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1  | INTRODUCTION

Skeletal muscle (SKM) is the largest tissue in mammals (Janssen, 
2006). Skeletal muscle comprises muscle fibers, vasculature, con‐
nective and adipose tissue, and neuromuscular junctions. The 
fundamental function of SKM is to provide mobility to the organ‐
ism (Ferrucci et al., 2016). The progressive aging‐related decline 
of muscle mass and increase in connective tissue in SKM contrib‐
ute to frailty, loss of mobility, and susceptibility to metabolic syn‐
drome (Ferrucci et al., 2016; Guralnik, Ferrucci, Simonsick, Salive, & 
Wallace, 1995; Janssen, 2006; Kalyani, Corriere, & Ferrucci, 2014). 

Therefore, understanding the underlying cellular and metabolic 
changes in aging SKM is essential for ameliorating disabilities and 
diseases commonly seen in the elderly (Ferrucci et al., 2016; Kalyani 
et al., 2014).

Skeletal muscle aging is strongly affected by a loss of bal‐
ance between damage and repair processes both at the mo‐
lecular and the myocellular levels and is marked by immune 
activation (Gonzalez‐Freire, de Cabo, Studenski, & Ferrucci, 2014; 
Hepple & Rice, 2016; Kadi & Ponsot, 2010; Peake, Della Gatta, & 
Cameron‐Smith, 2010; Roth, Metter, Ling, & Ferrucci, 2006; Saini, 
McPhee, Al‐Dabbagh, Stewart, & Al‐Shanti, 2016). In particular, 
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Abstract
Skeletal muscle aging is a major cause of disability and frailty in the elderly. The pro‐
gressive impairment of skeletal muscle function with aging was recently linked to a 
disequilibrium between damage and repair. Macrophages participate in muscle tissue 
repair, first as pro‐inflammatory M1 subtype and then as anti‐inflammatory M2 sub‐
type. However, information on the presence of macrophages in skeletal muscle is still 
sporadic and the effect of aging on macrophage phenotype remains unknown. In this 
study, we sought to characterize the polarization status of macrophages in skeletal 
muscle of persons across a wide range of ages. We found that most macrophages in 
human skeletal muscle are M2, and that this number increased with advancing age. 
On the contrary, M1 macrophages declined with aging, making the total number of 
macrophages invariant with older age. Notably, M2 macrophages colocalized with in‐
creasing intermuscular adipose tissue (IMAT) in aging skeletal muscle. Similarly, aged 
BALB/c mice showed increased IMAT and M2 macrophages in skeletal muscle, ac‐
companied by slightly increased collagen protein production. Collectively, we report 
that polarization of macrophages to the major M2 subtype is associated with IMAT 
and propose that increased M2 in aged skeletal muscle may impact upon muscle me‐
tabolism associated with aging.
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the balanced actions of pro‐ and anti‐inflammatory cytokines 
are needed to repair and remodel SKM and maintain homeosta‐
sis. These cytokines are secreted largely by polarized innate im‐
mune cells—macrophages (Arango Duque & Descoteaux, 2014). 
According to the classic division, polarized macrophages exist as 
M1, producing pro‐inflammatory cytokines, and M2, producing 
anti‐inflammatory cytokines and growth factors (Mills, Kincaid, 
Alt, Heilman, & Hill, 2000). However, the status of macrophage 
polarization and the function of polarized macrophages in SKM 
aging are poorly understood.

M2 macrophages were reported to be elevated in aged mouse 
SKM, associated with increased fibrosis (Wang, Wehling‐Henricks, 
Samengo, & Tidball, 2015). Skewed polarization of macrophages 
was also reported in aging human SKM, but only a few exam‐
ples were examined and the results were different in each study 
(Kosmac et al., 2018; Przybyla et al., 2006; Tam et al., 2012). Here, 
we have investigated systematically M1 and M2 macrophages pres‐
ent in SKM biopsies from a cohort of healthy human subjects in 
the GESTALT (Genetic and Epigenetic Signatures of Translational 
Aging Laboratory Testing) study of the National Institute on Aging, 
ranging between 27 and 89 years of age. By fluorescent immuno‐
histochemical analysis of SKM sections in this healthy cohort of 
subjects, we found M2 to be the most abundant type of macro‐
phages in human SKM, and its numbers increased during aging. M1 
macrophages were a smaller proportion of total macrophages and 
decreased in aged SKM. The overall consequences of these changes 
were that the total number of macrophages in SKM did not change 
with aging. Furthermore, M2 macrophages were localized in the vi‐
cinity of intermuscular adipose tissue (IMAT) in both young and aged 
human SKM. We also found increased IMAT in aged mice, which 
was accompanied by increased abundance of M2 macrophages. We 
further show slightly increased collagen protein deposits in aged 
mouse SKM, although collagen mRNA levels were significantly 

decreased. Our findings indicate a connection between M2 polar‐
ization and IMAT and suggest that the rise in M2 macrophages may 
be an adaptive response to repair aged SKM.

