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Exercise Prior to Lower Extremity Peripheral Artery Disease Improves Endurance Capacity and Hindlimb Blood Flow by Inhibiting Muscle Inflammation
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Lower extremity peripheral artery disease (PAD) is associated with functional decline. Physical exercise has been proven to be an effective therapeutic strategy for PAD; however the effect of exercise initiated before PAD remains unknown. Here, we investigated the preventive effects of exercise on endurance capacity, hindlimb perfusion, and on polarization profile of circulating monocytes and limb muscle macrophages. ApoE−/− mice were subjected to 5-week running wheel exercise or remained sedentary before induction of hindlimb ischemia. The two groups were thereafter kept sedentary. Exercised mice prior to PAD showed higher exhaustive treadmill running distance and time than sedentary mice. Preventive exercise also increased perfusion, arteriole density, and muscle regeneration in the ischemic hindlimb. Moreover, preventive exercise prevented ischemia-induced increased gene expression of pro-inflammatory M1 macrophages markers and cytokines in the ischemic muscle, while no changes were observed for anti-inflammatory M2 macrophage markers. Flow cytometry analysis showed that the proportion of circulating pro-inflammatory monocyte subtype decreased whereas that of anti-inflammatory monocytes increased with preventive exercise. Overall, we show that exercise initiated before PAD improves endurance performance and hindlimb perfusion in mice probably via inhibition of M1 macrophage polarization and inflammation in the ischemic muscle. Our study provides experimental evidence for a role of regular exercise in primary prevention of PAD.
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INTRODUCTION

Peripheral artery disease of lower extremities (PAD) due to occlusive atherosclerotic plaques in lower extremity arteries is a major cause of disability and mobility loss. Intermittent claudication (IC) is considered the most common symptomatic presentation of PAD, characterized by ischemic muscle pain during physical activity due to inadequate blood flow (1). Consequently, IC leads to functional impairment and decline. Improving functional performance and/or preventing functional decline are therefore major therapeutic goals for patients with PAD (1).

Physical activity is associated with a reduced risk of developing chronic cardiovascular disorders, including coronary artery disease, heart failure, and stroke (2, 3). The beneficial effects of exercise training for the secondary prevention of cardiovascular disease is likewise widely demonstrated (2, 3). Exercise training, and in particular regular walking exercise, has also a central role in PAD management based on considerable evidence demonstrating that it provides important benefits in terms of walking performance in PAD patients (4–8). We and others have also recently reported improved running capacity following exercise training in a mouse model of PAD/hindlimb ischemia (9, 10). Although the therapeutic effectiveness of exercise interventions for individuals with established PAD has been widely documented, it remains unknown, whether exercise initiated before the onset of disease could also be a valuable strategy for alleviating disease severity.

Monocytes and macrophages are important components of the innate immune system playing a key role in arteriogenesis and tissue/muscle repair following ischemia. Macrophages undergo phenotype change according to specific environmental cues. Macrophages first infiltrating the ischemic muscle are polarized to the pro-inflammatory M1 (classically activated) phenotype (11, 12). After predominantly early infiltration of M1 macrophages, a shift toward the anti-inflammatory M2 (alternatively activated) phenotype appears in later stage post-ischemia, promoting collateral growth and enhance blood flow recovery (11, 12). Therefore, therapeutic interventions aiming at modulating the phenotype of macrophages in the ischemic muscle has been proved to be effective in improving perfusion in experimental PAD (13–17).

Exercise has been shown to have anti-inflammatory properties and the capacity to influence monocytes/macrophage phenotype in the circulation and/or in different tissues including lower extremity skeletal muscle both in human (18, 19) and animal models (20, 21). However, to our best knowledge, whether exercise is effective in modulating the polarization of monocyte/macrophage in the circulation and ischemic muscle tissue in PAD has not been previously investigated.

The present study therefore investigated the effect of exercise prior to PAD on functional capacity, limb perfusion and arteriogenesis, and on polarization profile of circulating monocytes and limb muscle macrophages in Apolipoprotein E-deficient (ApoE−/−) mice.



METHODS


Animal Protocol

In this study, a total of 38 C57BL/6 ApoE−/− male mice were used. Mice were originally obtained from Charles River Laboratories (L'arbresle, France) and subsequently bred and maintained under conventional housing conditions at the animal facility of the University of Lausanne and University Hospital of Lausanne. We used hypercholesterolemic ApoE−/− mice to closely mimic the human disease, as PAD patients commonly have hypercholesterolemia. Mice were given regular rodent chow and water ad libitum.

At 7-8 weeks of age, mice were divided into two groups: the first one underwent voluntary exercise training (EXE) for 5 weeks, while the second group remained sedentary (SED) during the 5-week period. Mice in the EXE group had free access to a 12-cm diameter running wheel (Intellibio, Seichamps, France) 24 h a day, 7 days a week. Number of revolutions was recorded daily.

At the end of the exercise or sedentary period, mice underwent unilateral iliac artery ligation to induce PAD and hindlimb ischemia as described previously (10, 14). After arterial ligation, mice were kept sedentary for either 5 weeks (first set of experiments; n = 22 mice) or 1 week (second set of experiments; n = 16 mice) before euthanasia.



Exhaustive Treadmill Running Test

Maximal running distance and maximal running time were assessed using an incremental forced running test on a motor-driven treadmill (Columbus Instruments, USA) (14). The test started by running at 5 m/min for 5 min (warm-up), followed by speed increments (2 m/min every 3 min). An electrical grid (0.2 mA, 3 Hz) was placed at the back of the treadmill to provide motivation. The test was stopped when mice were exhausted, i.e., when they remained on the electrical grid for 5 s. The test was repeated twice for each time point, and results were averaged. Mice were allowed to acclimate to the treadmill for 1 week before the first test (10-min running at 5 m/min).



