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Skeletal muscle injury in peripheral artery disease (PAD) has been attributed to vascular insufficiency, however evidence has demonstrated that muscle cell responses play a role in determining outcomes in limb ischemia. Here, we demonstrate that genetic ablation of Pax7+ muscle progenitor cells (MPCs) in a model of hindlimb ischemia (HLI) inhibited muscle regeneration following ischemic injury, despite a lack of morphological or physiological changes in resting muscle. Compared to control mice (Pax7WT), the ischemic limb of Pax7-deficient mice (Pax7Δ) was unable to generate significant force 7 or 28 days after HLI. A significant increase in adipose was observed in the ischemic limb 28 days after HLI in Pax7Δ mice, which replaced functional muscle. Adipogenesis in Pax7Δ mice corresponded with a significant increase in PDGFRα+ fibro/adipogenic progenitors (FAPs). Inhibition of FAPs with batimastat decreased muscle adipose but increased fibrosis. In vitro, Pax7Δ MPCs failed to form myotubes but displayed increased adipogenesis. Skeletal muscle from patients with critical limb threatening ischemia displayed increased adipose in more ischemic regions of muscle, which corresponded with fewer satellite cells. Collectively, these data demonstrate that Pax7+ MPCs are required for muscle regeneration after ischemia and suggest that muscle regeneration may be an important therapeutic target in PAD.
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1. Introduction

Peripheral artery disease (PAD) is caused by atherosclerosis of the peripheral arteries, most commonly the legs. PAD affects over 200 million individuals globally, and it is a major contributor to disease burden in both developing and developed countries (1, 2). Current treatment options are limited to surgical and percutaneous revascularization approaches (3), both of which have minimal impact on long-term morbidity and mortality (4, 5). The clinical course of PAD ranges from the milder manifestation of intermittent claudication (IC), resulting in pain with ambulation that resolves with rest, to the more severe critical limb threatening ischemia (CLTI), characterized by pain at rest, either with or without tissue necrosis (3). Although CLTI affects only 10–15% of patients with PAD, it results in a substantial burden on the health care system, as these patients often progress to limb amputation and have significantly greater morbidity and mortality (6, 7). Although therapeutic approaches to PAD primarily target revascularization and tissue perfusion, it has been observed that patients with similar degrees of atherosclerotic vascular occlusion often present with markedly different severity of disease (8, 9), suggesting that blood flow alone may not determine clinical outcomes.

Recent evidence from our group and others supports the idea that skeletal muscle responses to tissue ischemia, and not solely the vascular supply, play an important role in determining the muscle response to limb ischemia (9–12). In mice subjected to hind limb ischemia (HLI), a model of PAD, the genetic background strongly influences outcomes. For example, C57BL/6 mice display not only robust angiogenesis but also a muscle regenerative response that typically leads to full recovery from HLI. In stark contrast, HLI in BALB/c mice typically results in muscle degeneration and auto-amputation, and even muscle that does survive fails to recover function, i.e., force generation (9). Although this genetic difference was previously attributed to differences in collateral vessel density (13–16), muscle progenitor cells (MPCs) isolated from these strains of mice display markedly different responses to experimental ischemia in vitro, independent of blood supply. This finding is consistent with the differential responses observed in vivo and it suggests muscle cell-specific determinants of the response to ischemia. Although the mechanisms by which skeletal muscle responds to ischemia remain poorly understood, a genetic variant in at least one gene, Bag3, has been linked to this differential ischemic response in mice (12). However, it is not known whether these effects are at the level of mature muscle cells or MPCs.

MPCs, commonly known as satellite cells, lie between the basal lamina and plasma membrane of skeletal muscle cells and are critical regulators of postnatal myofiber regeneration (17, 18). MPCs are defined by expression of the Pax3 homolog Pax7, and they serve as a unipotent stem cell population for myogenesis following injury (19). However, these cells have a limited capacity for self-renewal, and repeated replication cycles may result in depletion of the satellite cell pool (20). The development of genetically modified mouse models to ablate MPCs has allowed investigation of the role of Pax7+ MPCs in various disease states. In particular, mice inducibly expressing Diphtheria toxin A (DTA) only in Pax7+ cells have been used to demonstrate a requirement for these MPCs in muscle regeneration in a variety of conditions. Most of these studies have been performed using cytotoxic injury models, such as cardiotoxin, freeze injury, or BaCl2 injury (21). However, it is known that different modes of injury have unique characteristics. For example, glycerol injury results in a more adipogenic phenotype compared to other modes of injury (22). Although we and others have characterized the skeletal muscle response to ischemia (9, 10, 12, 23, 24), the role of MPCs in this process remains unexplored.

In addition to MPCs, the discovery of a novel subpopulation of fibro/adipogenic progenitors (FAPs) in mature skeletal muscle (25) has led to considerable focus on the role of these cells in pathological skeletal muscle conditions. Histologically and functionally, these cells can be identified in skeletal muscle by their expression of platelet-derived growth factor receptor alpha (PDGFRα) and signaling by this receptor in pathophysiology (26–28). FAPs isolated from skeletal muscle were able to cause white fat infiltration in diseased but not in healthy muscle because myofibers have a significant inhibitory effect on the differentiation of FAPs (29). This observation suggests an environmental contribution to FAP cell fate. FAP expansion has also been shown to regulate the MPC pool during muscle regeneration in addition to playing a critical role in skeletal muscle homeostasis (27).

Here, we used genetically modified mouse models to explore the role of Pax7+ MPCs in the skeletal muscle response to hind limb ischemia. We demonstrate a near complete absence of skeletal muscle regeneration after HLI in mice following ablation of Pax7+ satellite cells. Furthermore, ischemic, Pax7-deficient muscle displayed a dramatic increase in adipogenesis that was driven at least in part by FAPs. Consistent with these findings in mice, decreased MPC numbers and increased adipogenesis were observed in more ischemic regions of skeletal muscle of CLTI patients. These findings demonstrate the requirement for Pax7+ MPCs in ischemic skeletal muscle regeneration, and they provide important new insights into the pathogenesis of PAD.



2. Materials and methods


2.1. Mouse lines and tamoxifen treatment

For satellite cell genetic ablation experiments, Pax7-CreERT2 mice (Jackson Labs Stock: 017763, B6.Cg-Pax7tm1(cre/ERT2)Gaka/J) were crossed to ROSA26DTA mice (Jackson Labs Stock: 009669, C.129P2(B6)-Gt(ROSA)26Sortm1(DTA)Lky/J). Both lines of mice had been backcrossed to C57BL/6 J mice for at least 8 generations at the time of these studies. Mice were given sterile-filtered tamoxifen (Sigma T5648) or corn oil at 75 mg/kg body weight via an intraperitoneal route for 5 days. Following this initial treatment, mice were given tamoxifen (Envigo Teklad Tamoxifen Diet TD.130855) or a control-matched diet (Envigo Teklad global 16% protein diet 2016S) to continue treatment at a lower dose of 50 mg/kg body weight. All mice were used at 8–12 weeks of age unless stated otherwise.



2.2. Hindlimb ischemia surgery and perfusion imaging

Hindlimb Ischemia surgery was performed as described previously (10, 30). Briefly, mice were anaesthetized on a heated pad with inhaled isoflurane (1–3%) in oxygen (1.5 L/min). Prior to surgery, the mice were scanned with a Laser Doppler Perfusion Imager (LDPI, Moor Instruments United States) to quantify baseline perfusion in the hindlimbs. Using sterile surgical instruments (sterilized by autoclaving), a 1-cm incision was made just below the inguinal ligament. Subcutaneous fat was removed and the femoral artery was separated from the neurovascular bundle, taking care not to perforate the femoral vein. A 7–0 silk non-absorbable suture (Sharpoint) was used to ligate the femoral artery above the bifurcation of the lateral circumflex femoral artery, and a ligature was also made below the superficial caudal epigastric artery but above the bifurcation of the popliteal artery. The wound was then closed using an absorbable Vicryl 5–0 suture (Ethicon). A post-operative LDPI scan was then performed to verify complete occlusion of the artery. Mice were provided appropriate pain relief and monitored after surgery to ensure animal welfare.



2.3. Tissue collection and muscle processing

Mice were deeply anesthetized with inhaled isoflurane as described above, and the tibialis anterior (TA) and extensor digitorum longus (EDL) muscles were isolated and frozen on liquid nitrogen in Optimal Cutting Temperature (OCT) medium, while the gastrocnemius muscles were flash frozen in liquid nitrogen and stored at −80°C for later tissue analysis. Mice were euthanized by exsanguination or bilateral thoracotomy while still under anesthesia. Tissue sections (8 μm or 30 μm) were cut on a Leica 3150S cryostat at −21° to −25°C and stored on Superfrost Slides.



