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1 |  INTRODUCTION

Human skeletal muscle is a dynamic and highly plastic tis-
sue, capable of altering its phenotype in response to divergent 

stimuli, such as chronic exercise or disuse.1 The adaptabil-
ity of muscle is in turn influenced by a number of different 
factors, such as sex,2 age,3 training history,4 and fiber type 
composition.5 Categorized according to myosin heavy chain 
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The repair, remodeling, and regeneration of myofibers are dependent on satellite 
cells (SCs), although, the distribution of SCs in different fiber types of human mus-
cle remains inconclusive. There is also a paucity of research comparing muscle fiber 
characteristics in a sex-specific manner. Therefore, the aim of this study was to in-
vestigate fiber type-specific SC content in men and women. Muscle biopsies from 
vastus lateralis were collected from 64 young (mean age 27 ± 5), moderately trained 
men (n = 34) and women (n = 30). SCs were identified by Pax7-staining together 
with immunofluorescent analyses of fiber type composition, fiber size, and myo-
nuclei content. In a mixed population, comparable number of SCs was associated 
to type I and type II fibers (0.07 ± 0.02 vs 0.07 ± 0.02 SCs per fiber, respectively). 
However, unlike men, women displayed a fiber type-specific distribution, with SC 
content being lower in type II than type I fibers (P = .041). Sex-based differences 
were found specifically for type II fibers, where women displayed lower SC content 
compared to men (P <  .001). In addition, positive correlations (r-values between 
0.36-0.56) were found between SC content and type I and type II fiber size in men 
(P = .03 and P < .01, respectively), whereas similar relationships could not be de-
tected in women. Sex-based differences were also noted for fiber type composition 
and fiber size, but not for myonuclei content. We hereby provide evidence for sex-
based differences present at the myocellular level, which may have important impli-
cations when studying exercise- and training-induced myogenic responses in skeletal 
muscle.
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protein expression (MHC), human muscle consists of three 
primary muscle fiber types: type I, IIA, and IIX, each with 
distinct metabolic, contractile, and adaptive properties.6,7 
Investigations performed in a fiber type-specific manner are 
therefore valuable to uncover molecular aspects that advance 
our understanding of skeletal muscle physiology.

Muscle adaptation has been the subject of intense research 
during the last decades and increasing attention has been di-
rected toward the role of satellite cells (SCs) in this process. 
SCs are a pool of undifferentiated stem cells involved in 
the repair, remodeling, and regeneration of muscle tissue.8 
Residing beneath the basal lamina, SCs are typically in a qui-
escent state, but can upon stimulation (eg, myofiber injury) 
progress through the myogenic pathway to repair segmental 
injuries or generate new myofibers.9 SCs are also known me-
diators of exercise-induced adaptations as they can donate 
their nucleus to existing myofibers,10 thereby supporting 
hypertrophy following resistance exercise.11 Evidence sug-
gests that SCs can contribute to myofiber remodeling also 
in the absence of fiber growth, such as in response to endur-
ance-based exercise.12,13

So far, many studies have demonstrated that the SC pool 
is dynamic and capable of expanding in response to both 
acute and chronic exercise regimens;11,14 however, the rela-
tive distribution of SCs in type I and type II fibers remains 
inconclusive. It has been shown that aging3,15 and some clin-
ical conditions16,17 are accompanied by a reduced SC pool 
specifically in type II fibers, but this phenomenon has not 
been observed in young adults.11,14 In fact, only one study has 
directly assessed whether SCs display a fiber type-specific 
distribution, reporting that no differences exist between slow 
and fast-twitch fibers.18 It should, however, be noted that this 
analysis contained a small number of biological samples and 
that sex-specific information was lacking.

Muscle morphological disparities between men and 
women are well documented, where men typically display 
larger fiber areas and greater proportions of fast-twitch fibers 
than women.19-22 However, there is a general lack of consen-
sus whether the SC pool in human muscle is sex-dependent. 
Walker et al 2011 analyzed pooled samples from young and 
old individuals and found that women have a reduced SC 
pool compared to their male counterparts, but the apparent 
effect may have been accounted for by low SC content in old 
women.20 In contrast, Kadi et al 2004 reported that SC con-
tent is similar in young, active men and women,23 though, 
this study contained mixed-fiber analyses and samples were 
collected from tibialis anterior (TA), which in relation to vas-
tus lateralis (VL) may have different fiber characteristics due 
to divergent functional demands.

Therefore, by applying immunohistochemical techniques, 
the aim of the present study was to investigate the SC dis-
tribution in type I and II muscle fibers of the VL muscle. In 
order to provide further insights into the SC pool of human 

muscle, we assessed potential differences between men and 
women. Based on previous data, we hypothesized that the 
VL muscle would be characterized by an equal SC distribu-
tion across fiber types. We further hypothesized that typical 
sex-based differences would be present in terms of fiber type 
composition and fiber size, that is, larger fiber areas and 
greater proportions of fast-twitch fibers in men, but not for 
SC content.