Laser Doppler Hindlimb Perfusion Measurement

Tissue perfusion of ischemic and contralateral non-ischemic hindlimbs was evaluated using a laser Doppler Imager (Moor Instruments Ltd, Axminster, England) in anesthetized mice as described earlier (10, 14). In brief, five consecutive plantar foot images of hindlimbs were scanned at 30 s intervals for each mouse. Moor LDI Image Review Software (Moor Instruments Ltd, Axminster, England) was then used to calculate perfusion within the region of interest for each image on the basis of colored histogram pixels, and results were averaged. Perfusion was expressed as ratio of perfusion of the ischemic to the non-ischemic limb.



Flow Cytometry Analysis

Leukocyte profile was analyzed in blood samples obtained from tail vein according to a previously described procedure (22). In brief, erythrocytes were lysed and samples were stained with fluorochrome-conjugated antibodies specific for CD45, CD11b, Ly6G, and Ly6C. Analysis was performed with a Cytomics FC500 flow cytometer and data were analyzed by Kaluza software (both Beckman Coulter).



Histological and Immunohistochemistry Analyses

Ischemic gastrocnemius muscles were fixed with 10% buffered formalin and cross-sections (5 μm thick) were prepared. Hematoxylin and eosin (H&E) staining was performed to identify and quantify the number of regenerated muscle fibers, that is, with central nuclei. To this end, a total of 3-5 randomly chosen fields within each cross-section for a given animal were captured using a Leica DMLB microscope connected to a Leica DC300F camera (Leica Microsystems, Wetzlar, Germany). Number of fibers with centrally nuclei was counted manually and expressed as percentage of total muscle fiber for a given field. Cross-sectional area (CSA) of regenerating muscle fibers was measured with Leica QWin software (Leica Microsystems, Wetzlar, Germany).

Muscle sections were also immunostained with a mouse monoclonal α-smooth muscle actin (α-SMA) antibody to identify arterioles as described earlier (10, 14). Arteriolar counts were performed manually, and arteriolar density was expressed as number of arterioles per field. All analyses were performed under light microscopy with Leica QWin software. For each parameter (number of regenerated fibers, CSA, and arteriolar density), results from each field for a given section were averaged.



Real-Time Reverse Transcription-Polymerase Chain Reaction Analysis

The procedure was performed as previously described with slight modifications (10, 14). Ischemic and contralateral non-ischemic gastrocnemius muscle samples were collected immediately following euthanasia, snap-frozen in liquid nitrogen, and stored at −80°C. Approximatively 30 mg of muscle tissue were disrupted and homogenized in lysis buffer using the Tissue Lyser LT (Qiagen, Switzerland). Total RNA was then extracted with total RNeasy Fibrous Tissue Mini Kit (Qiagen, Switzerland) and reverse transcripted into cDNA using the PrimeScript™ RT Reagent Kit with gDNA eraser (TaKaRa Bio Inc., Japan) according to the manufacturer's protocols. Quantitative real-time PCR was performed in duplicates for each sample using a CFX96 Real-Time PCR detection system (Bio-Rad Laboratories Inc, Switzerland) with murine primers listed in Supplementary Table 1. For each sample, Ct of each target gene was normalized to the housekeeping gene 36B4 to determine ΔCT. Data were presented as relative expression using the formula 2−ΔCT (23).



Statistical Analysis

All data are expressed as mean ± standard deviation. All analyses were performed using GraphPad Prism 8 Prism software. The statistical test used for each experiment is indicated in the figure legends. P < 0.05 is considered statistically significant.




RESULTS


Effect of wheel Exercise Before Experimental PAD

ApoE−/− mice underwent 5 weeks of voluntary exercise training or remained sedentary before induction of experimental PAD.

Average daily running distance in EXE mice was 4.20 ± 1.59 km. As shown in Figure 1A, average daily running distance per week increased gradually the second week of training (3.97 ± 1.66 km), and the third one (4.96 ± 2.10 km, p < 0.01 vs. 3.32 ± 1.81 km the first week of training). Average daily distance slightly decreased the fourth week of training (4.44 ± 1.71 km), and remained stable the fifth one (4.31 ± 1.68 km) (Figure 1A).
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FIGURE 1. Effect of wheel exercise before induction of PAD in ApoE−/− mice. (A) Daily distance ran each week by EXE mice (n = 11). (B) Body weights of EXE and SED mice (n = 11 animals per group). (C) Maximal running distance (left) and maximal running time (right) as measured on a graduated treadmill running test (n = 11 animals per group). Repeated measures one-way ANOVA with Tukey's multiple comparisons test in (A): $$p < 0.01 vs. week 1. Unpaired t-test in (B,C): *p < 0.05, **p < 0.01, ****p < 0.0001 vs. SED. Bar graphs represent mean ± SD.


At baseline, body weight (BW) did not significantly differ between SED and EXE groups (Figure 1B). EXE mice showed significantly lower BW than SED mice at each week of the 5-week study period (Figure 1B). Maximal running distance (MRD) and maximal running time (MRT) were similar between the two groups at baseline (Figure 1C). At the end of the 5-week study period, MRD and MRT were significantly improved in EXE mice compared to SED (+18 and +17% for MRD and MRT, respectively, p < 0.05; Figure 1C). Together, these data indicate that 5 weeks of voluntary wheel training induced specific physiological adaptations characteristics of aerobic exercise in our animals.