2.4. Immunofluorescence microscopy and image analysis

Tissue sections were fixed in 4% paraformaldehyde (PFA) followed by permeabilization in 0.2% Triton X-100 in Phosphate-Buffered Saline (PBS). After washes in PBS, slides were blocked with 5% normal goat serum (NGS) in PBS for 1 h. Dilutions of antibodies used for immunostaining are listed in the Table 1. For Pax7 immunofluorescence staining, a goat anti-mouse IgG blocking antibody (Jackson Immunoresearch 115–007-003) was used in blocking buffer, and an antigen retrieval step was performed by heating slides in a Cuisinart CPC-6001000-watt pressure cooker at high setting in 10 mM sodium citrate, 0.05% Tween 20, pH 6.0, and allowed to return to room temperature over 20 min prior to incubation with the primary antibody. Slides were incubated overnight at 4°C with antibodies of interest at the dilutions listed in Table 1. The following day, sections were washes 3 times in PBS, followed by incubation at room temperature for 1 h with appropriate Alexa Fluor-conjugated secondary antibody. Slides were then washed 3 times with PBS or PBST followed by a 5-min incubation with a nuclear stain (DAPI or Hoechst) as indicated. After a final PBS rinse, slides were mounted in either Vectashield Antifade Mounting Medium (H1000) or Prolong Gold Antifade Mountant (Invitrogen P36962) and allowed to cure overnight. Brightfield microscopy and epifluorescence microscopy were both performed on a Zeiss Upright AxioImager, while all confocal microscopy was performed on the Zeiss 780 or Zeiss 880 Inverted Confocal Microscope. All image analysis was performed in Zeiss Zen software, IMARIS, or ImageJ with identical thresholds and blinding performed for all signal quantification.



TABLE 1 Commercially available antibodies used for immunofluorescence microscopy.
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2.5. Hematoxylin and eosin staining

Sections were brought to room temperature, then fixed for 10 min in 10% Neutral Buffered Formalin (NBF). The slides were washed with distilled water followed by staining of nuclei with Meyer’s hematoxylin for 4 min. Slides were rinsed under running tap water for 10 min and then differentiated with 0.3% acid-alcohol. An additional rinse with tap water and Scott’s tap water substitute was used to further enhance coloration of the nuclei. Samples were then briefly incubated in 90% ethanol (EtOH) and then stained with alcoholic eosin for 30 s. Slides were then dehydrated in 100% EtOH followed by 2 rinses in xylene or xylene substitute for 2 min each before mounting with Cytoseal resin-based mounting medium. The slides were then allowed to cure overnight prior to imaging.



2.6. Muscle contractile measurements

Contractile muscle force was measured as described previously (31). Briefly, single EDL muscles were isolated and ligated with a 5–0 silk suture at each tendon and maintained in a physiological saline solution (pH 7.6) containing 119 mM NaCl, 5 mM KCl, 1 mM MgSO4, 5 mM NaHCO3, 1.25 mM CaCl2, 1 mM KH2PO4, 10 mM HEPES, and 10 mM dextrose at 30°C under aeration with 95% O2/5% CO2 throughout the experiment. Muscles were mounted in a bath within the force transducer (Aurora 300B-LR) operated in isometric mode. A 5-min equilibration was performed, during which single twitches were elicited every 30 s with 0.5 msec electrical pulses. Isometric tension was evaluated by 250 msec trains of pulses delivered at 10, 20, 40, 60, 80, 100 and 120 Hz. After the experimental protocol, muscle length was determined with a digital caliper and muscle mass was measured after removing liquid. The cross-sectional area for each muscle was measured, and muscle density was determined as the muscle mass (g) divided by the product of its length (Lo, mm) and cross-sectional area (mm2), expressed in g/mm3. Muscle output was then expressed as isometric tension (N/cm2) determined by dividing the developed tension (N) by the muscle cross-sectional area. In the case of atrophied muscle, absolute tension was used as the measure of force because the cross-sectional muscle area is no longer a reliable measure due to change in muscle density.



2.7. Oil red O staining

Tissue sections were fixed in 10% NBF for 4 min and briefly washed under running tap water for 1 to 10 min. After rinsing with 60% isopropanol, samples were stained with freshly prepared and filtered oil red O working solution (Oil Red O powder [Sigma] in 60% isopropanol) for 15 min, then rinsed again with 60% isopropanol. The samples were then lightly stained with Meyer’s hematoxylin and rinsed with distilled water. Slides were mounted in aqueous glycerine jelly and imaged within 2 h.



2.8. BODIPY staining

Frozen sections were fixed with 4% PFA in PBS for 10 min followed by 2 washes with PBST for 5 min each. The slides were then incubated for 60 min with 1 μg/ml BODIPY 493/503 (Invitrogen D3922) in PBST. Following incubation, the slides were washed twice with PBST for 5 min each, then twice with PBS for 5 min each. Slides were finally mounted with Prolong Diamond Antifade Mountant with DAPI (Invitrogen P36962) and imaged immediately.



2.9. MicroCT/DiceCT

EDLs were isolated from hindlimbs of mice and fixed immediately in 10% NBF solution overnight. Muscles were then stained using the diceCT protocol, as described previously (32). Briefly, muscles were incubated in Lugol’s Iodine for 2 nights. The muscles were then scanned in a fixed container at low power in a Nikon XTH 225 ST microCT scanner at a 10-μm or 14-μm resolution. Images were then reconstructed using Nikon automated reconstruction software and analyzed using Avizo to delineate soft tissue densities in false colors.



2.10. Batimastat treatment

Pax7-CreERT2; ROSA26DTA mice were all given tamoxifen (75 mg/kg body weight) via i.p. injection for 5 days prior to surgery. 1 day prior to surgery, half the mice were given batimastat (30 mg/kg body weight) as a 3 mg/ml suspension in sterile-filtered PBS with 0.01% Tween-80 via i.p. injection, and the other half were injected with vehicle only. Batimastat injections were given daily until muscle was isolated. Following surgery, the mice were switched to a tamoxifen diet and the muscle was harvested 7 days post-operatively.



2.11. Fast Green/Sirius Red staining

Samples were placed in 0.04% Fast Green (Sigma) for 15 min then washed with distilled water. Sections were then incubated in 0.1% Fast Green and 0.04% Sirius Red (Sigma) in saturated picric acid for 30 min. Samples were dehydrated through serial 70, 90, and 100% Ethanol washes and cleared in xylene for 2 min before mounting using Cytoseal mounting medium. Positive and negative controls were run simultaneously to validate the specificity of this assay for collagen.



2.12. Myoblast isolation

Hindlimb muscles from mice were dissected, rinsed briefly in sterile PBS, and placed in a 10-cm dish containing DMEM +1% penicillin/streptomycin (pen/strep). Thereafter, all steps were performed in a biosafety cabinet under sterile conditions. Muscles were cleaned of excess connective tissue and tendons and transferred to a new 10-cm dish containing 5 mL DMEM +1% pen/strep. The muscle was minced with razor blades for >10 min then transferred to a 50-ml centrifuge tube using a wide-bore pipet. Samples were centrifuged in a tabletop centrifuge for 2 min at 800× g. The medium was aspirated, cells were resuspended in 18 mL DMEM + pen/strep, and 2 ml pronase (1% solution) was added and the mixture was digested for 1 h at 37°C on a Nutator. The cells were then centrifuged for 3 min at 800 × g and the medium was aspirated. Muscle was then suspended in 10 mL DMEM +10% FBS + pen/strep and triturated 20 times to loosen cells. The supernatant was filtered through a Steriflip 100-μm vacuum filter and washed with 5 ml DMEM with 10% FBS + pen/strep. The cells were then centrifuged 5 min at 1,000× g and resuspended in 10 mL of growth medium (Ham’s F10 with 20% FBS + pen/strep) and plated on collagen-coated plates.



2.13. In vitro myogenic and adipogenic differentiation

Differentiation of isolated myoblasts was stimulated by plating the cells on entactin-collagen-laminin-coated plates in differentiation medium (DMEM supplemented with 2% horse serum, 1% pen/strep, 0.2% amphotericin B, and 0.01% human insulin/transferrin/selenium). Effects of hypoxia were determined by placing cells in a hypoxia chamber (Billups-Rothenberg) at 0% O2 (95% N2, 5% CO2). Control cells were maintained in normoxia (21% O2, 5% CO2). Medium was changed daily to ensure cell viability. Adipogenic differentiation was induced by incubating cells for 48 h in medium containing 10% FBS, 0.5 mM isobuylmethylxanthine, 125 nM indomethacin, 1 μM dexamethosone, 850 nM insulin, 1 nM T3 with or without 1 μM rosiglitazone. After 48 h, cells were switched to medium containing 10% FBS, 850 nM insulin, 1 nM T3, and 1 μM rosiglitazone. Cells were placed in either normoxic or hypoxic conditions as described above, and medium was changed every other day to ensure cell viability.



