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A B S T R A C T   

Skeletal muscle injury in aged rodents is characterized by an asynchronous infiltration of pro- and anti- 
inflammatory macrophage waves, leading to improper and incomplete regeneration. It is unclear whether this 
aberration also occurs in aged human muscle. In this study, we quantified the macrophage responses in a human 
model of muscle damage and regeneration induced by electrical stimulation in 7 young and 21 older adults. At 
baseline, total resident macrophage (CD68+/DAPI+) content was not different between young and old subjects, 
but pro-inflammatory (CD206− /CD68+/DAPI+) macrophage content was lower in the old. Following damage, 
muscle Infiltration of CD206− /CD68+/DAPI+ macrophages was lower in old relative to young subjects. Further, 
only the increase in CD206− /CD68+ macrophages correlated with the change in muscle satellite cell content. Our 
data show that older individuals have a compromised macrophage response during muscle regeneration, 
pointing to an altered inflammatory response as a potential mechanism for reduced muscle regenerative efficacy 
in aged humans.   

1. Introduction 

Skeletal muscle tissue generally possesses a high capacity for adap-
tation and repair, though its regenerative capacity has been observed in 
some models to decline with age (Csapo et al., 2014; Italiani and Bor-
aschi, 2014). Skeletal muscle regeneration is dependent on the timely 
activation, proliferation, and differentiation of satellite cells (SCs), 
whose activity is regulated in large part by immune cells, especially 
resident and migrated macrophages (Fang et al., 2021; Italiani and 
Boraschi, 2014; Saclier et al., 2013; Tidball, 2017). 

Macrophages can have a variety of functions depending on their 
environmental cues, which has given rise to their different classifica-
tions. They are most widely classified based on their inflammatory state, 
with classically activated macrophages having a pro-inflammatory 
phenotype called M1, and alternatively activated macrophages an 
anti-inflammatory phenotype called M2. M1 and M2 macrophages 
represent the two extremes of a spectrum, with a variety of macrophage 

phenotypes in between, which secrete various pro- and anti- 
inflammatory cytokines (Mosser and Edwards, 2008; Wynn et al., 
2013). M1 macrophages are the dominant phenotype present in the 
muscle after muscle damage, peaking 2 days post injury (Muire et al., 
2020). It has been suggested that they help migration and proliferation 
of SCs, while preventing their differentiation (Bencze et al., 2012). M2 
polarized macrophages become dominant at a later stage of muscle 
regeneration, peaking about 4 days post injury, and have been shown to 
contribute to SC differentiation (Arnold et al., 2007; Saclier et al., 2013). 
Successful muscle regeneration has been shown to require the timely 
infiltration and transition of both M1 and M2 polarized macrophage 
phenotypes (Arnold et al., 2007; Ruffell et al., 2009). Whereas an 
overabundance of M1 macrophages can delay healing and cause further 
damage (Shireman et al., 2007; Villalta et al., 2011) an early transition 
or excess of M2 macrophages can also be detrimental (Perdiguero et al., 
2011). Therefore, it appears critical that the expression of macrophage 
phenotypes is properly regulated. 
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Previous literature supports the hypothesis that aging is associated 
with an altered temporal and phenotypic macrophage response during 
muscle regeneration (Wang et al., 2015). Specifically, we have recently 
shown that aged skeletal muscle is associated with an irregular accu-
mulation of M2 macrophages following eccentric muscle contractions 
(Sorensen et al., 2019). Furthermore, we and others have demonstrated 
that aberrant macrophage activity can negatively impact satellite cell 
activity (Arnold et al., 2007; Segawa et al., 2008; Sorensen et al., 2019). 
However, these phenomena have only been observed in rodent models 
of muscle injury, or in humans after eccentric exercise. While eccentric 
exercise results in a mild inflammatory response, it does not adequately 
model necrotic muscle injury and thus regeneration. A primary limita-
tion to our understanding of the mechanisms underlying muscle 
regenerative events in human skeletal muscle is the lack of experimental 
models that induce muscle fiber necrosis in humans. To overcome this 
limitation, Karlsen et al. (2020) recently induced myofiber necrosis and 
regeneration in both old and young subjects using electrically stimulated 
eccentric contractions, and collected muscle biopsies 9 days later. The 
application of this protocol to older subjects provided the unique op-
portunity to test the hypothesis that the macrophage response to muscle 
injury was altered in aging. The current short report is a secondary 
analysis of muscle biopsy tissue from that study, wherein the primary 
objective was to test the hypotheses that: 1) regenerating muscle in older 
individuals would be characterized by an altered phenotypic macro-
phage response relative to young muscle, and 2) macrophage response 
will be strongly correlated to satellite cell accumulation in regenerating 
skeletal muscle. 