2 |  MATERIAL AND METHODS

2.1 | Ethical approval

The present study involves secondary analyses performed 
on muscle samples collected in five ongoing projects with 
other specific research objectives. All studies have received 
ethical approval; study 1-4 from the Swedish Ethical Review 
Authority and study 5 from West Midlands—Black Country 
Research Ethics Committee. All studies are in agreement 
with the latest version of the Declaration of Helsinki, and an 
informed consent was obtained from all individuals prior to 
their participation.

2.2 | Participants

Thirty-four men and thirty women were included in the 
study. As mentioned above, they were originally recruited as 
participants in five ongoing studies, all with the overarching 
aim to study various muscle adaptations to different interven-
tions. To be included in these studies, they had to be healthy 
and non-smoking, have a normal bodyweight and be between 
the ages of 18-40 years. They were also required to perform 
physical exercise on a regular basis. The specific inclusion 
criteria varied between the studies as follows: study 1) par-
ticipants (n = 30) were required to perform endurance or re-
sistance exercise, or both, at least 3 times per week, study 
2) participants (n = 9) were required to perform resistance 
exercise 2-3 times per week, where one session per week had 
to involve exercises for the lower body, study 3) participants 
(n = 10) were required to perform both resistance- and endur-
ance-type exercise at least 2 times per week, with no upper 
limit for exercise participation study 4) participants (n = 5) 
were required to perform endurance exercise at least 3 times 
per week, without the inclusion of high-intensity interval 
training, study 5) participants (n = 10) were required to be 
physically active up to 3 times per week but not involved in 
any structured resistance exercise program. The endurance-
type exercise reported by the participants included running, 
cycling, swimming, and team sports. The resistance-type ex-
ercise included weight training and CrossFit. Based on these 
criteria, all participants were considered moderately trained. 



   | 3HORWATH eT Al.

Overall, the spectrum of exercise modes was similar between 
men and women. Physical characteristics of the participants 
are presented in Table 1.

2.3 | Muscle biopsies

The muscle biopsy was obtained after an overnight fast, and 
the participants were instructed to refrain from alcohol, caf-
feine, and vigorous physical exercise for 48 hours before tis-
sue sampling. Following administration of local anesthesia 
(Carbocaine 20  mg  mL−1, AstraZeneca AB, Sweden), one 
sample was taken from the VL muscle with a Weil-Blakesley 
conchotome, or with the Bergstrom needle adapted for 
manual suction, both techniques described in detail here.24 
After quickly removing excess blood, fiber bundles were 
mounted in OCT-embedding medium (Tissue-Tek OCT 
compound) and frozen in isopentane cooled by liquid nitro-
gen. These samples were then stored at −80°C until section-
ing commenced.

2.4 | Immunohistochemistry

Muscle biopsies were cut to 7 µm thick cross-sections using 
a cryostat (Leica CM1950), placed on microscope glass slide 
(VistaVision, VWR International), air-dried at room temper-
ature, and later stored in −80°C. Immunohistochemical pro-
cedures to determine fiber type composition, fiber size, and 
SC and myonuclei content have previously been described 
in detail elsewhere.5 Briefly, for fiber typing, unfixed slides 
were first blocked for 60 minutes (1% NGS and fat-free milk), 
and then incubated overnight with a primary antibody against 
laminin (1:50; D18, Developmental Studies Hybridoma 
Bank (DSHB), USA). The next day, after being washed in 
PBS, slides were incubated for 60 minutes with primary an-
tibodies against MHC isoform proteins; MHC-I (1:500; BA-
F8, DSHB, USA) and MHC-II (1:250; SC-71, DSHB, USA). 
Following PBS washes, slides were incubated with second-
ary antibodies (1:100; Goat anti-mouse 350 IgG2A, 1:500; 
488 Goat anti-mouse IgG2B and 1:500; 594 Goat anti-mouse 
IgG1, Alexa Fluor, Invitrogen, USA), before being mounted 

with Prolong Gold Antifade Reagent (Invitrogen, USA). For 
SCs and myonuclei, slides were first fixed (4% paraformal-
dehyde) for 20  minutes, washed in PBS, then blocked for 
30 minutes (1% BSA and 0.01% Triton X-100). Following 
blocking, slides were incubated overnight using a cocktail 
of primary antibodies against laminin (1:200; D18, DSHB, 
USA), MHC-I (1:500; BA-F8, DSHB, USA), and Pax7 
(1:100; 199010, Abcam, GBR). The next day, after washes 
in PBS, slides were incubated with secondary antibodies 
(1:500; 488 Goat anti-mouse IgG2A, 1:2000; 488 Goat anti-
mouse IgG2B and 1:500; 594 Goat anti-mouse IgG1, Alexa 
Fluor, Invitrogen, USA), and mounted with Prolong Gold 
Antifade Reagent containing DAPI (Invitrogen, USA) to per-
mit labeling of nuclei.