2.14. Human skeletal muscle acquisition

Critical limb threatening ischemia (CLTI) patients undergoing above-or below-knee amputations were consented according to an Institutional Review Board (IRB)-approved protocol to donate skeletal muscle tissue from the amputated limb. Muscle samples were collected under sterile conditions in the operating room from both the proximal and distal ends of the gastrocnemius muscle and oriented cross-sectionally in OCT and frozen on liquid nitrogen. The samples were then sectioned in a cryostat and stored at −80°C for subsequent analysis.



2.15. Statistical analysis

For each of the analyses, a script was used to blind the reviewer to either the images or the animal treatments to ensure no bias in the analysis. For a comparison of 2 groups, a two-way Student’s t-test was performed in GraphPad Prism, and statistical significance was established at p < 0.05. For multiple group comparisons, an ANOVA was first performed to determine whether an effect was present, followed by a t-test for multiple groups with a correction for multiple group testing in GraphPad Prism. Significance was once again established by a corrected p value <0.05.




3. Results

To study the role of Pax7+ MPCs in a mouse model of PAD, we crossed Pax7-CreERT2 mice to ROSA26DTA mice. To ablate satellite cells, we injected tamoxifen (Pax7Δ) or corn oil as a control (Pax7WT) for 5 days, followed by femoral artery ligation to induce HLI. Perfusion imaging demonstrated an identical injury and similar perfusion of the ischemic hind limb up to 28 days after HLI surgery in both groups (Supplementary Figure S1C). To maintain MPC ablation, mice were fed a diet supplemented with either corn oil or tamoxifen. To validate the model, muscle sections from the non-ischemic tibialis anterior (TA) muscle were stained for the satellite cell marker Pax7, and in the tamoxifen-treated mice there was a complete absence of satellite cells (Supplementary Figures S1A,B), demonstrating successful ablation of all satellite cells within skeletal muscle.


3.1. Satellite cell ablation does not alter resting muscle morphology or physiology

To examine whether satellite cell ablation resulted in changes in resting muscle, we isolated the TA muscle from the contralateral, non-ischemic limbs of Pax7Δ and Pax7WT mice after HLI and compared the skeletal muscle histologically by H&E staining. Muscle morphology and architecture appeared similar in Pax7Δ and Pax7WT mice (Figure 1A), although total cross-sectional area of the TA muscle was significantly reduced in Pax7Δ mice (4.48 ± 0.24 mm2 vs. 5.49 ± 0.07 mm2, p = 0.0043), possibly due to greater muscle hypertrophy in Pax7WT mice after disuse of the ischemic limb. Importantly, however, ex vivo force generation of extensor digitorum longus (EDL) muscle did not differ between Pax7Δ and Pax7WT mice (Figure 1B), demonstrating that absence of satellite cells does not alter resting muscle physiology. Lastly, we examined whether deletion of the endogenous skeletal muscle progenitor cell pool affects muscle fiber type distribution. Staining and quantification of both slow-twitch type 1 fibers, which are highly oxidative, and more glycolytic type IIa, IIb, and IId/x fibers (which are more abundant in TA muscle) demonstrated no differences between the groups, demonstrating that loss of Pax7+ MPCs does not cause a shift in myofiber metabolism at rest (Figures 1C,D).

[image: Figure 1]

FIGURE 1
 Pax7+ MPC ablation does not alter resting muscle morphology 1 week after ischemia. (A) H&E stains of skeletal muscle from mice with ablated satellite cells are not distinguishable from those with intact satellite cells (n = 3–4 per group). (B) EDL muscles from mice (n = 5 per group) were isolated, and their ability to generate force was measured on a force transducer. Ablation of satellite cells did not impair the ability of resting skeletal muscle to generate force. Data shown are means +/− SEM. (C) Representative immunostains of type I, IIa, and IIb myofibers in non-ischemic limbs of Pax7WT and Pax7Δ mice. (D) Quantification of relative percentages of each myofiber type in non-ischemic muscle of Pax7WT and Pax7Δ mice. Pax7+ MPC ablation did not alter non-ischemic resting muscle fiber type distribution 1 week after ischemia (n = 3–4 per group). Type IId/x myofibers were quantified by lack of staining for the other three markers. All data shown are means +/− SEM; p = ns for all comparisons. Scale bar = 100 μm.




3.2. Satellite cell ablation in ischemic muscle results in complete absence of regeneration 1 week after ischemia

To determine the effect of MPC ablation after ischemia, Pax7Δ and Pax7WT mice were subjected to unilateral HLI and examined 7 days later. Following ablation of satellite cells, markers of skeletal muscle regeneration (embryonic myosin heavy chain expression and centralized myonuclei) were absent in the ischemic limb of Pax7Δ mice (Figures 2A–C). To exclude the possibility that genetic ablation of MPCs with DTA had a non-specific effect on the vasculature, muscle sections were stained for the endothelial cell marker PECAM (CD31). Not only was the endothelium intact, but the total endothelial area relative to the muscle area was in fact increased in Pax7Δ mice (Figure 2D), suggesting a possible vascular compensation for the muscle loss. Satellite cell activation and proliferation normally occur after muscle injury in general and are observed after limb ischemia as well. 1 week after HLI, Pax7WT mice displayed a significant increase in the number of Pax7+ cells in ischemic TA muscle in contrast to the contralateral, non-ischemic limb, confirming normal satellite cell activation in this model (Figures 2E,F). As expected, this activation was absent in Pax7Δ mice lacking satellite cells, consistent with their inability to regenerate muscle following ischemic injury (Figures 2E,F).

[image: Figure 2]

FIGURE 2
 Ablation of Pax7+ MPCs in mice results in a complete lack of a muscle regenerative response 1 week after HLI. (A) Muscle regeneration was examined by staining for embryonic myosin heavy chain (eMHC, red) and endothelial cells (CD31, green), top, and for centralized myonuclei by H&E, bottom. (B–D) Quantification of centralized myonuclei (B) and eMHC (C) demonstrates a complete lack of regenerative response to ischemia. Quantification of CD31 area (D) demonstrates an increase in endothelial area relative to muscle area in Pax7Δ mice (n = 3–4 per group). (E,F) 1 week after HLI surgery, there was a significant increase in the number of Pax7+ cells per high power field in the ischemic TA of Pax7WT mice but not in muscle of Pax7Δ mice. Compared to resting muscle, there was a 10-15-fold increase in the number of Pax7+ cells in injured Pax7WT muscle, consistent with activation of satellite cells following injury (n = 3 per group). Scale bar = 100 μm. All data shown are means +/− SEM. **p < 0.01; ***p < 0.001, by 2-sided t-test.




3.3. Chronic satellite cell ablation in ischemic muscle results in complete absence of regeneration 1 month after ischemia

To investigate the effects of satellite cell ablation on long-term muscle recovery from ischemia, Pax7Δ and Pax7WT mice were subjected to HLI and followed for 14 and 30 days after surgery. Consistent with responses observed in parental C57BL/6 mice, ischemic Pax7WT mice displayed improved muscle architecture at day 14 post-HLI. Expression of eMHC had resolved by this time point, although there were still centralized myonuclei, and an inflammatory infiltrate was still present in the interstitial spaces between muscle fibers (Figure 3A). These features were further improved by day 30, with near compete resolution of inflammation (Figure 3B). In contrast, Pax7Δ mice displayed a persistent absence of muscle regeneration with an accompanying increase in cellularity characteristic of ongoing inflammation (Figures 3A,B). Strikingly, muscle of late stage ischemic Pax7Δ mice displayed a dramatic increase in adipose observed both histologically and by microCT (Figure 3A,B; Supplementary Figure S2), which was also evidenced grossly by the inability of whole muscle tissue to sink in aqueous solution (Supplementary Figure S2A). Whereas distinct, individual myofibers were visualized by microCT in control muscle (Supplementary Figure S2B), EDL muscle from Pax7Δ mice was markedly atrophied and displayed significant soft tissue adipogenic changes (Supplementary Figure S2B). These findings suggested that the chronic absence of satellite cells after ischemic injury resulted not only in a loss of muscle regeneration but also a shift in the cellular makeup of injured muscle. Persistent satellite cell ablation in Pax7Δ mice 30 days after HLI was verified by Pax7 immunostaining (Figures 3C,D). In the non-ischemic limb of Pax7WT mice, satellite cell numbers were similar to the day 7 timepoint, whereas satellite cell number diminished significantly in the ischemic limb by day 30 (~4/hpf compared to ~35/hpf on day 7 post-HLI) and was only slightly higher than in the non-ischemic limb at this stage (Figures 3C,D).