2  | RESULTS

2.1 | M2 macrophages are the most abundant 
subset in human SKM and their frequency increases 
with age

We investigated systematically the polarization of macrophages 
in human aging SKM by collecting muscle (vastus lateralis) biopsies 
from healthy young (Y), middle‐aged (M), and old (O) participants 
(Table 1, and see Experimental Procedures). Human muscle samples 
obtained using a 6‐mm Bergstrom biopsy needle were flash‐frozen, 
sectioned, and used for double immunostaining using antibodies 
that recognized the pan‐macrophage marker CD68 and the M2 
marker CD206. As shown in Figure 1a, CD68+ (total) macrophages 
and CD68+/CD206+ (M2) macrophages were found in the perimy‐
sium (the sheath of connective tissue surrounding a bundle of mus‐
cle fibers) and endomysium (the connective tissue that surrounds 
each individual muscle fiber), but more macrophages were found 
in the perimysium in all age groups. Unlike CD68 signals, which are 
located in the cytosol, CD206 signals were mostly located on the 
cell membrane (top right inset). Pan‐macrophage signals were less 
than 10% of the total nuclei in all age groups, without significant 
differences between younger and older participants (Figure 1b). 
M2 macrophages comprised ~60% of all macrophage signals in the 
Y group (Figure 1c). Notably, M2 macrophages were significantly 
more abundant in M and O groups, reaching 69% and 79% of all 
macrophages, respectively (Figure 1c). In summary, most mac‐
rophages in noninjured healthy SKM are M2, and this population 
increased with aging.

TA B L E  1   Human skeletal muscle samples used for this study

Y (20–39 yo) M (40–59 yo) O (≥60 yo)

M2 M1 Colocalization M2 M1 Colocalization M2 M1 Colocalization

GT104 (35M) GT126 (39M) GT142 (27M) GT060 
(47M)

GT136 (55M) GT145 (42F) GT101 (63F) GT132 (89M) GT138 (71F)

GT093 (38M) GT141 (35F) GT141 (35F) GT128 (49M) GT128 (49M) GT149 (48F) GT105 (65F) GT138 (71F) GT114 (73M)

GT119 (31M) GT119 (31M) GT152 (38F) GT133 (48F) GT133 (48F) GT162 (59M) GT065 (73M) GT114 (73M) GT156 (66F)

GT122 (30M) GT122 (30M) GT098 (76M) GT102 (61F) GT159 (70M)

GT123 (28M) GT123 (28M) GT108 (81M) GT159 (70M) GT167 (73F)

GT130 (31M) GT130 (31M) GT111 (86M) GT170 (79M)

GT126 (39M) GT114 (73M) GT171 (61F)

GT102 (61F) GT164 (81F)

GT159 (70M) GT172 (88M)

GT170 (79M)

GT171 (61F)

Note: Vastus	lateralis	muscle	biopsies	were	collected	from	young	([Y],	20‐	to	39‐year‐old,	“yo”),	middle‐aged	([M],	40–59	yo],	and	old	(≥60	yo)	indi‐
viduals from the GESTALT study. After sectioning, the samples were used for detection of specific cell types.
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2.2 | M1 macrophages are less abundant in 
human SKM and their frequency decreases with 
advancing age

The distribution of M1 macrophages in human SKM was analyzed by 
double immunostaining with antibodies to detect CD68 (present in 
all macrophages) and CD80 (present in M1 macrophages). Compared 
to CD68+/CD206+ macrophages (M2 type), there were substantially 
fewer CD68+/CD80+ macrophages (M1 type; Figure 2a). CD80 sig‐
nals were found in the cytosol and/or membrane (top right inset). 
Quantification of the signals revealed that ~25% of all macrophages 
(CD68+) were M1 in the Y group, while this proportion declined sig‐
nificantly with aging, reaching 11% in M and O groups, respectively 
(Figure 2b).