2. Materials and methods 

2.1. Subjects 

Biopsies from seven young (25 ± 3 y) and 21 elderly (67 ± 4 y) male 
participants were included in this study. No subjects reported a history 
of resistance training and all maintained physical activity levels below 3 
h weekly. All subjects were nonsmokers, nondiabetic, consumed <14 
units of alcohol per week and with no history of joint pain of the hips or 
knees. In the elderly group, four subjects were treated for mild hyper-
tension, hypercholesterolemia, or a combination, and took the following 
medication: Atorvastatin (n = 1), Losartan (n = 1), Amlopidin + Ena-
lapril (n = 1), Simvastatin + Amlopidin +Beta blocker (n = 1). This 
study was approved by the Ethics Committees of the municipalities of 
Copenhagen and Fredriksberg, and all procedures conformed to the 
Declaration of Helsinki. 

2.2. Muscle damage protocol 

To initiate muscular damage and regeneration events, each subject 
had one vastus lateralis treated by maximal eccentric contractions 
induced by electrical stimulation. Subjects were block randomized for 
dominant and non-dominant leg. Three self-adhesive pads were applied: 
a 10 × 5 cm pad to the inguinal area of the VL and two 5 × 5 cm pads to 
the distal motor points of the VL. Electrical stimulation was applied via a 
CefarCompex mi-Theta 600 Muscle stimulator (DJO Nordic, Malmoe, 
Sweden) at a frequency of 35 Hz, 300 μs pulse-duration, 0–120 mA, with 
a ramp-up/down phase of 0.75 s, and a stimulation phase of 3.5 s (slow) 
and 1.5 s (fast), starting every 15 s. The electrical stimulation protocol 
was performed in a Kin-Com dynamometer (Kin-Com, model 500-11, 
Kinetic Communicator, Chattecx, Chattanooga, TN) Each subject per-
formed 100 slow (30◦ per sec) and 100 fast (180◦ per second) electrically 
induced eccentric contractions from a 10◦ to 90◦ knee angle (0◦ =

straight leg) (Karlsen et al., 2020). 

2.3. Muscle biopsies 

Muscle biopsies were collected from the Vastus Lateralis muscle 

before and 9 days post stimulation. Our prior study, using a similar 
electrical stimulation protocol (Mackey et al., 2016) showed widespread 
myofiber necrosis and regenerative activity (i.e. satellite cell prolifera-
tion) 7 days following electrical stimulation. The 9 day time point was 
selected in the original analysis (Karlsen et al., 2020) to study events at a 
slightly more advanced stage of regeneration. Biopsies were taken uti-
lizing the Bergström percutaneous needle biopsy technique with manual 
suction, and was performed under local anesthetic. Muscle biopsy 
samples were embedded in Tissue-Tek and frozen in isopentane and 
stored at − 80 ◦C. 

2.4. Immunohistochemistry 

Ten-micrometer thick cross sections were cut in a cryostat at − 20 ◦C, 
placed on slides, and stored at − 80 ◦C. Slides were removed from the 
freezer and dried at room temperature for 10 min. Two staining pro-
tocols were then performed to visualize (1) macrophage content and (2) 
satellite cells. 