[image: Figure 3]

FIGURE 3
 Sustained deletion of satellite cells results in long-term prevention of muscle regeneration after HLI. (A,B) H&E staining and quantification of regenerating fibers, demonstrated by myofibers with centralized myonuclei, of the ischemic TA muscle at 14 days (A) and 30 days (B) after ischemia demonstrated a complete lack of regeneration (n = 3–4 per group). (C,D) 30 days after HLI Pax7+ cells per high power field were significantly increased (2-fold) in the ischemic relative to the non-ischemic TA muscle of Pax7WT mice, although their numbers were diminished compared to 7 days post-HLI. Pax7+ cells were persistently absent in Pax7Δ mice (n = 4 per group). Scale bar = 100 μm. All data shown are means +/− SEM. ***p < 0.001, ****p < 0.0001 by 2-sided t-test.




3.4. Long-term satellite cell ablation in ischemic muscle results in impaired force generation

Because long-term satellite cell ablation resulted in markedly abnormal muscle tissue morphology, we tested ex vivo muscle force generation to determine the functional effects of this injury. Force generation in Pax7Δ and Pax7WT mice correlated with histological findings, as there was a significant impairment in both maximal force generation and the time-tension force integral in EDL muscle of Pax7Δ mice compared to that of Pax7WT mice 30 days after ischemia (Figures 4A,B). In stark contrast, force generation in the non-ischemic EDL mirrored that observed on day 7 post-HLI (Figures 4C,D), confirming that resting skeletal muscle is unaffected by satellite cell ablation even after 30 days.

[image: Figure 4]

FIGURE 4
 Pax7+ MPC ablation impairs force generation 30 days after HLI. (A) The maximum force generated by the ischemic EDL muscle was significantly lower (p < 0.0001 by 2-way ANOVA) in Pax7Δ mice. (B) Maximum force was unchanged in the non-ischemic limb of Pax7Δ mice. (C,D) The time-tension integral, a measure of work done in a single contraction, of muscle 30 days after HLI mirrored the maximum force data in both ischemic (C) and non-ischemic TA muscle (D) (n = 4–5 per group).




3.5. Ablation of Pax7+ MPCs in mice results in marked fat infiltration of skeletal muscle following ischemia

A key feature of muscle injury is that different modes of injury can result in varying regenerative responses. For example, unlike cardiotoxin-mediated injury, glycerol injection induces a more adipogenic change to the muscle (22). In contrast, the mdx mouse, a genetic model of muscular dystrophy, fails to accurately recapitulate many of the adipogenic changes observed in patients with muscular dystrophy. The lipid deposition seen in Pax7Δ mice 30 days after HLI is reminiscent not only of that of patients with muscular dystrophy but also of patients with CLTI (33). To investigate the adipogenic changes that occur in skeletal muscle following ischemic injury, we used two different complementary lipid stains, oil red O and BODIPY 493/503, to examine fatty changes 7 days after HLI. Oil red O staining showed a small amount of fat deposition in the control Pax7WT TA muscle, which was significantly increased in Pax7Δ muscle (Figure 5A), and these findings were mirrored by the BODIPY staining (data not shown). The increased fat deposition in Pax7Δ muscle after long-term injury resulted in the need to cut thicker tissue (~30 μm) sections, which also resulted in what appeared to be increased non-specific oil red O (Figure 5A) and BODIPY staining (data not shown). To overcome this issue, we immunostained for perilipin, which is selectively localized to the periphery of lipid droplets and thus specifically marks adipose accumulation. Perilipin staining also revealed a significant increase in adipogenesis in Pax7Δ TA muscle compared to that of Pax7WT mice at 7 and 14 days post-HLI (Figures 5A,B), and this difference persisted out to day 30 post-HLI (Figure 5C). These findings demonstrate that the lack of Pax7+ MPCs results in aberrant lipid accumulation, which may contribute to the pathogenesis of PAD.
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FIGURE 5
 Ablation of Pax7+ MPCs in mice results in marked fat infiltration within skeletal muscle following ischemia. (A) Oil red O (top) and Perilipin (bottom) staining of the ischemic TA muscle demonstrated significantly increased lipid staining in Pax7Δ mice compared to Pax7WT 7 days after HLI surgery (n = 3–4 per group). (B,C) Perilipin staining and quantification of adipose in the ischemic TA muscle 14 days (B) and 30 days (C) after HLI surgery demonstrated increased lipid staining in Pax7Δ mice compared to Pax7WT (n = 3–4 per group). Scale bars = 1 mm. All data shown are means +/-SEM. * represents p < 0.05, **p < 0.01; ***p < 0.001 by 2-sided t-test.




3.6. Fibro/adipogenic progenitors are significantly increased in Pax7Δ mice after ischemia

To begin to elucidate the origins of the adipogenic changes observed after ischemia in Pax7Δ mice, we explored the potential contribution of fibro/adipogenic progenitor cells (FAPs) to the phenotype. FAPs have been shown to induce adipogenic changes in skeletal muscle in limb girdle muscular dystrophy type II (33) and in other pathological conditions (22). Additionally, FAPs have been shown to drive adipogenic changes in a variety of metabolic and cardiovascular disorders (26, 27, 34). Staining ischemic muscle from Pax7Δ and Pax7WT mice for the FAP marker PDGFRα (35–37) demonstrated a significant increase in FAPs in Pax7Δ mice that progressively increased over time after ischemia (Figures 6A–C), consistent with the observed temporal increase in adipogenesis (Figure 5). In contrast, PDGFRα+ area was unchanged in Pax7WT muscle at all timepoints after ischemia. These findings suggest that increased ischemic skeletal muscle adipogenesis following MPC ablation is driven by FAPs.
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FIGURE 6
 Ablation of Pax7+ MPCs in mice results in a significant increase in FAPs in skeletal muscle following ischemia. (A-C) PDGFRα staining of the ischemic TA muscle demonstrated significantly increased FAP staining in Pax7Δ mice compared to Pax7WT 7 days (A), 14 days (B), and 30 days (C) after HLI surgery (n = 3–5 per group). Scale bars = 1 mm. All data shown are means +/-SEM. *p < 0.05; **p < 0.01; ***p < 0.001 by 2-sided t-test.




3.7. Batimastat, an FAP inhibitor, limits adipogenesis and promotes fibrosis after ischemia in the absence of satellite cells

Batimastat is a non-specific MMP inhibitor that has been shown to prevent adipogenesis both in isolated FAP cells in vitro and in skeletal muscle in vivo (22, 33). We reasoned that if FAPs contribute to adipogenesis after HLI in the absence of satellite cells, then treating ischemic mice with batimastat should limit the amount of lipid deposition. Indeed, treatment of Pax7Δ mice with batimastat during recovery from HLI resulted in a significant decrease in oil red O+ and perilipin+ area compared to that observed in vehicle-treated Pax7Δ mice (Figure 7A). Notably, this change was accompanied by a corresponding increase in fibrosis (Figure 7B). Despite this clear difference in phenotype, batimastat did not alter the number of FAPs, as indicated by the lack of a difference in PDGFRα staining (Supplementary Figure S3), consistent with previous reports (33). Collectively, these findings suggest that in the absence of satellite cells, ischemia drives FAPs to promote adipogenesis, which may play an important role in the pathophysiology of PAD.
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FIGURE 7
 Inhibiting FAPs with batimastat reduces adipogenesis and increases fibrosis after HLI in the absence of satellite cells. (A) Batimastat treatment significantly decreased total fat in Pax7Δ ischemic TA muscle as determined by oil red O and perilipin staining 7 days after HLI surgery. (B) Fast Green/Sirius Red staining demonstrated a corresponding significant increase in collagen content in Pax7Δ ischemic TA muscle, consistent with a switch from adipogenesis to fibrosis after inhibition of FAPs (n = 4–6 per group). Scale bars = 100 μm. All data shown are normalized means +/− SEM. **p < 0.01; ***p < 0.001 by 2-sided t-test.