2.5 | Image acquisition and analysis

Stained sections were captured using a widefield fluorescent 
microscope (Celena S, Logos Biosystems, South Korea). 
Digital pictures were processed using image analysis software 
(Celena S Digital Imaging System, Logos Biosystems, South 
Korea), and analyses were carried out using ImageJ (National 
Institutes of Health, USA). Fiber type composition was de-
termined by counting the number of each fiber type on the 
whole muscle section (average of 773 ± 339 fibers per biopsy 
included for this analysis) and their relative abundance was 
expressed as percentage of total fiber number. The present 
study did not differentiate between MHC-IIA and IIX fibers 
as preliminary data revealed that pure MHC-IIX fibers rep-
resented ~2-3% of the total fiber population, which is too low 
to provide accurate results. Likewise, the abundance of fibers 
expressing more than one MHC isoform protein (ie, hybrid 
fibers) accounted for <2% of total fiber counts and was there-
fore omitted from the analysis. Furthermore, the MHC-stained 
slides were also used for determining fiber type-specific area 
(fCSA), in which the laminin border of individual fibers was 
manually encircled, including 50 fibers/fiber type for analy-
sis. Fibers that were damaged or longitudinally oriented were 
not considered in the analysis and the form factor was applied 
to ensure fiber circularity in muscle cross-sections25 (type I 
0.87 and type II 0.87 vs. type I 0.87 and type II 0.88, in men 
and women, respectively). In addition, the percentage fiber 
type area (fCSA %) was calculated as showed in the example; 
mean type I fiber area (µm2) multiplied by proportion of type 
I fibers (%) divided by total fiber area (µm2). This measure 
reflects the proportion of the muscle cross-section occupied 
by one particular fiber type. Moreover, Pax7-positive cells 
(Pax7+) situated inside the laminin border were in case of 
co-localization with DAPI considered SCs. These cells were 
then marked together with their associated fiber type, either 
type I (MHC-I positive) or type II (MHC-I negative). A rep-
resentative picture of this staining is provided in Figure 1 and 

T A B L E  1  Participant characteristics

Men (n = 34) Women (n = 30)

Age (years) 27 ± 5 (19-40) 28 ± 4 (20-35)

Body mass (kg) 79 ± 8 (64-98)* 66 ± 7 (55-81)

Height (cm) 179 ± 6 (169-195)* 168 ± 5 (159-179)

BMI 25 ± 2 (22-29)* 23 ± 2 (19-27)

Note: Values are means ± SD (range).
Abbreviation: BMI; body mass index.
*Significantly different from women (P < .01). 
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an average of 370 ± 119 fibers per biopsy were included for 
analysis (158 ± 66 and 212 ± 78 type I and type II muscle fib-
ers, respectively). The same slides were then used to determine 
myonuclei content, where each nucleus had to have more than 
half of its geometrical center located within the laminin border 
to be considered a myonucleus (DAPI+/Pax7−). Myonuclei 
were after enumeration expressed per fiber and in relation to 
fiber area (ie, myonuclear domain). This analysis contained 50 
fibers per fiber type per biopsy.26

2.6 | Statistical analysis

All data are expressed as means ± SD. Participants and mus-
cle fiber characteristics (mixed population) were analyzed 
with independent t tests. Fiber type-specific variables in men 
and women were analyzed using a two-way analysis of vari-
ance (ANOVA) with factors for sex (men vs. women) and 
fiber type (type I vs. type II). In case of significant interac-
tion, sex- or fiber type-specific differences were followed up 
with Bonferroni´s multiple comparisons test. Correlations 
between fiber area and SC and myonuclei content were ana-
lyzed with Pearson product moment correlation coefficient 
(r). All analyses were performed in GraphPad Prism (version 
8.4.2 for Windows; GraphPad Software). Statistical signifi-
cance was accepted at P < .05.

3 |  RESULTS

3.1 | Participant characteristics

Participant characteristics are provided in Table  1. Age 
was similar between groups, whereas typical sex-based dif-
ferences were observed for body mass, height, and BMI 
(P < .01).