2.3 | In aging human SKM, M2 macrophages 
colocalize with IMAT, but not with satellite cells

Adipocytes and exosomes released by adipose‐derived stem cells 
(ADSCs) have been shown to promote M2 skewing (Kang et al., 2008; 
Mandal, Pratt, Barnes, McMullen, & Nagy, 2011; Zhao et al., 2018). 
To investigate possible interactions between adipocytes and mac‐
rophages in SKM, we carried out double immunostaining to detect 
CD68 and the adipocyte marker perilipin 1 (PLIN1). Perilipin signals 
were largely restricted to the IMAT in the perimysium in both Y and O 
skeletal muscle (Figure 3a). Perilipin‐positive areas increased markedly 
in O compared to Y samples, and many CD68+ (total) macrophages 
were localized in the vicinity of perilipin + adipocytes (Figure 3a). 
Similarly, many CD206+ (M2) macrophages colocalized with adipo‐
cytes (Figure 3b). Consistent with the distribution of Perilipin, Oil Red 
O staining showed larger lipid drops in the perimysium of O SKM com‐
pared to Y SKM (Figure 3c). By contrast, M2 macrophages did not gen‐
erally colocalize with satellite cells (muscle stem cells) in any age group, 

as determined by immunostaining to cells expressing CD206 and cells 
expressing the satellite cell marker PAX7 (Figure 3d).

2.4 | Increased IMAT and M2 macrophages in aged 
mouse SKM

To begin to test the functional consequences of the presence of M2 
as the predominant type of macrophage in human SKM and its rise 
with age, we analyzed aging BALB/c mice. Histology showed dys‐
trophic muscle fibers in old (O, 21–24 months old [mo]) mice, but not 
in young (Y, 2 mo) mice (Figure 4a, arrows). Notably, muscle fibers 
with centered nuclei, a marker of regenerating cells, were frequently 
observed in O, but not Y mice (broken circles in Figure 4a). However, 
unlike the robustly regenerating myofibers, most cytoplasmic nuclei 
in O SKM were not located in the center of the fibers and occasion‐
ally two nuclei were found in a fiber (Figure 4a). Neither O nor Y 
mice showed any indication of inflammatory cell infiltration. Oil Red 
O staining showed increased IMAT in the perimysium area of O SKM 
compared to Y SKM (Figure 4b). Most macrophages in BALB/c SKM 
were M2; F4/80+/CD206+ M2 macrophages comprised ~79% of 
F4/80+ total macrophages in Y mice, which increased to ~94% in O 
SKM (Figure 4c). Thus, as in human SKM, IMAT and M2 macrophages 
were increased in aged mouse SKM.

2.5 | Adipocyte and senescent markers, as well as 
M2 cytokines increased in O mouse SKM

To understand the changes in expression patterns accompanying 
morphological shifts in aged SKM, we collected vastus intermedius 
muscle from Y and O mice and performed gene expression analysis 
using microarrays. Using twofold as the cut‐off, 243 mRNAs were 
more abundant, and 227 mRNAs were less abundant in O relative 
to Y mouse SKM (Figure 5a, Table S1; Table S2). GO enrichment 

F I G U R E  1   M2 macrophages increase 
with age in human skeletal muscle. 
(a) Double immunostaining of CD68 
(green) and CD206 (red) to identify all 
macrophages and M2 macrophages, 
respectively, in endomysium and 
perimysium of skeletal muscle from 
young (Y), middle‐aged (M), and old (O) 
individuals. Inset in the upper corner (O) 
shows membrane localization of CD206. 
(b) Percent of macrophages among all 
cells in Y, M, and O SKM sections. (c) 
Quantification of M2 macrophages 
in SKM in each age group (% of total 
macrophages per field)
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analysis showed that the levels of mRNAs encoding adipocyte mark‐
ers, cytokines, and transcription factors were significantly elevated 
in O mouse SKM (Figure 5b). By reverse transcription (RT) followed 
by real‐time quantitative (q)PCR analysis, we confirmed that the adi‐
pocyte markers Plin (Perilipin 1) and Pparg mRNAs, as well as those 
encoding M2 cytokines (Il1ra and Il10 mRNAs), and senescent mark‐
ers (p16 and p21 mRNAs) were significantly higher in the O group 
(Figure 5c).