Ratio of tissue perfusion between right and left hindlimbs was 1.05 ± 0.07 in SED and 1.03 ± 0.04 in EXE mice at week 5 of the study period (non-significant), indicating similar perfusion between the right and left hindlimbs in both groups and that wheel exercise training had no effect on this parameter.



Effect of Prior Wheel Exercise on Exercise Performance After Experimental PAD

As shown in Figure 2, MRD and MRT were significantly higher in EXE mice than in SED at week 5 post-ischemia (MRD: 168.7 ± 42.5 vs. 137.3 ± 20.7 m, p < 0.05; MRT: 18.4 ± 2.9 min vs. 16.4 ± 1.5 min, p < 0.05). There were no significant differences in MRD and MRT at week 1, week 2, week 3, and week 4 post-ischemia between the two groups (Figure 2).
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FIGURE 2. Effect of preventive exercise on physical performance in ApoE−/− mice with PAD. Maximal running distance (left) and maximal running time (right) as measured on a graduated treadmill running test (n = 11 animals per group). Unpaired t-test: *p < 0.05 vs. SED. Bar graphs represent mean ± SD.


Similar to pre-ischemia period, EXE mice had significantly lower BW than SED mice each week post-ischemia (data not shown).



Effect of Prior Wheel Exercise on Hindlimb Perfusion and Arteriogenesis After Experimental PAD

As shown in Figure 3A, perfusion of ischemic hindlimb did not significantly differ between EXE and SED mice at week 1 (0.24 ± 0.10 vs. 0.29 ± 0.20) and week 2 (0.35 ± 0.10 vs. 0.31 ± 0.08) post-ischemia. However, EXE mice showed improved ischemic hindlimb perfusion compared to SED at week 3 (0.53 ± 0.14 vs. 0.38 ± 0.13, p < 0.05), week 4 (0.58 ± 0.14 vs. 0.38 ± 0.09, p < 0.01), and week 5 (0.61 ± 0.14 vs. 0.47 ± 0.15, p < 0.05) post-ischemia (Figure 3A). Histological analysis showed that number of arterioles per high-power field was also increased in ischemic muscle of EXE compared to SED at week 5 post-ischemia (+66%, p = 0.051; Figure 3B). Quantitative real-time RT-PCR analysis revealed that the expression of pro-arteriogenic genes Ang2 and eNOS, but not VEGFA, were significantly upregulated in ischemic muscle of EXE mice as compared to SED (p < 0.01, Figure 3C).
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FIGURE 3. Effect of preventive exercise on ischemic hindlimb perfusion in ApoE−/− mice with PAD. (A) Top: Representative laser Doppler images of ischemic (right) and contralateral non-ischemic (left) paws from week 1 to week 5 post-ischemia. Bottom: Ratio of perfusion in the ischemic hindlimb to the non-ischemic hindlimb (n = 11 animals per group). (B) Top, Representative images of ischemic gastrocnemius cross-sections immunostained with anti-α-SMA (in brown) at × 10 high-power field. Bottom: Quantification of arterioles number per high power field at week 5 post-ischemia (n = 10 animals per group). Data are expressed as the percentage of the mean value in SED. (C) Gene expression analysis by real-time RT-PCR of key genes involved in arteriogenesis (Ang2, eNOS, and VEGFA) in non-ischemic and ischemic gastrocnemius muscle of SED and EXE mice at week 5 post-ischemia (n = 5 animals per group). Unpaired t-test in (A) and (B): *p < 0.05, **p < 0.01 vs. SED. Two-way ANOVA with Sidak's multiple comparisons test in (C): ###p < 0.001, ####p < 0.0001 vs. respective non-ischemic; **p < 0.01 vs. SED. Bar graphs represent mean ± SD.


As shown in Figure 4A, there was a significantly higher number of regenerating myofibers in the ischemic muscle of EXE than in SED (66.8 ± 39.4 vs. 23.9 ± 38.4%, p < 0.05). In agreement with the histological findings, expression of myogenesis-related genes MyoG and Mymk was also upregulated in ischemic muscle of EXE mice (p < 0.01 vs. SED; Figure 4B). In addition, Pax7 gene expression tended to increase (p = 0.09) in ischemic muscle of EXE compared to SED (Figure 4B). No significant difference in CSA of regenerating myofibers was found between the two groups (Figure 4A).
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FIGURE 4. Effect of preventive exercise on ischemic hindlimb muscle regeneration in ApoE−/− mice with PAD. (A) Top: Representative images of ischemic gastrocnemius cross-sections stained with H&E at × 20 high-power field. Middle: Quantification of centro-nucleated moyfibers at week 5 post-ischemia (n = 7-10 animals per group). Bottom: Quantification of cross-sectional area (CSA) of regenerating ischemic gastrocnemius myofibers (n = 3-9 animals per group). (B) Gene expression analysis by real-time RT-PCR of key genes involved in muscle regeneration (MyoD, MyoG, Myf5, Mymk, and Pax7) in non-ischemic and ischemic gastrocnemius muscles of SED and EXE mice at week 5 post-ischemia (n = 5 animals per group). Unpaired t-test in (A): *p < 0.05 vs. SED. Two-way ANOVA with Sidak's multiple comparisons test in (B): ##p < 0.01 vs. respective non-ischemic; **p < 0.01 vs. SED. Bar graphs represent mean ± SD.