3.8. Isolation and differentiation of myoblasts following satellite cell ablation in vivo results in defective myogenesis and increased adipogenesis in vitro

It is well known that myoblasts isolated from whole muscle tissue retain their ability to differentiate and fuse into mature skeletal myotubes in vitro. Pax7+ satellite cells comprise a small percentage (<10%) of the mononuclear cells isolated from muscle tissue that have the potential to differentiate into muscle (i.e., MPCs). Once MPCs are isolated and plated in vitro, satellite cells rapidly lose expression of Pax7 and differentiate into MyoD-expressing committed myoblasts (38). Prior studies have demonstrated that deletion of Pax7+ satellite cells in vitro, after plating, does not impair myoblast differentiation (39). To our knowledge, however, no studies have examined the effect of in vivo ablation of Pax7+ cells on subsequent myoblast differentiation in vitro and whether this might influence isolated myoblasts to differentiate toward an adipogenic lineage. To test this, mice were treated with either tamoxifen or corn oil for 5 days to ablate Pax7+ cells in vivo, then muscle was harvested and mononuclear cells/myoblasts were isolated and plated in vitro. When cultured in muscle differentiation medium, only cells from Pax7WT mice were able to form mature myotubes, as evidenced by expression of the myogenic regulatory factor myogenin and myosin heavy chain (MHC) (Figure 8A). To determine whether MPCs isolated from Pax7WT or Pax7Δ mice have an increased propensity to differentiate into adipocytes, cells were plated in adipogenic medium. Because increased adipogenesis in Pax7Δ mice was observed in vivo in the setting of ischemia, cells were incubated for 12 days under hypoxic conditions to simulate ischemia. Compared to cells from Pax7WT mice, cells isolated from Pax7Δ mice had an increased propensity to form adipocytes, as demonstrated by oil red O staining (Figure 8B). These findings suggest that in the absence of Pax7+ cells, Pax7− cells with the potential to fuse and differentiate into muscle are driven toward an adipocyte lineage, although it is unclear whether these cells are FAPs or if they are derived from some other progenitor cell population.

[image: Figure 8]

FIGURE 8
 Myoblasts isolated from Pax7-depleted muscle fail to differentiate under hypoxic conditions and display increased adipogenesis. (A) Pax7WT myoblasts in differentiation medium expressed myosin heavy chain (MHC) under hypoxia whereas Pax7Δ cells failed to fuse and did not express the early differentiation marker myogenin or MHC. (B) When grown in adipogenic medium, Pax7Δ myoblasts had a higher propensity to form oil red O+ lipid droplets. Similar results were observed in three independent experiments. Scale bars = 100 μm.




3.9. Critical limb ischemia patients have increased adipogenesis and fewer satellite cells in regions of greater ischemia

To examine whether the adipogenic changes observed in our preclinical model are also seen clinically, we obtained skeletal muscle tissue from CLTI patients undergoing limb amputation. In this setting, tissue that is farthest from the amputation site (distal) is typically the most ischemic, whereas proximal tissue, closer to the amputation site is less ischemic and often relatively healthy. Paired proximal and distal gastrocnemius muscle samples were obtained from 10 CLTI patients undergoing amputation, and adipose area was determined by perilipin staining. Distal, more ischemic muscle displayed significantly greater adipose area (Figure 9A). Because the increase in adipogenic area in our preclinical model was caused by the ablation of satellite cells prior to ischemia, we investigated whether the increased adipogenesis in the regions of greater ischemia corresponded with a loss or reduction in the number of Pax7+ cells. Immunostaining for Pax7 was performed on paired proximal and distal skeletal muscle sections from each subject. Although Pax7+ cells were still present in all subjects’ distal muscle, we observed significantly fewer Pax7+ cells in distal vs. proximal tissue (Figure 9B). These findings support the possibility that chronic limb ischemia results in loss of satellite cell number and/or satellite cell dysfunction, which leads to increased skeletal muscle adipogenesis and may contribute to the pathogenesis of PAD in general and CLTI in particular.

[image: Figure 9]

FIGURE 9
 CLTI patients have increased adipogenesis in more ischemic muscle regions that correspond with decreased Pax7+ cell numbers. (A) Perilipin staining in the gastrocnemius muscle of CLTI patients (n = 10) revealed significantly greater fat deposition in more distal ischemic regions. Scale bar = 1 mm (B) More ischemic distal regions of the same patients in panel (A) had significantly fewer Pax7+ cells. Scale bar = 100 μm. All data shown are paired values from the same patient. **p < 0.01 by a 2-sided ratio paired t-test.





4. Discussion

Although surgical and endovascular approaches to revascularization represent the primary strategy to treat PAD, outcomes remain poor, particularly in CLTI, which results in high rates of subsequent amputation (40, 41). Moreover, while experimental pro-angiogenic approaches to improve limb perfusion have shown great promise in preclinical models of hindlimb ischemia, they have proven suboptimal in clinical experience (42, 43). We hypothesized that these poor outcomes might be explained, at least in part, by non-vascular etiologies of CLTI. Our prior results supported this hypothesis by demonstrating that skeletal muscle cell responses to ischemia are independent of blood supply and are strongly influenced by genetic background. However, the role of skeletal muscle regeneration in the response to ischemia and, in particular, the role of muscle progenitor cells in this process, remained unknown. Here, we have demonstrated an absolute requirement for Pax7+ skeletal muscle satellite cells in muscle regeneration following ischemic injury. Furthermore, by continuously feeding mice a tamoxifen-containing diet over 30 days post-HLI, we ensured that there was no repopulation of the satellite cell pool (39), and we demonstrated that the regenerative response to ischemia was entirely muscle-dependent. Although one prior study raised the possibility that, following a critical juvenile period, satellite cells were dispensable for regeneration in the postnatal phase, our results are consistent with studies that demonstrate an absolute requirement for satellite cells during regeneration (44, 45), in our case following ischemia-induced muscle injury. Our data demonstrate that complete recovery from ischemia follows a similar time course as skeletal muscle injuries that are cytotoxic and cryogenic in nature (21, 23).

Staining for endothelial cells in mice lacking satellite cells verified that vascular cells were not targeted non-specifically by DTA after tamoxifen treatment and, therefore, that the observed injury was not likely due to loss of vascular supply. Somewhat surprisingly, we found that capillary density was in fact increased in Pax7Δ mice. Although the mechanisms responsible for this effect are not clear, it is possible that capillary proliferation occurred as a compensatory response to the increased tissue destruction (46). One caveat in interpreting this result is that decreased muscle area due to atrophy could have falsely increased apparent vascular density. Future studies will be necessary to fully elucidate the nature of the endothelial response during this process, including examination of endothelial cell proliferation, angiogenesis, and collateralization, which are known to occur in the setting of hindlimb ischemia (47).

Using several complementary approaches (oil red O, BODIPY, perilipin), we demonstrated the novel and important finding that in the absence of Pax7+ satellite cells, ischemia induces marked lipid deposition within skeletal muscle. This observation distinguishes the injury in this model from that seen in murine models of muscular dystrophy and cardiotoxin injury, which lack similar adipogenesis. Although the mdx mouse model lacks the extreme fat deposition that is observed in DMD patients (29), a “humanized” mdx model with shortened telomeres and mitochondrial defects did show greater adipogenic changes (48). These lipid deposits are presumed to be pathogenic, because many skeletal muscle diseases are characterized by increased adipogenesis (49). Notably, the adipose deposition observed after complete loss of satellite cells in Pax7Δ mice recapitulated findings seen in muscle tissue samples of CLTI patients, who displayed increased adipogenesis in more ischemic, distal regions of the amputated limb. The mice used in this study were on a C57BL/6 background, a strain in which the skeletal muscle is known to be relatively resistant to ischemic injury (10). Strikingly, the absence of satellite cells completely abrogated the protective effect conferred by C57BL/6 genetic factors, suggesting that satellite cell loss or dysfunction contributes to the CLTI phenotype. Consistent with this observation, we found that more ischemic distal regions of CLTI muscle had significantly fewer Pax7+ satellite cells. It is important to note that the mouse phenotype was induced by the complete ablation of satellite cells after tamoxifen treatment, although it is unclear whether partial loss of Pax7+ cells would result in a similar phenotype. Although satellite cells were still present in more ischemic regions of CLTI tissue, it is possible that they were dysfunctional and unable to contribute to regeneration. Satellite cell dysfunction may not manifest as a decrease in absolute number, but there may instead be epigenetic, post-transcriptional, and/or post-translational alterations that affect satellite cells’ ability to effectively promote regeneration in CLTI patients. Alternatively, the reduction in Pax7+ cell number with ischemia in CLTI may result from a loss due to satellite cell exhaustion reminiscent of phenotypes seen in DMD patients. Future experiments will be necessary to elucidate the exact role that satellite cells play in the pathogenesis of PAD. Gene expression profiling of satellite cells in PAD patients with claudication or CLTI may identify a specific genetic signature that defines the pathophysiology of satellite cells in these conditions. The observed correlation between preclinical and clinical adipose deposition in the setting of limb ischemia supports the biological and clinical relevance of these findings.