2.6 | The levels of collagen mRNA, but not collagen 
protein, declined in aged mouse SKM

Finally, M2 macrophages are known to promote tissue repair in 
part by converting arginine to proline, which is required for col‐
lagen synthesis (Rath, Muller, Kropf, Closs, & Munder, 2014). 
Microarray analysis revealed that many mRNAs encoding differ‐
ent collagens were significantly lower in aged SKM (Figure 5a,b). 
By contrast, several MMPs, including MMP12, which is known to 
degrade collagen I and III (Taddese et al., 2010), were strikingly up‐
regulated in O SKM (Figure 5a,b). RT‐qPCR analysis confirmed the 
reduced abundance of mRNAs encoding several major collagens 
in aged SKM, including Col1a1 and Col3a1 mRNAs, and upregula‐
tion of Mmp12 mRNA (Figure 6a). However, immunostaining with 
specific antibodies showed comparable abundance of collagen pro‐
teins in O and Y SKM sections (Figure 6b). Picrosirius red staining, 
which detects collagens I and III, further showed similar collagen 
protein deposits both in the perimysium (Figure 6c, upper panels) 
and in the endomysium (Figure 6c, lower panels) in Y and O SKM. 
Western blot analyses using an antibody that recognized collagen 
III revealed slightly increased collagen levels in O SKM (Figure 6d). 
These data revealed that while collagen mRNA levels were signifi‐
cantly reduced, collagen protein abundance was normal or even 
slightly increased in O SKM.

3  | DISCUSSION

Since their discovery by Metchnikoff more than a century ago 
(Underhill, Gordon, Imhof, Nunez, & Bousso, 2016), macrophages 
were shown to play diverse functions in phagocytosis, inflammation, 
antigen presentation, wound healing, and tumorigenesis (Shapouri‐
Moghaddam et al., 2018). More recently, macrophages were found to 
be capable of polarizing into M1 and M2 subtypes, in turn triggering 
two distinct programs, pro‐inflammatory and anti‐inflammatory, re‐
spectively, that play sequential roles in the repair of tissues including 
SKM (Mills, 2015). Given the implication of inflammation in all aspects 
of age‐associated decline and disease, there is escalating interest in 
elucidating the role of macrophages in organ aging. Here, we have 
investigated the M1 and M2 macrophage subtypes in aging SKM.

3.1 | M2 is the major type of resident macrophage 
in human skeletal muscle

Based on the facts that aging is characterized by a progressive loss of 
SKM mass and that a pro‐inflammatory state of aging has been impli‐
cated in the pathophysiology of SKM loss (Kalyani et al., 2014), we in‐
itially expected to find elevated pro‐inflammatory M1 macrophages 
and decreased anti‐inflammatory M2 macrophages in aged SKM 
(Kharraz, Guerra, Mann, Serrano, & Munoz‐Canoves, 2013; Mills, 
2015). Indeed, the InCHIANTI study revealed that higher levels of 
the transcription factor CEBPB (CCAAT‐enhancer‐binding protein β), 
implicated in the shift from M1 to M2 during repair of muscle lesions, 
were associated with greater muscle strength and better physical 
performance in humans (Harries et al., 2012). This association was 
also seen in a mouse model bearing deletion of two CREB‐binding 
sites from the CEBPB promoter that suppressed both CEBPB induc‐
tion and the transition from M1 to M2 gene expression programs, 
accompanying severe defects in muscle repair (Ruffell et al., 2009).

F I G U R E  2   M1 macrophages decline 
with age in human skeletal muscle. 
(a) Double immunostaining of CD68 
(green) and CD80 (red) to identify total 
macrophages and M1 macrophages, 
respectively, in human Y, M, and O 
skeletal muscle sections. In O, inset in 
upper corner shows membrane and 
cytoplasmic localization of CD80. (b) 
Quantification of M1 macrophages (% of 
total macrophages per field) in Y, M, and O 
skeletal muscle
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However, our data revealed just the opposite: M2 was the major 
type of macrophage in healthy human SKM and their presence, both 
in absolute numbers and in percentage of total macrophages, in‐
creased with age, while M1 macrophages showed lower abundance 
in human SKM and declined with age. The slightly elevated systemic 
inflammation seen with aging may thus be caused by additional cell 
types (Peake et al., 2010). Notably, M2 macrophages may also be 
able to secrete pro‐inflammatory cytokines as reported recently 
(Vogelpoel et al., 2014). Consistent with our findings, Przybyla 
et al. (2006) reported that M2 is the major macrophage in human 
SKM. These authors also showed that M1 macrophages were fewer 
in number and decreased in aged relative to young SKM in resting 
conditions (Przybyla et al., 2006). By flow cytometry, Kosmac et 
al. (2018) recently found that most macrophages in healthy human 
SKM were CD206+ (M2), but they also found that most M2 macro‐
phages expressed the M1 marker CD86 simultaneously. This finding 