Effect of Prior Wheel Exercise on Hindlimb Muscle Macrophage Infiltration and Profile After Experimental PAD

At week 1 post-ischemia, gene expression analysis revealed upregulation of the macrophage marker F4/80 in the ischemic muscle of SED mice (p < 0.05 vs. the non-ischemic muscle), but not in that of EXE mice (Figure 5A). F4/80 gene expression tended to be reduced in the ischemic muscle of EXE when compared to that of SED (p = 0.07; Figure 5A). In accord with the results of real-time RT-PCR, immunostaining against the macrophage marker Mac-2 revealed less macrophage infiltration in the ischemic muscle of EXE than in that of SED (Figure 5B). We next characterized the phenotype of macrophages using specific markers for M1 and M2 macrophages using real-time RT-PCR. As we previously reported (14), SED mice exhibited significant increase in M1 marker CD11c expression in the ischemic muscle (p < 0.05 vs. non-ischemic muscle), while no significant increase was observed in EXE mice (Figure 5C). Gene expression of iNOS, a second specific marker for M1 macrophage, was significantly reduced in ischemic muscle of EXE mice in comparison with SED (p < 0.05; Figure 5C). Because M1 macrophages are associated with production of pro-inflammatory cytokines, we next determined gene expression of TNF-α, IL-6, IL-1β, and IL-18. In line with CD11c, TNF-α expression was also significantly increased in the ischemic muscle of SED (p < 0.05 vs. non-ischemic; Figure 5D). This increase was inhibited in EXE mice (Figure 5D). Surprisingly, a significant increase in TNF-α expression (p < 0.05) was observed in the non-ischemic muscle of EXE mice when compared to that of EXE (Figure 5D). Furthermore, compared to SED, IL-6 expression was significantly reduced in EXE both in the ischemic and non-ischemic muscle (p < 0.05 vs. SED; Figure 5D). Finally, although not significant, there was a trend toward higher IL-1β and IL-18 expression in the ischemic muscle of SED mice compared to the non-ischemic muscle, which was not reported in EXE mice (Figure 5D). Analysis of M2 macrophage markers CD206 and Arg1 revealed no significant difference between the two groups (Figure 5E).
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FIGURE 5. Effect of preventive exercise on hindlimb muscle inflammation of ApoE−/− mice 1 week after PAD. (A) Gene expression analysis by real-time RT-PCR of the F4/80 macrophage marker in non-ischemic and ischemic gastrocnemius muscles of SED and EXE mice (n = 6 animals per group). (B) Representative images of ischemic gastrocnemius cross-sections stained with anti-Mac-2 (in brown) at × 20 high-power field. (C-E) Gene expression analysis by real-time RT-PCR of pro-inflammatory M1 macrophage markers (C), M1-related pro-inflammatory cytokines (D), and of anti-inflammatory M2 macrophage markers (E) in non-ischemic and ischemic gastrocnemius muscles of SED and EXE mice (n = 4-6 animals per group). Two-way ANOVA with Sidak's multiple comparisons test in (A,C-E): #p < 0.05 vs. respective non-ischemic; *p < 0.05 vs. SED. Bar graphs represent mean ± SD.


At week 5 post-ischemia, neither M1 macrophage markers, nor M2 macrophages markers expression were significantly different between EXE and SED (Figure 6).
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FIGURE 6. Effect of preventive exercise on hindlimb muscle inflammation of ApoE−/− mice 5 weeks after PAD. Gene expression analysis by real-time RT-PCR of pro-inflammatory M1 macrophage markers and cytokines (A), and of anti-inflammatory M2 macrophage markers (B) in non-ischemic and ischemic gastrocnemius muscles of SED and EXE mice (n = 4-6 animals per group). Two-way ANOVA with Sidak's multiple comparisons test in (A,B): *p < 0.05 versus SED. Bar graphs represent mean ± SD.




Effect of Prior Wheel Exercise on Circulating Monocyte Subtypes Profile After Experimental PAD

Flow cytometry analysis of peripheral blood showed that the proportion of monocytes was significantly higher in EXE than SED mice at week 5 post-ischemia (36.0 ± 8.2 vs. 23.1 ± 3.7%, p < 0.05; Figures 7A,B). Further analysis of monocyte subtypes revealed a significant decrease in the proportion of pro-inflammatory monocytes in EXE as compared to SED mice at week 5 post-ischemia (8.1 ± 2.8 vs. 15.3 ± 2.3%, p < 0.001; Figures 7A,C). A significant reduction of intermediate monocytes proportion was also observed (11.6 ± 2.4 vs. 14.3 ± 0.4%, p < 0.05; Figures 7A,C). On the contrary, the proportion of anti-inflammatory monocytes significantly increased in EXE (80.3 ± 4.7 vs. 70.4 ± 2.0% in SED, p < 0.01, Figures 7A,C). Neither the proportion of monocytes, nor that of monocyte subtypes was significantly different between the two groups at week 1 and week 3 post-ischemia (Figure 7C). The proportion of granulocytes did not significantly differ between the two groups at any time point post-ischemia (data not shown).
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FIGURE 7. Effect of preventive exercise on circulating monocytes of ApoE−/− mice with PAD. (A) Example of gating strategies to identify monocyte subsets in SED and EXE mice. First, viable cells were gated on Forward Scatter (FS)/Side Scatter (SS). Next, a CD45/SS plot was created within the viable cells to identify leukocytes (CD45+ cells). Granulocytes were identified as CD11+ Ly6G+ cells (P1), while monocytes were identified as CD11+ Ly6G− cells (P2). Monocytes were further gated for expression of Ly6C, after which three distinct subpopulations of monocytes were categorized as follows: classical proinflammatory monocytes (CD11+ Ly6G− Ly6Chi), intermediate monocytes (CD11+ Ly6G− Ly6Cint) and non-classical anti-inflammatory monocytes (CD11+ Ly6G− Ly6Clow). (C) The percentage of monocytes within the leukocyte population (B) and of each monocyte subtype within the monocyte population were compared in SED and EXE mice at 1 week, week 3, and week 5 post-ischemia (n = 4 to 11 animals per group). Unpaired t-test in (B,C): *p < 0.05, **p < 0.01, and ***p < 0.001 vs. SED. Bar graphs represent mean ± SD.