2.4.1. Macrophage protocol 
Slides were fixed for 7 min in 4%paraformaldehyde (PFA) then 

washed 3 × 3 min in PBS. Samples were blocked using 5 % goat serum, 3 
% bovine serum albumin (BSA) in a humidified chamber for 60 min 
followed by incubation in primary antibody solution overnight at 4 ◦C. 
The next day, samples were removed from the fridge, washed 3 × 3 min 
in PBS, and incubated in the secondary antibody solution for 30 min at 
37 ◦C. Slides were then washed in PBS, rinsed with ultrapure water, 
dried, and mounted with Prolong Gold Antifade mountant (Thermo- 
Fisher). Antibody solutions were prepared using PBS. Primary anti-
bodies used: CD68 mouse Monoclonal Antibody (1:100; eBioY1/82A, 
eBio- science from Thermo Fisher Scientific, Waltham, MA, USA); 
CD206 (anti-inflammatory) mouse Monoclonal antibody (1:100, MR 
Mab 46; deposited by Philip Stahl to Developmental Studies Hybridoma 
Bank); anti-dystrophin, rabbit polyclonal (1:100, 15277; Abcam, RRID: 
AB_301813, Cambridge, MA, USA). Secondary antibodies used: Cy3 goat 
anti-mouse, IgG1 (1:100; 115-165-205; Jackson ImmunoResearch Lab-
oratories, West Grove, PA, USA); Alexa Fluor 488 goat anti-mouse, 
IgG2b (1:100; 115-545-207;Jackson ImmunoResearch Laboratories); 
Alexa Fluor 647, goat anti-rabbit (1:100; 111-605-003; Jackson Immu-
noResearch Laboratories). DAPI (1:150; 62247; Thermo Fisher Scienti-
fic) was used to visualize nuclei and identify individual cells. 

2.4.2. Satellite cell protocol 
Satellite cell data are from the original publication (Karlsen et al., 

2020). Briefly, for immunohistochemistry, primary and secondary 
antibody solutions were prepared using 1 % BSA in TBS (tris-buffered 
saline, tris-base 0.05 mol/L, sodium chloride 0.154 mol/L, pH 7.4–7.6), 
and a 3 × 5 min wash in TBS was performed between each step. Dry 
samples were fixed for 5 min in 4 % PFA and incubated in primary an-
tibodies overnight at 4 ◦C. The following day the slides were incubated 
in the secondary solution for 45 min at room temperature. After which, 
samples were mounted with DAPI (Molecular Probes ProLong Gold anti- 
fade reagent, cat. No. P36931) in the mounting medium to stain nuclei 
blue. Primary antibodies used: Laminin (1:500 rabbit anti-laminin IgG; 
Z0097; DAKO, RRID: AB_2313665); MyHC-I (1:100 mouse anti-MHC-I 
IgG2b; #BA.D5; deposited to the Developmental Studies Hybridoma 
Bank by Schiaffino, S.); Pax7 (1:100 mouse anti-pax7 IgG1; deposited to 
the Developmental Studies Hybridoma Bank by Kawakami, A.). Sec-
ondary antibodies used: Alexa Fluor 680 goat anti-rabbit IgG (1:500; A- 
21076; ThermoFischer); Alex Fluor 568 goat anti-mouse IgG2b (1:500; 
A-21144; ThermoFischer); and Alexa Fluor 488 goat anti-mouse IgG1 
(1:500; A-21121; ThermoFischer). 

2.5. Imaging and analysis 

Imaging was accomplished with a 10×/0.30NA objective on an 
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Olympus BX51 fluorescent microscope with a 0.5× camera (Olympus 
DP71, Olympus Deutschland GmbH, Hamburg, Germany). 5–10 images 
with approximately 100 cross sectional fibers per image were taken per 
section. A researcher blinded to subject, treatment, and time point uti-
lized Olympus cellSens™ software to quantify the following information 
for each image: the total area occupied by muscle fibers (μm2), the 
numbers of healthy and necrotic muscle fibers, CD206+/CD68+ cells, 
and CD206− /CD68+ cells. Necrotic fibers were identified by their lack of 
clear dystrophin signal at the membrane, tendency for high background 
fluorescence, and association with infiltrating macrophages. These data 
were recorded and averaged to provide measures of fiber size, tissue 
damage, macrophage quantity and polarization and satellite cell quan-
tity in each sample. Macrophage quantity was expressed per total image 
area and per number of muscle fibers included in the analysis. 