FAPs have been shown to play a role in obesity-associated skeletal muscle dysfunction as well as in denervated skeletal muscle (34, 50). We hypothesized that FAPs were responsible for the increased adipogenesis after ischemia in Pax7Δ mice. To explore this possibility, we treated ischemic Pax7Δ mice with batimastat, a small molecule inhibitor of fibroblast activation protein, a dual specificity serine protease. Batimastat has been shown to inhibit adipogenesis resulting from FAP cell differentiation into adipocytes in both isolated FAPs in culture and skeletal muscle in vivo in a model of limb girdle muscular dystrophy (33). Indeed, we observed a decrease in the degree of adiposity after batimastat treatment, and this was accompanied by a corresponding increase in fibrosis, supporting the possibility that FAP differentiation into adipocytes was responsible for the observed ischemic lipid deposition. Future studies, such as lineage tracing using an FAP marker like PDGFRα (25), will be necessary to conclusively determine whether FAPs or other progenitor cell types contribute to this fat infiltration. Definitively establishing that FAPs are responsible for the increased skeletal muscle adiposity in the setting of ischemia would likely require a genetic approach, such as ablation of PDGFRα+ FAPs. However, ablation of both Pax7+ cells and PDGFRα+ cells would likely have complex effects that may be difficult to interpret.

Several important questions arise regarding the mechanisms responsible for both the adipogenesis and the switch to a fibrotic phenotype after batimastat treatment. First, what are the paracrine signaling pathways between satellite cells and other muscle progenitor cells, including FAPs, that drive normal myogenesis? Pax7+ cells account for a small percentage of total cells in muscle tissue, yet in typical muscle cell isolates, a number of mononuclear cell types have the capacity to fuse and differentiate into myotubes in vitro, suggesting that the presence of satellite cells confers on other MPCs (e.g., myoblasts, pericytes, FAPs) the ability to differentiate into functional muscle. This likely involves paracrine signaling mechanisms that remain to be fully elucidated, although PDGF-BB and DLL4 have been implicated in driving pericytes toward a myogenic lineage (51). Second, what are the mechanisms that drive the increased adipogenesis in the absence of satellite cells? Does a suppressive signal from satellite cells to FAPs normally prevent adipogenesis, or does the absence of satellite cells activate another pathway to drive adipogenesis? Third, and equally important, does ischemia contribute to these processes, since adipogenesis does not occur in the non-ischemic limb, or are these pathways driven by aberrant regeneration? Future studies will be necessary to elucidate these mechanisms, and it is hoped that such information would lead to the eventual development of therapies for diseases of aberrant muscle stem cell number and/or function, such as CLTI and DMD. Batimastat provides a potential starting point for development of drugs to inhibit adipogenic changes in skeletal muscle. Although an increase in fibrosis in CLTI in place of adipose tissue may not translate into optimal clinical outcomes, it provides an initial strategy to redirect aberrant MPC differentiation and possibly prevent pathological adipogenesis.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Duke University Institutional Review Board. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Duke University Institutional Animal Care and Use Committee.



Author contributions

HA and CK designed the research study. HA conducted all in vivo and in vitro experiments and performed data analysis. LO, BG, and KS isolated human skeletal muscle and assisted in human muscle staining and experiments. MP performed animal husbandry, genotyping and HLI surgeries. TM performed histological data analysis and assisted with editing the manuscript. CS and JM conducted muscle force generation experiments. HA wrote the manuscript, and CK co-wrote and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported in part by NIH grants HL124444, HL118661, and HL156009 to CK, HL125695 to JM, and by a grant from the Duke University School of Medicine to CK for microCT studies through the Shared Materials Instrumentation Facility. BG was supported by grant F32 HL136125 from the NIH. KS was supported in part by a KL2 award through the Duke Clinical and Translational Science Award TR002553 from the NIH. LO was the recipient of a Eugene A. Stead Student Research Scholarship and a Poindexter Scholars in Basic Sciences Award from the Duke University School of Medicine.



Acknowledgments

The authors wish to thank the Light Microscopy Core Facility at Duke University for the use of their microscopes and assistance in image acquisition; the Shared Materials Instrumentation Facility for the use of the microCT scanner and assistance in data acquisition and analysis; Mitchell Cox, Cynthia Shortell, Chandler Long, and the Division of Vascular Surgery in the Department of Surgery for their assistance in acquiring human skeletal muscle samples; and Jianbin Li for assistance with animal husbandry.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.1118738/full#supplementary-material



References

 1. Hirsch, AT, Haskal, ZJ, Hertzer, NR, Bakal, CW, Creager, MA, Halperin, JL , et al. ACC/AHA 2005 Practice Guidelines for the management of patients with peripheral arterial disease (lower extremity, renal, mesenteric, and abdominal aortic): a collaborative report from the American Association for Vascular Surgery/Society for Vascular Surgery, Society for Cardiovascular Angiography and Interventions, Society for Vascular Medicine and Biology, Society of Interventional Radiology, and the ACC/AHA Task Force on Practice Guidelines (Writing Committee to Develop Guidelines for the Management of Patients With Peripheral Arterial Disease): endorsed by the American Association of Cardiovascular and Pulmonary Rehabilitation; National Heart, Lung, and Blood Institute; Society for Vascular Nursing; TransAtlantic Inter-Society Consensus; and Vascular Disease Foundation. Circulation. (2006) 113:e463–654. doi: 10.1161/CIRCULATIONAHA.106.174526 

 2. Fowkes, FGR, Rudan, D, Rudan, I, Aboyans, V, Denenberg, JO, McDermott, MM , et al. Comparison of global estimates of prevalence and risk factors for peripheral artery disease in 2000 and 2010: a systematic review and analysis. Lancet. (2013) 382:1329–40. doi: 10.1016/S0140-6736(13)61249-0 

 3. Rooke, TW, Hirsch, AT, Misra, S, Sidawy, AN, Beckman, JA, Findeiss, L , et al. Management of patients with peripheral artery disease (compilation of 2005 and 2011 ACCF/AHA guideline recommendations): a report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol. (2013) 61:1555–70. doi: 10.1016/j.jacc.2013.01.004 

 4. Taylor, SM, Cull, DL, Kalbaugh, CA, Senter, HF, Langan, EM 3rd, Carsten, CG 3rd , et al. Comparison of interventional outcomes according to preoperative indication: a single center analysis of 2,240 limb revascularizations. J Am Coll Surg. (2009) 208:770–8; discussion 8–80. doi: 10.1016/j.jamcollsurg.2009.01.025 

 5. Norgren, L, Hiatt, WR, Dormandy, JA, Nehler, MR, Harris, KA, and Fowkes, FG. Inter-society consensus for the management of peripheral arterial disease (TASC II). J Vasc Surg. (2007) 45:S5–S67. doi: 10.1016/j.jvs.2006.12.037

 6. Dormandy, J, Heeck, L, and Vig, S. The fate of patients with critical leg ischemia. Semin Vasc Surg. (1999) 12:142–7.

 7. Dormandy, JA, and Rutherford, RB. Management of peripheral arterial disease (PAD). TASC Working Group. TransAtlantic Inter-Society Concensus (TASC). J Vasc Surg. (2000) 31:S1–S296.

 8. Mätzke, S, and Lepäntalo, M. Claudication does not always precede critical leg ischemia. Vasc Med. (2001) 6:77–80. doi: 10.1177/1358836X0100600202

 9. McClung, JM, McCord, TJ, Southerland, K, Schmidt, CA, Padgett, ME, Ryan, TE , et al. Subacute limb ischemia induces skeletal muscle injury in genetically susceptible mice independent of vascular density. J Vasc Surg. (2015) 64:1101–1111.e2. doi: 10.1016/j.jvs.2015.06.139 

 10. McClung, JM, McCord, TJ, Keum, S, Johnson, S, Annex, BH, Marchuk, DA , et al. Skeletal muscle-specific genetic determinants contribute to the differential strain-dependent effects of hindlimb ischemia in mice. Am J Pathol. (2012) 180:2156–69. doi: 10.1016/j.ajpath.2012.01.032 

 11. McClung, JM, Reinardy, JL, Mueller, SB, McCord, TJ, Kontos, CD, Brown, DA , et al. Muscle cell derived angiopoietin-1 contributes to both myogenesis and angiogenesis in the ischemic environment. Front Physiol. (2015) 6:161. doi: 10.3389/fphys.2015.00161 

 12. McClung, JM, McCord, TJ, Ryan, TE, Schmidt, CA, Green, TD, Southerland, KW , et al. BAG3 (Bcl-2-associated athanogene-3) coding variant in mice determines susceptibility to ischemic limb muscle myopathy by directing autophagy. Circulation. (2017) 136:281–96. doi: 10.1161/circulationaha.116.024873 

 13. Chalothorn, D, Clayton, JA, Zhang, H, Pomp, D, and Faber, JE. Collateral density, remodeling, and VEGF-A expression differ widely between mouse strains. Physiol Genomics. (2007) 30:179–91. doi: 10.1152/physiolgenomics.00047.2007 