underscores the complex phenotypes of SKM macrophages and 
may also highlight the difficulty of studying M1 properties due to 
a current lack of robust markers. Most anti‐CD86 antibodies work 
poorly for immunostaining, and even the anti‐CD80 antibody used 
in this study provided a relatively weak signal. While new technol‐
ogies, such as single‐cell sequencing analysis, can provide more 
accurate classification and quantification in the future, current stud‐
ies support the notion that M2 macrophages are the major type of 
macrophage in normal human SKM. Therefore, a major function of 
macrophages in SKM appears to be in mediating repair, and the per‐
manence of the pro‐inflammatory state may interfere with the sub‐
sequent restoration of muscle fibers (see below).

We also found that the number of total macrophages was un‐
changed between age groups, in keeping with by previous re‐
ports (Przybyla et al., 2006; Tam et al., 2012). Thus, we posit that 
the macrophages detected in our study are likely tissue‐resident 

F I G U R E  3   Localization of 
macrophages in the vicinity of 
adipocytes in the perimysium. (a) Double 
immunostaining of CD68 (green) and 
Perilipin 1 (red) to identify macrophages 
and adipocytes, respectively, in human 
Y and O skeletal muscle sections. (b) 
Relative proximity of M2 macrophages 
(red) and adipocytes (green) in both Y and 
O muscle sections. (c) Oil Red O staining 
of lipid droplets (red) in the perimysium. 
Representative sizes of droplets in O 
relative to Y skeletal muscle. (d) Double 
immunostaining of satellite cells (PAX7, 
green) and M2 macrophages (CD206, 
red) to visualize their relative localization 
in human Y, M, and O skeletal muscle 
sections
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macrophages, rather than monocytes that have migrated from the 
bloodstream because of injury, inflammation, or obesity (Varma et 
al., 2009).

3.2 | Macrophages appear to associate closely 
with IMAT

Macrophage polarization is regulated by Th1 and Th2 cytokines 
(Mills et al., 2000). Cytokines can be released from different sources 

in SKM. For example, aged fibroblasts or vascular endothelial cells 
may release cytokines locally, and visceral adipose tissues may 
produce cytokines that arrive at SKM (Peake et al., 2010). Notably, 
adipocytes were shown to secrete IL13, IL4, and adiponectin to pro‐
mote M2 polarization (Kang et al., 2008; Mandal et al., 2011), and 
exosomes secreted by ADSCs activate M2 polarization (Zhao et al., 
2018). We found that many CD68+ macrophages located in the vi‐
cinity of adipocytes in IMAT of the perimysium in both Y and O SKM. 
Based on this evidence, we propose that the proximity to IMAT helps 

F I G U R E  4   Increased intermuscular adipose tissue (IMAT) and M2 macrophages in aged skeletal muscle of BALB/c mice. (a) Histological 
analysis to visualize dystrophic muscle cells in old mice (arrows, right panel), but not in young mice. Notably, muscle fibers with centered 
nuclei were frequently observed in skeletal muscle from 22‐mo mice (broken circles) but not in 2‐mo mice. (b) Oil Red O staining was used 
to visualize IMAT in the perimysium of skeletal muscle (red) of 2‐ and 21‐mo mice. No obvious fat drops were observed in endomysium or 
intramuscle cells. (c) Left, Double immunostaining of F4/80 (green) and CD206 (red) to identify M2 macrophages in mouse SKM (left panels). 
Right, quantification of M2 and total macrophages in each age group

F I G U R E  5   Elevated cytokines in 
aged mouse skeletal muscle. (a) Relative 
abundance of mRNAs in young (2 mo) 
and old (24 mo) mouse skeletal muscle, as 
assessed by microarray analysis. mRNAs 
displaying higher and lower abundance 
(>2‐fold, FDR < 0.05) are shown as red or 
blue dots, respectively. (b) GO enrichment 
analysis of clusters of mRNAs in muscle 
samples from 24‐mo versus 2‐mo mice. (c) 
RT‐qPCR analysis of adipocyte markers, 
anti‐inflammatory cytokines (M2), and 
senescent markers in old SKM
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with M2 polarization of macrophages mobilized through the perimy‐
sium. Supporting this notion, many CD206+ M2 macrophages were 
found near IMAT in both young and aged SKM. In addition, Oil Red 
O staining showed that lipid droplets in the perimysium increased in 
aged SKM (Figure 3c) and a similar increase in IMAT was reported 
previously (Csapo, Malis, Sinha, Du, & Sinha, 2014). Thus, increased 
IMAT may contribute to increasing M2 macrophages in aged SKM, 
although additional cell types may also be involved in the polariza‐
tion. These ideas are summarized schematically (Figure 6d).