2.6. Statistical analysis 

Normality of the data was tested using a Shapiro–Wilk test and when 
assumptions of normality were violated, non-parametric tests were used 
to analyze the data. Baseline comparisons between young and elderly 
were compared by t-test. Within group changes from pre to post in both 
groups were analyzed using Wilcoxon signed rank test, and Kruskal 
Wallis test was used to compare the changes in all the measures from pre 
to post electrical stimulation between groups. The correlation between 
the changes in the number of SCs and CD206− /CD68+/DAPI+ cells and 
number of SCs and total CD68+/DAPI+ cells was analyzed using 
Spearman's rank correlation coefficient. The baseline data were 
expressed as mean ± standard deviation, except for CD206+/CD68+/ 
DAPI+ cells, whose data were not normally distributed. CD206+/ 
CD68+/DAPI+ baseline data and changes in all measures from pre to 
post are expressed as median ± interquartile range. Statistical analysis 
was performed using JMP Pro version 16.0.0 software (SAS Institute 
Inc., Cary, NC), and figures were prepared in GraphPad Prism version 
9.3.1 (GraphPad Software Inc., La Jolla, CA). P-values below 0.05 were 
considered significant. 

3. Results 

3.1. Resident macrophage profile 

The baseline biopsy data are indicative of the resident macrophage 
profile in the muscle of young and old subjects. A representative image 
of the pre-damage muscle macrophage population is provided in 
Fig. 1A–C. Analysis of total baseline macrophage content (CD68+/ 
DAPI+) per fiber (young: 0.037 ± 0.016 vs. old: 0.026 ± 0.010 cells/ 
fiber; P = 0.073; Fig. 1D) showed no significant difference between 
young and old subjects. Likewise, both groups had similar numbers of 
CD206+/CD68+/DAPI+ cells per fiber (young: 0.017 ± 0.015 vs. old: 
0.016 ± 0.008 cells/fiber; P = 0.17; Fig. 1E) at baseline. A difference 
was observed in the baseline population of CD206− /CD68+/DAPI+ cells 
per fiber (young: 0.015 ± 0.008 vs. 0.009 ± 0.004 cells/fiber; P =
0.045) between young and old subjects (Fig. 1F). 

3.2. Response 9 days post damage 

A representative image depicting the macrophage population and 
extent of muscle damage 9 days post electrical stimulation is shown in 
Fig. 2A–C. The electrically stimulated maximal eccentric exercise was 
sufficient to elicit necrosis of myofibers that were in various stages of 
regeneration. Necrotic fibers were identified by their lack of clear dys-
trophin signal at the membrane, tendency for high background fluo-
rescence, and association with infiltrating macrophages. Fig. 2C clearly 
illustrates several in-tact myofibers and several necrotic/regenerating 
muscle fibers. Both young and old subjects showed a similar increase in 
necrotic muscle fibers per total number of fibers (young: 0.058 ± 0.11 
vs. old: 0.066 ± 0.09; p = 0.54) as indicated by the absence of a dys-
trophin signal and macrophage infiltration (Fig. 2D). Overall, there was 
a significant increase in the number of macrophages in both the young 
(16.20 ± 33.77 fold P < 0.0001) and old (12.43 ± 21.46 fold P <
0.0001) groups. Analysis of total macrophage content (CD68+/DAPI+) 
per fiber 9 days post damage showed a slightly larger increase in 
younger compared to old subjects, but the difference between groups 
failed to reach a statistical significance (young: 0.6 ± 0.89 vs. old: 0.3 ±
0.54 Δcells/fiber; P = 0.06; Fig. 2E). The increase in CD206+/CD68+/ 
DAPI+ cells/fiber was similar in old and young groups (young: 0.19 ±