DISCUSSION

The main finding of the present study is that 5 weeks of voluntary wheel exercise initiated before PAD improved running capacity post-PAD in ApoE−/− mice. In addition, we demonstrated that exercise training prior to PAD stimulated ischemic limb arteriogenesis/blood perfusion, and modulated phenotype polarization status of circulating monocytes and muscle macrophages.

The role of physical activity and exercise training in the primary and secondary prevention of cardiovascular disorders has been extensively demonstrated (2, 3). In animal models, we and others have shown that aerobic exercise (voluntary running, forced running, and swimming) prevents the development of atherosclerotic plaques and slows their progression into advanced or severe stage (24–26). Swimming and treadmill running also protect against experimental acute myocardial infarction (27) and stroke (28). Furthermore, it has been shown that 5 weeks of voluntary running preserves motor nerve and myofiber structure and function in a mouse model of hindlimb ischemia-reperfusion (29). However, few studies have investigated the preventive (or preconditioning) effect of exercise in animal models of cardiovascular diseases. For instance, de Waard and Duncker have demonstrated that 2 weeks of voluntary wheel running before permanent ligation of the left anterior descending coronary artery (mouse model of myocardial infarction) decreased post-myocardial infarction mortality and improved cardiac function in C57BL/6 mice (30). More recently, Naderi et al. demonstrated that 4 weeks of treadmill running preconditioning diminished infarct volume, and improved neurological deficits after permanent middle cerebral artery occlusion (experimental model of stroke) in ovariectomized mice (31). Our investigation is the first one to our knowledge having examined the preventive effect of exercise in the setting of PAD, and demonstrating that exercise is an effective preventive therapy to delay PAD-related decreased running capacity.

We next wondered whether preventive exercise could stimulate post-ischemia arteriogenic gene expression, thereby increasing vascularization and limb blood flow. There are controversies in the literature about the effects of therapeutic exercise training on hemodynamic parameters in mouse model of hindlimb ischemia, with some studies reporting improved arteriogenesis and perfusion recovery following exercise training (32, 33), while others showing no effect (9, 10). The increased gene expression of Ang2 and eNOS and number of arterioles in the ischemic muscle, as well as the enhanced perfusion in the ischemic hindlimb in exercised mice in comparison with sedentary ones confirmed our hypothesis. In agreement with our findings, the elegant study from Schirmer et al. demonstrating increased perfusion restoration in ApoE−/− mice exercising for 3 weeks (voluntary running wheel) before right femoral artery ligation (34). The authors also reported increased number of collateral arteries in the ischemic adductor muscle of exercising mice (34). Our investigation however provide novel insights as we showed enhanced perfusion with preconditioning exercise late after peripheral ischemia (i.e., at 3 weeks, 4 weeks, and 5 weeks post-ischemia) while Schirmer's study observed such effect earlier (i.e., 1 week post-ischemia) (34). Our result is of particular interest from a clinical point of view for the prevention of long-term (chronic) disease such as atherosclerotic PAD. Moreover, we showed evidence of accelerated muscle regeneration late after ischemia, as demonstrated by significant increased number of myofibers with centrally located nuclei and gene expression of promyogenic factors MyoG and Mymk, characteristic of improved muscle recovery. It is noteworthy that Schirmer et al. did not measure endurance capacity in their mice contrary to our study showing that the preventive exercise-induced augmentation of ischemic limb blood flow translated into functional outcome improvement. Taken together, our findings and those from Schirmer et al. collectively indicate that exercise is able to improve lower limb hemodynamic after ischemia even if exercise is stopped before ischemia.

At the cellular and molecular level, the present study shows that pre-exercise prevents increased gene expression levels of F4/80 and M1-like macrophage marker CD11c as well as pro-inflammatory cytokine TNF-α in the ischemic muscle at week 1 post-PAD. We also observed decreased Mac-2 positive cells (qualitative analysis) as well as decreased M1 marker iNOS and IL-6 gene expression in the ischemic muscle in response to exercise. It has been previously proven that reducing macrophages in the ischemic skeletal muscle of mice enhances vascularization, promotes tissue regeneration, and/or improves recovery of hindlimb use (35–37). In the same line, a previous study reported that reducing levels of pro-inflammatory cytokines TNF-α, IL-6, and IL-1 in ischemic muscle is associated with better treadmill running performance in mice (37). A reduction in TNF-α mRNA expression in ischemic gastrocnemius muscle has also been linked with a higher artery density and an improvement in perfusion recovery 1 week after experimental PAD in mice after treatment with hydrogen molecules (13). We also previously reported that inhibiting ischemic muscle inflammation at week 1 post-PAD, especially pro-inflammatory M1 activation state, resulted in improved endurance capacity (14). Herein, we show for the first time that exercise is able to modulate muscle inflammation and M1 polarization-associated genes in PAD. It should be emphasized that preventive exercise had no effect on M1 markers gene expression at week 5 post-PAD. This is not surprising since muscle inflammation is not present anymore at this time point post-PAD as we previously reported (14). Besides a reduction in M1 macrophages, one could also expect an increased number of M2 macrophages with exercise training on the basis of previous studies showing that exercise can polarize macrophages toward the M2 phenotype in skeletal muscle (19, 21). In the present study, we did not observe any impact of preventive exercise on ischemic muscle M2 macrophage gene expression at either 1 or 5 week post-PAD. The lack of changes in M2 macrophage phenotype might explain why VEGFA gene expression in ischemic muscle was not modulated with preventive exercise, since M2 macrophages are a major source of VEGF production (11). In agreement with our study, a reduction in M1 macrophages without affecting M2 macrophages has been also observed in gastrocnemius muscle from an animal model of Duchenne muscular dystrophy after 4 weeks of low intensity training (38). Taken together, our data indicate that exercise prior to PAD promotes arteriogenesis and muscle regeneration by inhibiting inflammation rather than an anti-inflammatory effect in our mouse model.