3.3 | Implication of M2 macrophages in SKM repair

The function of polarized macrophages in SKM injury and wound 
healing is well known (Kharraz et al., 2013; Rigamonti, Zordan, 
Sciorati, Rovere‐Querini, & Brunelli, 2014). However, the in‐
volvement of macrophages in normal SKM aging is still unclear. 
Histological analysis of SKM in aged BALB/c mice showed dys‐
trophic muscle fibers morphologically resembling inclusion body 
myositis (IBM) (de Camargo, de Carvalho, Shinjo, de Oliveira, & 
Zanoteli, 2018). However, in contrast to IBM, no obvious infiltration 

of inflammatory cells was seen in aged BALB/c SKM, suggesting 
the presence of ongoing progressive muscle damage during normal 
aging, different from IBM. Notably, we found that the number of 
muscle fibers with centered nuclei increased significantly in O rela‐
tive to Y SKM. However, the fibers with centered nuclei in aged SKM 
were much fewer in number and the distribution of the nuclei was 
irregular morphologically compared to the injured SKM or SKM in 
Duchene Muscular Dystrophy (Grounds, 2014), suggesting that at‐
tempts to repair may be less successful in aged SKM.

M2 macrophages are known to be involved in tissue repair in 
part by suppressing inflammation and promoting collagen syn‐
thesis (Rigamonti et al., 2014). Although it was reported that 
macrophages colocalize with satellite cells during wound heal‐
ing (Ceafalan et al., 2018), we did not observe close localization 
of satellite cells with M2 macrophages in naturally aging SKM. 
Therefore, polarized M2 macrophages may not directly interact 
with muscle stem cells in healthy SKM with advancing age, al‐
though they may interact during episodes of active SKM repair, 
such as during reperfusion after ischemia. Elevated collagen syn‐
thesis is a major marker of tissue repair. Notably, we found that 

F I G U R E  6   Collagen mRNA abundance, 
but not total collagen levels, declines in 
aged SKM. (a) RT‐qPCR analysis revealed 
markedly reduced levels of Col1a1 and 
Col3a1 mRNAs in old mouse SKM; by 
contrast, Mmp12 mRNA was strongly 
upregulated. (b) Immunostaining showed 
comparable intensity of collagen III 
signals in young and aged mouse skeletal 
muscle. (c) Picrosirius red staining 
showed comparable collagen deposits 
(red) in perimysium (upper panels) and 
endomysium (lower panels) areas of 
young and old mouse SKM. (d) Western 
blot analysis of collagen 3 protein levels 
in young and old mouse SKM. (e) Model 
illustrating the hypothesis of macrophage 
polarization in SKM. Based on our 
results, we propose that adipocytes in 
the perimysium secrete cytokines that 
provoke M2 polarization of macrophages. 
In aged skeletal muscle, IMAT increases, 
leading to elevated cytokine secretion 
and a rise in M2 macrophages. Increased 
M2 macrophages in turn contribute to 
muscle tissue repair and muscle fibrosis in 
aged skeletal muscle likely by promoting 
collagen synthesis. Scale bars in (b) and (c) 
represent 100 µm
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collagen mRNA expression was strikingly downregulated in aged 
SKM, consistent with previous reports (Scime et al., 2010). By con‐
trast, collagen‐degrading MMPs were significantly more abundant 
in aged SKM, possibly produced by myocytes, adipocytes, or fi‐
broblasts. However, the collagen levels in O SKM were compara‐
ble to or even slightly higher than those in Y SKM, as revealed by 
immunostaining, Picrosirius red staining, and Western blot analy‐
sis. These results suggest a link between increased M2 presence 
and higher collagen abundance, possibly due to increased collagen 
translation or reduced collagen degradation. In agreement with 
this idea, SKM macrophages were found located in the collagen‐
rich perimysium and endomysium.