Fig. 1. Baseline measures. A–C show representative images of CD68+ cells (A), CD206+ cells (B) and a composite image of macrophage populations (C). There was 
no significant difference between the baseline content of CD68+/DAPI+ (D) and CD206+/CD68+/DAPI+ cells (E). The content of CD206− /CD68+/DAPI+ cells per 
fiber was significantly lower in older subjects (F). Arrow: a CD206+/CD68+/DAPI+ cell. Arrowhead: a CD206− /CD68+/DAPI+ cell. 
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0.17 vs. old: 0.11 ± 0.26 Δcells/fiber; P = 0.18; Fig. 2F); however, the 
increase in CD206− /CD68+/DAPI+ cells/fiber was significantly higher 
in younger individuals (young: 0.41 ± 0.72 vs. old: 0.17 ± 0.26 Δcells/ 
fiber, group: P = 0.028; Fig. 2G). 

3.3. Satellite cell correlation 

The changes in muscle SC content were moderately correlated with 
the changes in total macrophages (ρ = 0.45, P = 0.031; Fig. 3A). Further 
analyses of correlation between changes in SC content with different 
subtype populations of macrophages revealed that only the correlation 
between the changes in SC content and CD206− /CD68+/DAPI+ cells 
was significant (ρ = 0.54, P = 0.008; Fig. 3C), whereas the correlation 
between changes in SC content and changes in CD206+/CD68+/DAPI+

did not reach statistical significance (ρ = 0.40, P = 0.059; Fig. 3B). 

4. Discussion 

As multifunctional cells, macrophages play multiple roles in devel-
opment, tissue homeostasis, and tissue repair. In addition, they display a 
high degree of phenotypic plasticity, manifested by their polarized 
phenotypes (Okabe and Medzhitov, 2016). Impaired muscle growth in 
older individuals has been attributed to an altered macrophage response 
and a shift toward an M2 macrophage phenotype (Reidy et al., 2019; 
Sorensen et al., 2019). We, therefore, tested the hypothesis that the 
macrophage phenotype pattern is dysregulated in older individuals 
following skeletal muscle damage. Here, we used CD68 as a pan- 
macrophage marker (Holness and Simmons, 1993) and CD206 as a 
marker for pro-inflammatory macrophages, which has been established 
to distinguish the M2 macrophage subset in skeletal muscle (Roszer, 
2015). Our study found that compared to young individuals, older in-
dividuals had a lower baseline content of CD206− /CD68+/DAPI+ cells, 
and they also had a blunted increase in this subtype population after 

Fig. 2. Changes in the number of damaged fibers and macrophages 9 days post damage. A–C show representative images of CD68+ cells (A), CD206+ cells (B) and a 
merged image of macrophage populations. Electrical stimulation caused similar muscle fiber damage in the young and elderly (D). Total number of macrophages 
(CD68+/DAPI+) per fiber did not differ statistically between old and young (E). Also, the changes in the number of CD206+/CD68+/DAPI+ cells were similar 
between groups (F). However, the increase in CD206− /CD68+/DAPI+ cells was higher in younger individuals than the elderly (G). Arrow: a CD206+/CD68+/DAPI+

cell. Arrowhead: a CD206− /CD68+/DAPI+ cell. 

Fig. 3. The correlation between the number of macrophages and SCs. The increase in SC content was correlated with the rise in total macrophages (A). Further 
analysis revealed that changes in the number of SCs did not have a statistically significant correlation with changes in CD206+/CD68+/DAPI+ (B) while it had a 
significant correlation with CD206− /CD68+/DAPI+ (C). Open circles: young. Closed circles: old. 
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muscle damage. 