An important novel finding of the current study is that the proportion of circulating pro-inflammatory monocytes decreased while that of anti-inflammatory monocytes increased following preventive exercise at 5 weeks post-PAD, indicating a polarization shift toward an anti-inflammatory phenotype. Surprisingly, no effect of exercise on circulating monocytes phenotype could be observed at 1 week post-PAD although a decreased in muscle M1 macrophages occurred at this time point as described above. These data suggest that the effect of prior exercise on muscle macrophages does not reflect at the systemic level. It could be therefore hypothesized that resident macrophages within the skeletal ischemic muscle rather than the newly recruited monocytes-derived macrophages are responsible for arteriogenesis following pre-exercise in our mouse model. The study by Khmelewski et al. showing that tissue resident macrophages play a dominant role in arteriogenesis independently of circulating monocytes supports our hypothesis (39). Further study is required, however, to better understand the role of circulating monocyte subtypes in PAD pathophysiology.

In summary, we show that exercise initiated before PAD ameliorates endurance performance and hindlimb perfusion in mice. Mechanistically, we propose that the inhibition of M1 macrophage polarization and inflammation in the early stage of muscle ischemia may underlie the observed beneficial effect of preventive exercise.

Our findings have potential clinical application. Initiating regular physical activity early in adult life would attenuate disease severity in individuals who may develop PAD during their life. In addition, this study further reinforced the importance of physical activity for primary prevention of cardiovascular disease, and especially of PAD.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the ethical committee of the canton de Vaud.



AUTHOR CONTRIBUTIONS

MP and LM conceived/designed the study, interpreted data, and wrote the manuscript. MP and KB performed experiments. MP, KB, and LM analyzed data. All authors read and approved the final version of this manuscript.



ACKNOWLEDGMENTS

We thank Maude Mayer, Jean-François Aubert, and Catherine Amstutz for their excellent technical assistance. We also thank Dr Aimable Nahimana (Central Laboratory of Hematology, University Hospital of Lausanne) for his help in flow cytometry experiments.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2021.706491/full#supplementary-material



REFERENCES

 1. Aboyans V, Ricco JB, Bartelink MEL, Bjorck M, Brodmann M, Cohnert T, et al. 2017 ESC Guidelines on the Diagnosis and Treatment of Peripheral Arterial Diseases, in collaboration with the European Society for Vascular Surgery (ESVS): document covering atherosclerotic disease of extracranial carotid and vertebral, mesenteric, renal, upper and lower extremity arteriesEndorsed by: the European Stroke Organization (ESO)The Task Force for the Diagnosis and Treatment of Peripheral Arterial Diseases of the European Society of Cardiology (ESC) and of the European Society for Vascular Surgery). Eur Heart J. (2018) 39:763–816. doi: 10.1093/eurheartj/ehx095

 2. Adams V, Linke A. Impact of exercise training on cardiovascular disease and risk. Biochim Biophys Acta Mol Basis Dis. (2018) 1865:728–34. doi: 10.1016/j.bbadis.2018.08.019

 3. Varghese T, Schultz WM, McCue AA, Lambert CT, Sandesara PB, Eapen DJ, et al. Physical activity in the prevention of coronary heart disease: implications for the clinician. Heart. (2016) 102:904–9. doi: 10.1136/heartjnl-2015-308773

 4. Calanca L, Lanzi S, Ney B, Berchtold A, Mazzolai L. Multimodal supervised exercise significantly improves walking performances without changing hemodynamic parameters in patients with symptomatic lower extremity peripheral artery disease. Vasc Endovascular Surg. (2020) 54:605–11. doi: 10.1177/1538574420940090

 5. Hageman D, Fokkenrood HJ, Gommans LN, van den Houten MM, Teijin JA. Supervised exercise therapy versus home-based exercise therapy versus walking advice for intermittent claudication. Cochrane Database Syst Rev. (2018) 4:CD005263. doi: 10.1002/14651858.CD005263.pub4

 6. Lane R, Harwood A, Watson L, Leng GC. Exercise for intermittent claudication. Cochrane Database Syst Rev. (2017) 12:CD000990. doi: 10.1002/14651858.CD000990.pub4

 7. Lyu X, Li S, Peng S, Cai H, Liu G, Ran X. Intensive walking exercise for lower extremity peripheral arterial disease: a systematic review and meta-analysis. J Diabetes. (2016) 8:363–77. doi: 10.1111/1753-0407.12304

 8. Parmenter BJ, Dieberg G, Smart NA. Exercise training for management of peripheral arterial disease: a systematic review and meta-analysis. Sports Med. (2015) 45:231–44. doi: 10.1007/s40279-014-0261-z

 9. Krishna SM, Omer SM, Li J, Morton SK, Jose RJ, Golledge J. Development of a two-stage limb ischemia model to better simulate human peripheral artery disease. Sci Rep. (2020) 10:3449. doi: 10.1038/s41598-020-60352-4