In closing, our data indicate that M2 macrophages increase in 
SKM from older individuals, suggesting that they may counteract 
age‐associated muscle loss. Considering that the individuals in the 
GESTALT cohort are exceptionally healthy, it is possible that this 
level of repair may not be seen in older patients who are affected by 
chronic medical conditions or are frail. Further studies in animal mod‐
els that selectively enable or disable polarization are required to fur‐
ther characterize the function of macrophage subtypes in SKM aging.

4  | EXPERIMENTAL PROCEDURES

4.1 | Collection of human skeletal muscle biopsies

Human skeletal muscle samples were obtained from healthy young 
([Y], 27‐ to 39‐year‐old [yo]), middle‐aged (M, 40–59 yo), and old 
(O, 60–89 yo) participants in the GESTALT (Genetic and Epigenetic 
Signatures of Translational Aging Laboratory Testing) study of the 
National Institute on Aging (NIA). The biopsies were collected at the 
NIA Clinical Research Branch, MedStar Harbor Hospital of Baltimore, 
Maryland. Vastus lateralis muscle was obtained from 34 participants 
(Table 1) using a 6‐mm Bergstrom biopsy needle; 10 participants for 
the Y group, average 33.2 yo; 7 participants for the M group, aver‐
age 49.71 yo; and 17 participants for the O group, average 77.76 yo. 
Collected muscle samples were immediately frozen in isopentane 
chilled	 by	 liquid	 nitrogen,	 and	 then	 stored	 in	 −80°C	 until	 section‐
ing. Prior to the biopsy, the participants provided written informed 
consent for protocols approved by the Institutional Review Board 
of the NIA. All procedures were carried out in accordance with the 
Declaration of Helsinki.

4.2 | Collection of SKM samples from naturally 
aging BALB/c mice

All animal study protocols were approved by the NIA Institutional 
Review Board (Animal Care and Use Committee). Young (Y, 
2 month‐old, 2 mo) and old (O, 21–24 mo) inbred BALB/c mice were 
purchased from the NIA aged rodent colony (https ://ros.nia.nih.
gov/). The mice were sacrificed, and vastus intermedius muscles 
were taken under a dissection microscope. Collected samples were 
frozen	in	isopentane	chilled	by	liquid	nitrogen	and	stored	in	−80°C	
until use.

4.3 | Immunofluorescent staining and macrophage 
quantification

Frozen sections were cut, fixed in cold acetone, and subjected 
to immunofluorescent TSA (tyramide signal amplification) stain‐
ing. For double immunostaining, signals from the first primary 
antibody were amplified with the Tyramide SuperBoost kit (TSA 
AlexaFluor 488, Thermo Fisher, B40932), following the manufac‐
turer's instructions. The signal from the second primary antibody 
was amplified with a biotin‐streptavidin system in which streptavi‐
din was labeled with AlexaFluor594 as described by Kosmac et al. 
(2018). Primary antibodies recognizing CD68 (Abcam, ab955, 1:50 
dilution), CD206 (R&D systems, AF2534, 1:200), CD80 (Abcam, 
ab134120, 1:50), Perilipin 1 (Cell Signaling Technology, 9349S, 
1:200), Pax7 (The Developmental Studies Hybridoma Bank, 1:100), 
or Collagen III (Abcam, ab7778, 1:100) were used for human muscle 
staining. Photographs were taken using a Zeiss LSM 880 confocal 
microscope.

Five photographs taken by using the 20× lens from the intact 
part of the sections from each participant were used for macro‐
phage quantification. Cells that stained green (CD68) and yellow 
(green + red; CD68 + CD206 or CD80) were counted as total macro‐
phages; cells that stained yellow were counted as M2 macrophages 
(if stained for CD206) or M1 macrophages (if stained for CD80). 
Because of the small size of the biopsies (2 mm in diameter) and 
often imperfect angles of sectioning, we normalized the number of 
macrophages to the number of total nuclei, rather than the number 
of myofibers.

Frozen muscle sections from 3 young and 3 old BALB/c mice 
were also subjected to TSA immunostaining to quantify M2 macro‐
phages. Primary antibodies recognizing F4/80 (Bio‐Rad, MCA497G, 
clone A3‐1, 1:50 dilution), the pan‐macrophage marker of mice, and 
CD206 (R&D systems, AF2535, 1:200), the M2 marker, were used 
for mouse muscle staining. Ten photographs taken by using the 20× 
lens from the intact part of the sections from each mouse were used 
for macrophage quantification.