4.1. Baseline macrophage content 

Aging is associated with immune system changes, which have been 
collectively referred to in the literature as immunosenescence. Immu-
nosenescence is a complex phenomenon characterized by the decline or 
elevation of various immune system functions (Fulop et al., 2017; San-
toro et al., 2021). While some of these changes may be benign, some 
have been shown to be responsible for the development of age-related 
diseases (Fülöp et al., 2016). In skeletal muscle, it has been reported 
that resident macrophage content is lower in old humans, which can 
limit muscle hypertrophy (Przybyla et al., 2006) or impair muscle 
regrowth following disuse (Reidy et al., 2019). In the current study, the 
difference in resident macrophage (CD68+/DAPI+) content between 
groups failed to reach statistical significance. Our finding agrees with 
other studies that have not detected a difference between macrophage 
content in young and old muscle (Jensen et al., 2020; Tam et al., 2012). 
Although older individuals had twofold higher mRNA levels of CD68 
and CD206, Tam et al. (2012) found that there was no difference in the 
number of macrophages between the groups. A further analysis of the 
composition of macrophage subpopulations between groups revealed 
that the number of CD206− /CD68+/DAPI+ cells, which are likely pro- 
inflammatory macrophages, was lower in old muscle. While this 
finding might contrast with studies that have shown higher level of pro- 
inflammatory mediators like IL-1β and TNFα in older people (Przybyla 
et al., 2006; Zembron-Lacny et al., 2019), the increase in pro- 
inflammatory cytokines has been shown to be independent of macro-
phage content (Dennis et al., 2004). 

It has also been widely reported that resident macrophage content in 
older rodents is skewed toward an anti-inflammatory phenotype(Reidy 
et al., 2019; Wang et al., 2015). Human studies on this topic are more 
limited, though some have reported both increased numbers of macro-
phages expressing M2 markers, and increased expression of anti- 
inflammatory cytokines such as IL-10 (Cui et al., 2019; Jensen et al., 
2020). The higher number of M2 macrophages has been reported to be 
associated with the accumulation of collagen (Wang et al., 2015) in old 
rodents and intramuscular adipose tissue (Cui et al., 2019; Cui and 
Ferrucci, 2020) in older individuals. In the current study, we did not 
observe a difference in M2 macrophage content between old and young 
groups at baseline. This discrepancy may be partially explained by the 
differing ways in which macrophage content has been expressed be-
tween studies. Here, we presented macrophage counts per fiber, whereas 
Cui et al. (2019) only report CD206+ macrophage quantity as the 
percent of total CD68+ macrophages. Therefore, it is unclear whether 
their observation of an upwardly skewed CD206+ fraction was a result of 
increased CD206+ cells per fiber, or decreased CD206− cells per fiber. As 
we observed in the current study, the number of CD206− /CD68+/DAPI+

cells per fiber at baseline are lower in older individuals, suggesting that a 
reduction in M1-like macrophages is the likely source of the higher M2 
proportion. Due to differences in reporting, and an overall limited 
number of studies in aged humans, it remains unclear whether aged 
human skeletal muscle is indeed characterized by a more anti- 
inflammatory phenotype compared to young individuals. More 
detailed and highly powered studies in this area will be needed in order 
to develop a consensus answer to this question. 

4.2. Infiltration of macrophages during regeneration 

The inflammatory response is necessary for effective repair and 
regeneration of muscle after damage (Bencze et al., 2012). In the early 
stages of regeneration, pro-inflammatory macrophages are increased, 
and subsequently replaced by M2 macrophages (Muire et al., 2020). It 
has been reported that the inflammatory response is compromised in 
older individuals (Reidy et al., 2019; Sorensen et al., 2019). For 
example, Reidy et al. (2019) observed that muscle regrowth in old mice 

after 2 weeks of hindlimb unloading was impaired, which was associated 
with a dysregulated macrophage response during reloading. To further 
investigate whether the inflammatory response to muscle damage is 
altered in older individuals we used a unique electrical stimulation 
model, which has been shown previously to induce significant myofiber 
necrosis and regeneration in young (Crameri et al., 2007; Mackey et al., 
2016) and old (Karlsen et al., 2020) muscles. As expected, the protocol 
successfully induced myofiber necrosis, with no difference noted be-
tween groups in the number of necrotic fibers. Thus, we are confident 
that any difference in macrophage infiltration was not a result of dif-
ferential damage between the groups. 