 14. Clayton, JA, Chalothorn, D, and Faber, JE. Vascular endothelial growth factor-A specifies formation of native collaterals and regulates collateral growth in ischemia. Circ Res. (2008) 103:1027–36. doi: 10.1161/CIRCRESAHA.108.181115 

 15. Chalothorn, D, and Faber, JE. Strain-dependent variation in collateral circulatory function in mouse hindlimb. Physiol Genomics. (2010) 42:469–79. doi: 10.1152/physiolgenomics.00070.2010 

 16. Wang, S, Zhang, H, Wiltshire, T, Sealock, R, and Faber, JE. Genetic dissection of the Canq1 locus governing variation in extent of the collateral circulation. PLoS One. (2012) 7:e31910. doi: 10.1371/journal.pone.0031910 

 17. Seale, P, Sabourin, LA, Girgis-Gabardo, A, Mansouri, A, Gruss, P, and Rudnicki, MA. Pax7 is required for the specification of myogenic satellite cells. Cells. (2000) 102:777–86. doi: 10.1016/S0092-8674(00)00066-0

 18. Wang, YX, and Rudnicki, MA. Satellite cells, the engines of muscle repair. Nat Rev Mol Cell Biol. (2012) 13:127–33. doi: 10.1038/nrm3265

 19. Feige, P, Brun, CE, Ritso, M, and Rudnicki, MA. Orienting muscle stem cells for regeneration in homeostasis, aging, and disease. Cell Stem Cell. (2018) 23:653–64. doi: 10.1016/j.stem.2018.10.006 

 20. Motohashi, N, and Asakura, A. Muscle satellite cell heterogeneity and self-renewal. Front Cell Dev Biol. (2014) 2:1. doi: 10.3389/fcell.2014.00001 

 21. Hardy, D, Besnard, A, Latil, M, Jouvion, G, Briand, D, Thépenier, C , et al. Comparative study of injury models for studying muscle regeneration in mice. PLoS One. (2016) 11:e0147198. doi: 10.1371/journal.pone.0147198 

 22. Kopinke, D, Roberson, EC, and Reiter, JF. Ciliary hedgehog signaling restricts injury-induced Adipogenesis. Cells. (2017) 170:340–51.e12. doi: 10.1016/j.cell.2017.06.035 

 23. Mohiuddin, M, Lee, NH, Moon, JY, Han, WM, Anderson, SE, Choi, JJ , et al. Critical limb ischemia induces remodeling of skeletal muscle motor unit, myonuclear-, and mitochondrial-domains. Sci Rep. (2019) 9:9551. doi: 10.1038/s41598-019-45923-4 

 24. Ryan, TE, Yamaguchi, DJ, Schmidt, CA, Zeczycki, TN, Shaikh, SR, Brophy, P , et al. Extensive skeletal muscle cell mitochondriopathy distinguishes critical limb ischemia patients from claudicants. JCI Insight. (2019) 3:e123235. doi: 10.1172/jci.insight.123235 

 25. Joe, AWB, Yi, L, Natarajan, A, Le Grand, F, So, L, Wang, J , et al. Muscle injury activates resident fibro/adipogenic progenitors that facilitate myogenesis. Nat Cell Biol. (2010) 12:153–63. doi: 10.1038/ncb2015 

 26. Arrighi, N, Moratal, C, Clément, N, Giorgetti-Peraldi, S, Peraldi, P, Loubat, A , et al. Characterization of adipocytes derived from fibro/adipogenic progenitors resident in human skeletal muscle. Cell Death Dis. (2015) 6:e1733. doi: 10.1038/cddis.2015.79 

 27. Wosczyna, MN, Konishi, CT, Perez Carbajal, EE, Wang, TT, Walsh, RA, Gan, Q , et al. Mesenchymal stromal cells are required for regeneration and homeostatic maintenance of skeletal muscle. Cell Rep. (2019) 27:2029–35.e5. doi: 10.1016/j.celrep.2019.04.074 

 28. Mueller, AA, van Velthoven, CT, Fukumoto, KD, Cheung, TH, and Rando, TA. Intronic polyadenylation of PDGFRα in resident stem cells attenuates muscle fibrosis. Nature. (2016) 540:276–9. doi: 10.1038/nature20160 

 29. Uezumi, A, Fukada, S, Yamamoto, N, Takeda, S, and Tsuchida, K. Mesenchymal progenitors distinct from satellite cells contribute to ectopic fat cell formation in skeletal muscle. Nat Cell Biol. (2010) 12:143–52. doi: 10.1038/ncb2014 

 30. Padgett, ME, McCord, TJ, McClung, JM, and Kontos, CD. Methods for acute and subacute murine hindlimb ischemia. J Vis Exp. (2016) 112:e54166. doi: 10.3791/54166 

 31. Spangenburg, EE, Le Roith, D, Ward, CW, and Bodine, SC. A functional insulin-like growth factor receptor is not necessary for load-induced skeletal muscle hypertrophy. J Physiol. (2008) 586:283–91. doi: 10.1113/jphysiol.2007.141507 

 32. Gignac, PM, Kley, NJ, Clarke, JA, Colbert, MW, Morhardt, AC, Cerio, D , et al. Diffusible iodine-based contrast-enhanced computed tomography (diceCT): an emerging tool for rapid, high-resolution, 3-D imaging of metazoan soft tissues. J Anat. (2016) 228:889–909. doi: 10.1111/joa.12449 

 33. Hogarth, MW, Defour, A, Lazarski, C, Gallardo, E, Diaz Manera, J, Partridge, TA , et al. Fibroadipogenic progenitors are responsible for muscle loss in limb girdle muscular dystrophy 2B. Nat Commun. (2019) 10:2430. doi: 10.1038/s41467-019-10438-z 

 34. Buras, ED, Converso-Baran, K, Davis, CS, Akama, T, Hikage, F, Michele, DE , et al. Fibro-adipogenic remodeling of the diaphragm in obesity-associated respiratory dysfunction. Diabetes. (2019) 68:45–56. doi: 10.2337/db18-0209 

 35. Uezumi, A, Fukada, S, Yamamoto, N, Ikemoto-Uezumi, M, Nakatani, M, Morita, M , et al. Identification and characterization of PDGFRα+ mesenchymal progenitors in human skeletal muscle. Cell Death Dis. (2014) 5:e1186. doi: 10.1038/cddis.2014.161 

 36. Sun, C, Berry, WL, and Olson, LE. PDGFRα controls the balance of stromal and adipogenic cells during adipose tissue organogenesis. Development. (2017) 144:83–94. doi: 10.1242/dev.135962 

 37. Dani, C, and Pfeifer, A. The complexity of Pdgfr signaling: regulation of adipose progenitor maintenance and adipocyte-myofibroblast transition. Stem Cell Investig. (2017) 4:28. doi: 10.21037/sci.2017.04.02 

 38. Liu, L, Cheung, TH, Charville, GW, and Rando, TA. Isolation of skeletal muscle stem cells by fluorescence-activated cell sorting. Nat Protoc. (2015) 10:1612–24. doi: 10.1038/nprot.2015.110 

 39. von Maltzahn, J, Jones, AE, Parks, RJ, and Rudnicki, MA. Pax7 is critical for the normal function of satellite cells in adult skeletal muscle. Proc Natl Acad Sci. (2013) 110:16474–9. doi: 10.1073/pnas.1307680110 

 40. Baubeta Fridh, E, Andersson, M, Thuresson, M, Sigvant, B, Kragsterman, B, Johansson, S , et al. Amputation rates, mortality, and pre-operative comorbidities in patients revascularised for intermittent claudication or critical limb ischaemia: a population based study. Eur J Vasc Endovasc Surg. (2017) 54:480–6. doi: 10.1016/j.ejvs.2017.07.005

 41. Uccioli, L, Meloni, M, Izzo, V, Giurato, L, Merolla, S, and Gandini, R. Critical limb ischemia: current challenges and future prospects. Vasc Health Risk Manag. (2018) 14:63–74. doi: 10.2147/VHRM.S125065 

 42. Collinson, DJ, and Donnelly, R. Therapeutic angiogenesis in peripheral arterial disease: can biotechnology produce an effective collateral circulation? Eur J Vasc Endovasc Surg. (2004) 28:9–23. doi: 10.1016/j.ejvs.2004.03.021 

 43. Kastora, SL, Eley, J, Gannon, M, Melvin, R, Munro, E, and Makris, SA. What went wrong with VEGF-A in peripheral arterial disease? A systematic review and biological insights on future therapeutics. J Vasc Res. (2022) 59:381–93. doi: 10.1159/000527079 