Data were analyzed using one‐way analysis of variance (ANOVA) 
with Tukey's multiple comparison post‐test. A threshold of p 
value < 0.05 was used to assess the significance of observed differ‐
ences. Statistical analyses were performed using Graphpad prism 7.0 
(GraphPad Software, Inc.).

4.4 | RNA isolation, expression profiling, and RT‐
qPCR analysis with mouse skeletal muscle

Total RNA was isolated from frozen mouse vastus intermedius 
muscles with Trizol (Ambion, #15596‐026) in conjunction with the 
PureLink RNA Mini Kit (Ambion, #12183018A) followed by on‐col‐
umn Purelink DNase (Ambion, #12185‐010) treatment. 

Cyanine‐3‐labeled cRNAs were generated and hybridized to 
the NIA Mouse 44K Microarray v3.0 manufactured by Agilent 
Technologies. Three muscle samples from 3 mice in each age group 
were used for biological replicates. Triplicate data were analyzed by 

https://ros.nia.nih.gov/
https://ros.nia.nih.gov/
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ANOVA (Cui et al., 2012). Genes with FDR < 0.05, fold difference 
>2.0, and mean log intensity >2.0 were considered to be significant. 
All data are MIAME compliant, and raw data have been deposited in 
GEO (GSE125481).

Reverse transcription (RT, done with SuperScript IV VILO 
Master Mix from Invitrogen) followed by real‐time quantita‐
tive (q)PCR analysis using Taqman probe/primer sets was per‐
formed to confirm and extend the microarray results (Applied 
Biosystems). RT‐qPCR analysis was used to detect Perilipin1, 
PPAR‐γ, IL‐1Rα, IL‐10, p21, p16, Collagen 1a1, Collagen 3a1, and 
Mmp12 mRNAs. Each of the three sets of RNAs for each age 
group was assayed in triplicate. Reactions were normalized to 
the levels of Gapdh mRNA. The data were analyzed with the 2−
ΔΔCT method.

4.5 | General histology and Western blot analysis of 
mouse SKM

The histology of young and aged mouse SKM was analyzed by stain‐
ing frozen sections with Mayer's Hematoxylin solution (MHS128, 
Sigma) and Eosin Y solution (HT1102128, Sigma; H&E staining).

For Western blot analysis, vastus intermedius muscle was ho‐
mogenized in RIPA buffer containing a protease inhibitor cock‐
tail, PMSF, and sodium orthovanadate (Santa Cruz, SC‐24948). 
Homogenates were then centrifuged at 10,000 g for 10 min, and 
the supernatant was designated as Ext I. The pellets were resus‐
pended in RIPA buffer containing 1% SDS and sonicated on ice, 
and the supernatant obtained by centrifugation was named Ext 
II (COL3A1 protein was detected in this fraction). The protein 
concentration of the supernatants was quantified with the Bio‐
Rad Protein Assay Dye Reagent (Bradford reagent, #5000006). 
Protein	 aliquots	 (30 μg from each sample) were resolved on 
1.0‐mm thick, 4%–12% gradient bis‐tris polyacrylamide gels 
(Invitrogen, NPO322PK2) and blotted onto nitrocellulose mem‐
branes (Bio‐Rad, #1704270). Membranes were blocked in 5% 
milk (Bio‐Rad, #1706404xtu) for 1 hr at room temperature, and 
all antibodies were diluted in this same solution. Membranes 
were incubated with primary antibodies recognizing COL3A1 
(Santa Cruz, sc‐271249, 1:100) or β‐actin (Santa Cruz, sc‐47778, 
1:2000)	at	4°C	for	16	hr.	An	HRP‐conjugated	anti‐mouse	second‐
ary antibody (Kindle Biosciences, R1005, 1:3000‐20000) was 
incubated	with	the	membrane	for	45	min	at	25°C.	Positive	bands	
were visualized using ECL reagent (Millipore, WBKLS0500).

4.6 | Oil Red O staining and collagen staining

Oil Red O staining was performed using a kit from Abcam (ab150678) 
to analyze lipid deposits in the young and aged human and mouse 
SKM frozen sections, following the protocol recommended by the 
manufacturer. Collagens in mouse skeletal muscle were visualized 
with the Picrosirius Red Stain Kit (Abcam, ab150681) following the 
manufacturer's protocol.
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