Although the difference between groups did not reach statistical 
significance, we report a strong trend (p = 0.059) for a reduced number 
of total CD68+ macrophages per muscle fiber in the older subjects. 
Further, we found a significantly lower number of CD206− /CD68+/ 
DAPI+ macrophages 9 days post damage. The lower number of CD206− / 
CD68+/DAPI+ macrophages in response to damage suggests that the 
trend for decreased total macrophage infiltration is driven primarily by 
the CD206− /CD68+/DAPI+ cell fraction. This finding is in agreement 
with our previous work, which reported a reduced proportion of pro- 
inflammatory macrophage (CD11b+/total CD68+) infiltration in old 
subjects 24 h following eccentric exercise (Sorensen et al., 2019). 
Though we did not use a specific M1 marker (i.e. CD80, CD163) in the 
current study, based on our prior work (Sorensen et al., 2019), it is likely 
that the majority of the CD206− /CD68+/DAPI+ fraction manifest an 
M1-like pro-inflammatory phenotype. Thus, the only two human studies 
that have, to date, quantified macrophage infiltration in response to 
muscle damage in old and young subjects agree that pro-inflammatory 
macrophage infiltration is blunted in old muscle. 

4.3. Association between macrophage and satellite cell infiltration 

Skeletal muscle satellite cell activity is dependent on interplay with 
various stromal cells at sites of regeneration, most notably macrophages 
(Chazaud et al., 2003). For example, Saclier et al. (2013) using a similar 
electrical stimulation model of muscle damage, showed that areas of 
regenerating muscle containing proliferative muscle progenitor cells 
were spatially associated with macrophages expressing pro- 
inflammatory markers. Likewise, Sorensen et al. (2019) also showed 
that proliferation of myoblasts from aged individuals is enhanced when 
cultured in medium conditioned by macrophages from young donors. 
Our model of regeneration provided an additional opportunity to further 
investigate the in vivo association between changes in muscle macro-
phage and satellite cell content during human muscle regeneration. 
Overall, the associations were positive and moderately strong, sup-
porting the idea that the regulatory relationships between these two cell 
types may contribute to the success of regenerative outcomes in human 
muscle. In support of the findings by Saclier et al. (2013), changes in SC 
content were only associated with changes in the CD206− /CD68+/ 
DAPI+ fraction of cells, which may suggest the role for pro-inflammatory 
macrophages in SC proliferation. Indeed, the role played by pro- 
inflammatory macrophages in SC proliferation and migration, while 
delaying differentiation, is supported by other studies as well (Bencze 
et al., 2012). Karlsen et al., in the same cohort of subjects, reported that 
baseline type II-associated satellite cell content was lower in the old 
compared to young subjects. This finding supports the interpretation 
that the altered CD206− /CD68+/DAPI+ resident macrophage popula-
tion may influence baseline muscle satellite cell content. On the other 
hand, Karlsen et al. also reported that the magnitude of change in sat-
ellite cell content 9-days post electrical stimulation was similar in young 
and old subjects (Karlsen et al., 2020). Given that we also found a 
diminished CD206− /CD68+/DAPI+ fraction in the old, these data may 
suggest that infiltrating macrophages exert less of an effect on the sat-
ellite cell response post-injury. However, it would not be prudent to 
draw strong conclusions based solely on the correlations presented in 
the current study. Nevertheless, our results are in agreement with some 
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of our own prior work, and much of the published literature on this 
topic. While further study will be necessary, the current analysis 
generally supports a role for macrophages in the successful regeneration 
of human skeletal muscle in both old and young individuals. 

5. Conclusion 

This is the first study to quantify the macrophage response in both 
old and young human muscle tissue in the context of muscle fiber ne-
crosis and regeneration. As such, the data may more appropriately 
approximate the events that occur following injury (i.e. contusion or 
strain). In summary, we have shown that both baseline and post-damage 
CD206− macrophage content is lower in old relative to young subjects 
during human muscle regeneration. Furthermore, we have shown that 
the changes in intramuscular macrophage content is correlated with 
changes in satellite cell content during muscle regeneration in humans. 
Given the implicit role of macrophage involvement in muscle regener-
ation, our data may provide some insight into the degeneration of 
skeletal muscle with aging. 
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