 44. Lepper, C, Conway, SJ, and Fan, CM. Adult satellite cells and embryonic muscle progenitors have distinct genetic requirements. Nature. (2009) 460:627–31. doi: 10.1038/nature08209 

 45. Lepper, C, Partridge, TA, and Fan, CM. An absolute requirement for Pax7-positive satellite cells in acute injury-induced skeletal muscle regeneration. Development. (2011) 138:3639–46. doi: 10.1242/dev.067595 

 46. Scholz, D, Ziegelhoeffer, T, Helisch, A, Wagner, S, Friedrich, C, Podzuweit, T , et al. Contribution of arteriogenesis and angiogenesis to postocclusive hindlimb perfusion in mice. J Mol Cell Cardiol. (2002) 34:775–87. doi: 10.1006/jmcc.2002.2013 

 47. Yang, Y, Tang, G, Yan, J, Park, B, Hoffman, A, Tie, G , et al. Cellular and molecular mechanism regulating blood flow recovery in acute versus gradual femoral artery occlusion are distinct in the mouse. J Vasc Surg. (2008) 48:1546–58. doi: 10.1016/j.jvs.2008.07.063 

 48. Yucel, N, Chang, AC, Day, JW, Rosenthal, N, and Blau, HM. Humanizing the mdx mouse model of DMD: the long and the short of it. NPJ Regen Med. (2018) 3:4. doi: 10.1038/s41536-018-0045-4 

 49. Sarjeant, K, and Stephens, JM. Adipogenesis. Cold Spring Harb Perspect Biol. (2012) 4:a008417. doi: 10.1101/cshperspect.a008417 

 50. Biferali, B, Proietti, D, Mozzetta, C, and Madaro, L. Fibro–Adipogenic progenitors cross-talk in skeletal muscle: the social network. Front Physiol. (2019) 10:1074. doi: 10.3389/fphys.2019.01074 

 51. Cappellari, O, Benedetti, S, Innocenzi, A, Tedesco, FS, Moreno-Fortuny, A, Ugarte, G , et al. Dll4 and PDGF-BB convert committed skeletal myoblasts to pericytes without erasing their myogenic memory. Dev Cell. (2013) 24:586–99. doi: 10.1016/j.devcel.2013.01.022 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Muscle progenitor cells are required for skeletal muscle regeneration and prevention of adipogenesis after limb ischemia



		1. Introduction



		2. Materials and methods



		2.1. Mouse lines and tamoxifen treatment



		2.2. Hindlimb ischemia surgery and perfusion imaging



		2.3. Tissue collection and muscle processing



		2.4. Immunofluorescence microscopy and image analysis



		2.5. Hematoxylin and eosin staining



		2.6. Muscle contractile measurements



		2.7. Oil red O staining



		2.8. BODIPY staining



		2.9. MicroCT/DiceCT



		2.10. Batimastat treatment



		2.11. Fast Green/Sirius Red staining



		2.12. Myoblast isolation



		2.13. In vitro myogenic and adipogenic differentiation



		2.14. Human skeletal muscle acquisition



		2.15. Statistical analysis









		3. Results



		3.1. Satellite cell ablation does not alter resting muscle morphology or physiology



		3.2. Satellite cell ablation in ischemic muscle results in complete absence of regeneration 1 week after ischemia



		3.3. Chronic satellite cell ablation in ischemic muscle results in complete absence of regeneration 1 month after ischemia



		3.4. Long-term satellite cell ablation in ischemic muscle results in impaired force generation



		3.5. Ablation of Pax7+ MPCs in mice results in marked fat infiltration of skeletal muscle following ischemia



		3.6. Fibro/adipogenic progenitors are significantly increased in Pax7Δ mice after ischemia



		3.7. Batimastat, an FAP inhibitor, limits adipogenesis and promotes fibrosis after ischemia in the absence of satellite cells



		3.8. Isolation and differentiation of myoblasts following satellite cell ablation in vivo results in defective myogenesis and increased adipogenesis in vitro



		3.9. Critical limb ischemia patients have increased adipogenesis and fewer satellite cells in regions of greater ischemia









		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fcvm-10-1118738-t001.jpg
Antibody
Pax7
Dystrophin
Type Ila fibers
Type I fibers
Type I1b fibers

Embryonic myosin heavy chain

cp31
Dystrophin
Perilipin
PDGFRa
Myogenin

Myosin heavy chain

Manufacturer

DSHB

Thermo

DSHB

DSHB

DSHB

DSHB

BioRad

Abcam

Cell Signaling Technologies
Cell Signaling Technologies
DSHB

DSHB.

Catalog Number

Pax7
RB-9024
SC71
BA-F8
BE-F3
F1652
MCA2388
ab3149 (discontinued)
93495
31748
F5D
A41025

Diluf

150

1:100

1:100

1:100

1:100

150

1:200

1:100

1:200

1:800

150

1:200

Species
Mouse IgG1
Rabbit
Mouse IgG1
Mouse IgG2b
Mouse IgM
Mouse IgG1
Rat

Mouse IgG1
Rabbit
Rabbit
Mouse IgG1
Mouse IgG2a





OPS/images/cover.jpg
' frontiers | Frontiers in Cardiovascular Medicine

Muscle progenitor cells are
required for skeletal muscle
regeneration and prevention of
adipogenesis after limb ischemia












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Cardiovascular Medicine






OPS/images/fcvm-10-1118738-g005.jpg
Pax74

Pax7wt

og Aeq

Paxt®

Paxt™"






OPS/images/fcvm-10-1118738-g006.jpg
g 10 -
<
k=]
g *
w
8 5 am
o
ES 1
15
*
——
©
o B
< T
< 10 —
€ .
w
3
a 5
ES
9 WT
Pax7"" Pax7*
o
20 —
.
8 15 =
< .
=]
£ 10
Q
a
o
= 5

Pax7WT Pax72





OPS/images/fcvm-10-1118738-g003.jpg
<

~

$ <

| 5

* a

i

] 3

l“ 3

X

IS

a

ZvWwyispnuoAw pazijenusd
<
~

8 b

& ]

a

ﬁ\ﬁ M7

%

©

o

Zvwiw/iejonuoAw paziesue)

D

C  Non-Ischemic TA Ischemic TA

JdyssiieD aplieles

mixed

V.

/Xed

Ischemic

-Ischemic

Non.






OPS/images/fcvm-10-1118738-g004.jpg
Ischemic TA

H

Max. Force (N)

PSS SPSSSS
Stimulation Frequency (Hz)

Non-Ischemic TA

8

Max. Force (N)

PERPLDS P PSS

Stimulation Frequency (Hz)

Time-tension integral (N*s/cm*2)

Time-tension integral (N*s/cm”2)

. Ischemic TA o Pax?WVT
= Pax7*
Ji I H ﬁ ‘ i ‘ i

PESSS PSS

Stimulation Frequency (Hz)

Non-Ischemic TA
48 o Pax7VT

. * pax7®
10 ]

NI

SEPSSS
Stimulation Frequency (Hz)





OPS/images/fcvm-10-1118738-g009.jpg
Proximal

Distal

Proximal Distal
Amputee Gastrocnemius Region

Proximal
@

3

o

°

Proximal Distal
Amputee Gastrocnemius Region

Pax7+ cells/100 myofibers






OPS/images/fcvm-10-1118738-g007.jpg
Pax72+
Batimastat

Pax74+
Vehicle

eauy olueBodipy

Vehicle Batimastat

aneiey

om

Pax74 + Batimastat

Vehicle Batimastat

Juaju0) uabe|j0) aAle|eY

Pax74 + Vehicle






OPS/images/fcvm-10-1118738-g008.jpg
Myogenin

48h

Time in differentiation media

Day 12 in adipogenic medium





OPS/images/fcvm-10-1118738-g001.jpg
A B

Pax7* Non-Ischemic Pax7: Non-Ischemic

SPOSRRRS SPOSRRRS
X p

W
Stimulation Frequency (Hz)

Max. Spec. Force (Niom*2)

o
o

Type lla Type llb

TAmyofiber type distribution

280 ns ns ns ns
@ m
& M m o
© 60 i
2 B
g4 i
B
S22
S
® 0

S Ly S SR

F & & & 38

PR DU LR G o





OPS/images/fcvm-10-1118738-g002.jpg
: e 2
< <« o E
1% slit=lic = . TT. 3
I& &£ @Aﬁ. 2
¥ * ']
N y = », o
H = s i
. 2 w - X % v 2
o )
& Uy, £
e S
£ : ¢ £ - & & F 500 gogggerRre Y%
ZyWW/I8[oNUoAW pezifesua) oIV +1€00% Jdu/siied ayleles
m o w

<
~
%
©
o

<
~
x
©
o
~
x
©
o

w