 10. Pellegrin M, Bouzourene K, Aubert JF, Bielmann C, Gruetter R, Rosenblatt-Velin N, et al. Impact of aerobic exercise type on blood flow, muscle energy metabolism, and mitochondrial biogenesis in experimental lower extremity artery disease. Sci Rep. (2020) 10:14048. doi: 10.1038/s41598-020-70961-8

 11. Liao LS, Bai YP. The dynamics of monocytes in the process of collateralization. Aging Med. (2019) 2:50–5. doi: 10.1002/agm2.12054

 12. Rigamonti E, Zordan P, Sciorati C, Rovere-Querini P, Brunelli S. Macrophage plasticity in skeletal muscle repair. Biomed Res Int. (2014) 2014:560629. doi: 10.1155/2014/560629

 13. Fu J, Zou J, Chen C, Li H, Wang L, Zhou Y. Hydrogen molecules (H2) improve perfusion recovery via antioxidant effects in experimental peripheral arterial disease. Mol Med Rep. (2018) 18:5009–15. doi: 10.3892/mmr.2018.9546

 14. Pellegrin M, Bouzourene K, Poitry-Yamate C, Mlynarik V, Feihl F, Aubert JF, et al. Experimental peripheral arterial disease: new insights into muscle glucose uptake, macrophage, and T-cell polarization during early and late stages. Physiol Rep. (2014) 2:e00234. doi: 10.1002/phy2.234

 15. Song Y, Zhang TJ, Li Y, Gao Y. Mesenchymal stem cells decrease M1/M2 ratio and alleviate inflammation to improve limb ischemia in mice. Med Sci Monit. (2020) 26:e923287. doi: 10.12659/MSM.923287

 16. Tan X, Yan K, Ren M, Chen N, Li Y, Deng X, et al. Angiopoietin-2 impairs collateral artery growth associated with the suppression of the infiltration of macrophages in mouse hindlimb ischaemia. J Transl Med. (2016) 14:306. doi: 10.1186/s12967-016-1055-x

 17. Tepekoylu C, Lobenwein D, Urbschat A, Graber M, Pechriggl EJ, Fritsch H, et al. Shock wave treatment after hindlimb ischaemia results in increased perfusion and M2 macrophage presence. J Tissue Eng Regen Med. (2018) 12:e486–94. doi: 10.1002/term.2317

 18. Ruffino JS, Davies NA, Morris K, Ludgate M, Zhang L, Webb R, et al. Moderate-intensity exercise alters markers of alternative activation in circulating monocytes in females: a putative role for PPARgamma. Eur J Appl Physiol. (2016) 116:1671–82. doi: 10.1007/s00421-016-3414-y

 19. Walton RG, Kosmac K, Mula J, Fry CS, Peck BD, Groshong JS, et al. Human skeletal muscle macrophages increase following cycle training and are associated with adaptations that may facilitate growth. Sci Rep. (2019) 9:969. doi: 10.1038/s41598-018-37187-1

 20. Kolahdouzi S, Talebi-Garakani E, Hamidian G, Safarzade A. Exercise training prevents high-fat diet-induced adipose tissue remodeling by promoting capillary density and macrophage polarization. Life Sci. (2019) 220:32–43. doi: 10.1016/j.lfs.2019.01.037

 21. Leung A, Gregory NS, Allen LA, Sluka KA. Regular physical activity prevents chronic pain by altering resident muscle macrophage phenotype and increasing interleukin-10 in mice. Pain. (2016) 157:70–9. doi: 10.1097/j.pain.0000000000000312

 22. Pellegrin M, Bouzourene K, Aubert JF, Nahimana A, Duchosal MA, Mazzolai L. Activation of bone marrow-derived cells angiotensin (Ang) II Type 1 receptor by Ang II promotes atherosclerotic plaque vulnerability. Int J Mol Sci. (2018) 19:2621. doi: 10.3390/ijms19092621

 23. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc. (2008) 3:1101–8. doi: 10.1038/nprot.2008.73

 24. Okabe TA, Shimada K, Hattori M, Murayam T, Yokode M, Kita T, et al. Swimming reduces the severity of atherosclerosis in apolipoprotein E deficient mice by antioxidant effects. Cardiovasc Res. (2007) 74:537–45. doi: 10.1016/j.cardiores.2007.02.019

 25. Pellegrin M, Aubert JF, Bouzourene K, Amstutz C, Mazzolai L. Voluntary exercise stabilizes established angiotensin II-dependent atherosclerosis in mice through systemic anti-inflammatory effects. PLoS ONE. (2015) 10:e0143536. doi: 10.1371/journal.pone.0143536

 26. Pellegrin M, Szostak J, Bouzourene K, Aubert JF, Berthelot A, Nussberger J, et al. Running exercise and angiotensin II Type I receptor blocker telmisartan are equally effective in preventing angiotensin II-mediated vulnerable atherosclerotic lesions. J Cardiovasc Pharmacol Ther. (2017) 22:159–68. doi: 10.1177/1074248416652235

 27. Tao L, Bei Y, Lin S, Zhang H, Zhou Y, Jiang J, et al. Exercise training protects against acute myocardial infarction via improving myocardial energy metabolism and mitochondrial biogenesis. Cell Physiol Biochem. (2015) 37:162–75. doi: 10.1159/000430342

 28. Chen Z, Hu Q, Xie Q, Wu S, Pang Q, Liu M, et al. Effects of treadmill exercise on motor and cognitive function recovery of MCAO mice through the Caveolin-1/VEGF signaling pathway in ischemic penumbra. Neurochem Res. (2019) 44:930–46. doi: 10.1007/s11064-019-02728-1

