD45+, CD11b+, Gr1− 

cells stained with Ly6c to show pro- and anti-inflammatory status (n = 5 biologically 

independent samples). c, Quantification of percentage Ly6c+/− cells in uninjured and 1, 4 

and 14 d post-injury, wild-type and Metrnl KO muscle (n = 4 or 5 per group). d, Metrnl 

protein expression in medium from cultured Ly6c+/− cells sorted 1 and 4 d after injury (n = 3 
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per group). e, Metrnl protein expression in the medium normalized to cell number (n = 3 per 

group). NS, not significant. Two-tailed, unpaired, Student’s t-test (a); one-way ANOVA with 

Tukey’s post hoc comparison (c); and multiple, two-tailed, unpaired, Student’s t-tests (d,e). 

Data are presented as mean ± s.e.m.
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Fig. 3 |. Myofibre-specific Metrnl mRNA expression is not required for successful muscle 
regeneration.
a, Metrnl mRNA expression through 7 d of recovery in Metrnl fl/fl × skeletal α-actin Cre 

mice treated with control or tamoxifen (n = 6 per group). Asterisks indicate the means that 

are significantly different from controls: *P = 0.0004, **P = 0.0475. Con, control; Tmx, 

tamoxifen. b, Experimental design to induce Cre recombinase in an inducible skeletal 

muscle Cre line, followed by BaCl2-induced muscle injury and subsequent cellular and 

histological measurements. c, The eMHC staining 5 d after injury in the TA muscle from 

Metrnl fl/fl × skeletal α-actin Cre mice (n = 5 per group). CSA, cross-sectional area. d, TA 

myofibre cross-sections stained for H&E after 14 d of recovery from BaCl2 injury (n = 6 per 

group). Inj., injured; Uninj., uninjured. Scale bars, 100 μm. e, Quantification of TA muscle 

CD45+ immune cells throughout 7 d of recovery from injury (n = 5 per group). f, Ly6c 
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staining after 4 d of recovery (n = 5 biologically independent samples). g, Quantification of 

percentage of Ly6c+ cells within the CD45+, CD11b+, Gr1− population (n = 5 per group). 

Multiple, two-tailed, unpaired, Student’s t-test (a,e); two-tailed, unpaired, Student’s t-test 

(c,g); ANOVA with Tukey’s post hoc comparison (d). Data are presented as mean ± s.e.m.
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Fig. 4 |. Metrnl gene expression after injury is identified in macrophage populations.
a, Single-cell RNA-seq analysis of uninjured and injured muscle (1 d after injury). b, Batch 

plot showing cell populations present in uninjured (green) and injured (blue) groups (n = 1 

per group). c, The t-distributed stochastic neighbour embedding (tSNE) plots showing 

various cell populations in the uninjured and injured muscle (n = 1 per group). d, Violin plot 

of Metrnl expression throughout the identified cell clusters. Each dot represents individual 

cells and their relative gene expression. FAPS, fibro-/adipogenic progenitors. e–g, Gene 

expression plots of Metrnl (e), CD64 (f) and CD11b (g) (n = 1 per group).
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Fig. 5 |. Macrophage-mediated Metrnl expression is necessary for successful muscle regeneration.
a, Experimental design of parabiosis, BaCl2-induced muscle injury and the time course of 

recovery. b, TA cross-sections of injured Metrnl KO mice anastomosed to Metrnl KO or WT 

donor mice (n = 6 biologically independent samples). Muscles were harvested 14 d after 

injury. c, Myofibre cross-sectional area from uninjured and injured Metrnl KO muscle 

during anastomosis with WT or Metrnl KO mice (n = 6 per group). d, Metrnl mRNA 

expression in uninjured and injured host muscle. Pairs include WT–WT, KO–KO and WT–

KO (n = 5 per group). e, Whole-muscle Metrnl mRNA expression through 4 d of recovery 
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from injury in Metrnl fl/fl × LysM Cre+/− mice (n = 5 per group). Asterisks indicate the 

means that are significantly different from controls: *P = 0.0025, **P = 0.0449. f, 
Experimental design of BaCl2-induced muscle injury and the time course of assays used to 

assess regeneration in the Metrnl fl/fl × LysM Cre mice. g, Quantification of CD45+ cells in 

the TA muscle throughout a 7-d recovery period (n = 5 per group). Asterisks indicate the 

means that are significantly different from controls: *P = 0.0022, **P = 0.0009. h, The 

eMHC staining after 5 d of recovery in Metrnl KO and Metrnl fl/fl × LysM Cre+/− mice (n = 

5 biologically independent samples). i, Quantification of eMHC+ myofibre cross-sectional 

area 5 d after injury (n = 5 per group). j, Myofibre cross-sections stained with H&E 14 d 

after injury in Metrnl KO and Metrnl fl/fl × LysM Cre+/− (n = 6 biologically independent 

samples). k, Quantification of TA muscle cross-sectional area (CSA) (n = 6 per group). l, 
LysM staining in the TA muscle after 4 d of recovery from injury in Metrnl KO and Metrnl 

fl/fl × LysM Cre+/− mice (n = 5 biologically independent samples). m, Quantification of 

percentage LysM+/− populations (n = 5 per group). Scale bars, 100 μm. Two-way ANOVA 

with Tukey’s post hoc comparison (c,d); multiple, two-tailed, unpaired, Student’s t-tests 

(e,g); one-way ANOVA with Tukey’s post hoc comparison (i,k,m). Data are presented as 

mean ± s.e.m.
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Fig. 6 |. Metrnl signals directly to macrophages through Stat3 and indirectly to satellite cells 
through IGF-1.
a, Stat3 phosphorylation in BMMs with or without treatment (6 h) of recombinant Metrnl 

(100 ng ml−1) (n = 4 per group). Pro-inflammatory macrophages were treated with Metrnl 

and/or a Stat3 inhibitor for 24 h. b,c, Macrophage mRNA expression of anti-inflammatory 

(b) and pro-inflammatory (c) genes after treatment (n = 3 per group). d, Quantification of 

percentage Ly6c+/− populations in the TA muscle 1 and 4 d after injury with or without 

recombinant Metrnl (rMetrnl) and/or a Stat3 inhibitor (Stat3i) (n = 5 per group). e, 
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Experimental design of f and Supplementary Fig. 6f. TA muscle of Metrnl KO mice was 

treated with a combination of recombinant Metrnl, Stat3 inhibitor and IGF-1 receptor 

inhibitor during and after injury, and assessed for satellite cell proliferation and muscle 

regeneration. f, The eMHC staining 5 d after injury with or without recombinant Metrnl or 

Stat3 inhibitor (n = 6 per group). Scale bar, 100 μm. Two-tailed, unpaired, Student’s t-test 

(a) and one-way ANOVA with Tukey’s post hoc comparison (b,c,d). Data are presented as 

mean ± s.e.m.
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