 29. Wilson RJ, Drake JC, Cui D, Ritger ML, Guan Y, Call JA, et al. Voluntary running protects against neuromuscular dysfunction following hindlimb ischemia-reperfusion in mice. J Appl Physiol. (2019) 126:193–201. doi: 10.1152/japplphysiol.00358.2018

 30. de Waard MC, Duncker DJ. Prior exercise improves survival, infarct healing, and left ventricular function after myocardial infarction. J Appl Physiol. (2009) 107:928–36. doi: 10.1152/japplphysiol.91281.2008

 31. Naderi S, Alimohammadi R, Hakimizadeh E, Roohbakhsh A, Shamsizadeh A, Allahtavakoli M. The effect of exercise preconditioning on stroke outcome in ovariectomized mice with permanent middle cerebral artery occlusion. Can J Physiol Pharmacol. (2018) 96:287–94. doi: 10.1139/cjpp-2017-0157

 32. Bresler A, Vogel J, Niederer D, Gray D, Schmitz-Rixen T, Troidl K. Development of an exercise training protocol to investigate arteriogenesis in a murine model of peripheral artery disease. Int J Mol Sci. (2019) 20:3956. doi: 10.3390/ijms20163956

 33. Cheng XW, Kuzuya M, Kim W, Song H, Hu L, Inoue A, et al. Exercise training stimulates ischemia-induced neovascularization via phosphatidylinositol 3-kinase/Akt-dependent hypoxia-induced factor-1 alpha reactivation in mice of advanced age. Circulation. (2010) 122:707–16. doi: 10.1161/CIRCULATIONAHA.109.909218

 34. Schirmer SH, Millenaar DN, Werner C, Schuh L, Degen A, Bettink SI, et al. Exercise promotes collateral artery growth mediated by monocytic nitric oxide. Arterioscler Thromb Vasc Biol. (2015) 35:1862–71. doi: 10.1161/ATVBAHA.115.305806

 35. Pang DK, Nong Z, Sutherland BG, Sawyez CG, Robson DL, Toma J, et al. Niacin promotes revascularization and recovery of limb function in diet-induced obese mice with peripheral ischemia. Pharmacol Res Perspect. (2016) 4:e00233. doi: 10.1002/prp2.233

 36. Zhang MJ, Sansbury BE, Hellmann J, Baker JF, Guo L, Parmer CM, et al. Resolvin D2 enhances postischemic revascularization while resolving inflammation. Circulation. (2016) 134:666–80. doi: 10.1161/CIRCULATIONAHA.116.021894

 37. Liu Y, Chen L, Shen Y, Tan T, Xie N, Luo M, et al. Curcumin ameliorates ischemia-induced limb injury through immunomodulation. Med Sci Monit. (2016) 22:2035–42 doi: 10.12659/MSM.896217

 38. Hyzewicz J, Tanihata J, Kuraoka M, Nitahara-Kasahara Y, Beylier T, Ruegg UT, et al. Low-intensity training and the C5a complement antagonist NOX-D21 rescue the mdx phenotype through modulation of inflammation. Am J Pathol. (2017) 187:1147–61. doi: 10.1016/j.ajpath.2016.12.019

 39. Khmelewski E, Becker A, Meinertz T, Ito WD. Tissue resident cells play a dominant role in arteriogenesis and concomitant macrophage accumulation. Circ Res. (2004) 95:E56–64. doi: 10.1161/01.RES.0000143013.04985.E7

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.

Copyright © 2021 Pellegrin, Bouzourène and Mazzolai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcvm-08-706491-g005.gif





OPS/images/fcvm-08-706491-g006.gif
Eﬂ;lﬂ]l -@é ol Eilflltl ‘Jﬂ rﬁl

ool “B..b ™





OPS/images/fcvm-08-706491-g003.gif
o,
=R ‘I\['

LTIV
“\\HN“HH

i
il
L

o

'
[ !

“k
-
T
=
-
)i
—

h
li

TS
—
-
=
-

|
|





OPS/images/fcvm-08-706491-g004.gif
H

=]

|
|

o i

o

-
0

e

e





OPS/images/fcvm-08-706491-g007.gif
i, ™ ol ﬂlm * oo






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exercise Prior to Lower Extremity Peripheral Artery Disease Improves Endurance Capacity and Hindlimb Blood Flow by Inhibiting Muscle Inflammation



		Introduction



		Methods



		Animal Protocol



		Exhaustive Treadmill Running Test



		Laser Doppler Hindlimb Perfusion Measurement



		Flow Cytometry Analysis



		Histological and Immunohistochemistry Analyses



		Real-Time Reverse Transcription-Polymerase Chain Reaction Analysis



		Statistical Analysis







		Results



		Effect of wheel Exercise Before Experimental PAD



		Effect of Prior Wheel Exercise on Exercise Performance After Experimental PAD



		Effect of Prior Wheel Exercise on Hindlimb Perfusion and Arteriogenesis After Experimental PAD



		Effect of Prior Wheel Exercise on Hindlimb Muscle Macrophage Infiltration and Profile After Experimental PAD



		Effect of Prior Wheel Exercise on Circulating Monocyte Subtypes Profile After Experimental PAD







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Exercise Prior to Lower Extremity
Peripheral Artery Disease Improves
Endurance Capacity and Hindlimb
Blood Flow by Inhibiting Muscle
Inflammation





OPS/images/fcvm-08-706491-g001.gif
1

EH]
J——
ST
-

g

”

| I






OPS/images/fcvm-08-706491-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