3.2 | Muscle fiber characteristics in a 
mixed population

Including both men and women, the VL muscle contained 
a greater proportion of type II fibers than type I fibers 
(56 ± 10% vs. 44 ± 10%, respectively; P < .001) (Table 2). 
The mean type II fiber area was greater than the type I fiber 
area (+11%, P = .014), and type II fCSA (%) was superior 
to the corresponding type I fCSA (%) (+38%, P < .001). The 
number of SCs per fiber did not show a fiber type-specific 
distribution, nor did SCs per myonuclei, although, when SC 
content was related to fiber size, type II fibers had a lower 

F I G U R E  1  Representative picture of 
fiber type-specific SC staining in muscle 
cross-section. Merged image of Pax7, 
laminin, MHC type I fibers and DAPI-
stained myonuclei (left panel). Single 
channel Pax7 (top right panel). Single 
channel laminin and MHC-I (middle right 
panel). Single channel DAPI (bottom right 
panel). Arrows indicate SCs (red cells 
in the periphery of the fiber) and I and II 
represent type I and type II muscle fibers, 
respectively. Scale bar = 50 µm

T A B L E  2  Muscle fiber characteristics in a mixed population

Type I Type II

FT composition (%) 44 ± 10   
(17-66)

56 ± 10*   
(33-83)

fCSA (µm2) 5260 ± 1135  
(3177-8475)

5864 ± 1558*  
(3562-11900)

fCSA (%) 42 ± 11   
(12-65)

58 ± 11*   
(35-88)

SCs per fiber 0.07 ± 0.02  
(0.03-0.14)

0.07 ± 0.02  
(0.04-0.14)

SCs per myonuclei (%) 2.8 ± 0.8   
(0.9-5.3)

2.5 ± 0.8  
(0.9-4.7)

SCs per mm2 area 13.6 ± 3.7  
(5.0-27.5)

11.3 ± 3.5*  
(4.4-25.3)

Myonuclei per fiber 2.5 ± 0.4   
(1.7-3-7)

2.5 ± 0.4  
(1.8-4.0)

Myonuclear domain 2146 ± 287  
(1343-2984)

2305 ± 444*  
(1447-3094)

Note: Values as means ± SD (range).
Abbreviations: fCSA, fiber cross-sectional area; fCSA %, percentage fiber type 
area; FT, fiber type; SCs, satellite cells. Myonuclear domain; myonucleus per 
µm2.
*Significantly different from type I fibers (P < .05). 
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number of SCs per mm2 area than type I fibers (−17%, 
P  <  .001). Furthermore, myonuclei per fiber was similar 
across fiber types, but when related to fiber size, type II fibers 
had greater myonuclear domains compared to type I fibers 
(+7%, P < .032).

3.3 | Muscle fiber characteristics in 
men and women

Muscle fiber characteristics in men and women are presented 
in Table 3. Sex-based differences were found for FT compo-
sition and fiber size, where men had a greater proportion of 
type II fibers (P = .045), and greater type I and type II mean 
fiber areas compared to women (+20% and +40%, respec-
tively; P < .01). Whereas men had superior type II compared 
to type I fiber areas (+18%, P < .001), the fiber types were 
of similar size in women. In addition, type II fCSA (%) was 
greater than the corresponding type I fCSA (%) in both sexes; 
however, this effect was even more pronounced in men than 
in women (P < .001). The number of SCs per fiber was differ-
ent between sexes, where men had greater SC content in type 
II fibers, but not type I fibers, compared to women (+60%, 
P < .001) (Table 3 and Figure 2). In men, SCs were equally 
distributed across fiber types, whereas women displayed 
lower SC content in the type II fibers (−28%, P = .041). No 

sex-based differences were observed for any other SC-related 
variable, although SCs per myonuclei and SCs per mm2 area 
displayed an effect of fiber type (P = .049 and P < .001, re-
spectively) and SCs per myonuclei showed an effect of sex 
(P  <  .001). The number of myonuclei per fiber was equal 
across sex and fiber type; however, sex-based differences 
were found for myonuclear domain (P = .048), where men 
had greater values in both type I and type II fibers compared 

Men Women

Type I Type II Type I Type II

FT composition (%) 41 ± 11a   
(17-63)

59 ± 11ab  
(37-83)

47 ± 9  
(23-66)

53 ± 9b  
(34-77)

fCSA (µm2) 5708 ± 1200a  
(3177-8475)

6785 ± 1292ab  
(4971-11900)

4752 ± 810  
(3561-7078)

4820 ± 1118  
(3562-8612)

fCSA (%) 37 ± 11a  
(12-59)

63 ± 11 ab  
(41-88)

46 ± 9  
(20-65)

54 ± 9 b  
(35-80)

SCs per fiber 0.07 ± 0.02  
(0.03-0.14)

0.08 ± 0.02a  
(0.05-0.14)

0.07 ± 0.02  
(0.04-0.10)

0.05 ± 0.02b  
(0.02-0.11)

SCs per myonuclei (%) 3.0 ± 0.8cd  
(0.9-5.3)

2.8 ± 0.7c  
(1.8-4.7)

2.6 ± 0.7d  
(1.5-4.7)

2.2 ± 0.8  
(0.9-4.0)

SCs per mm2 area 13.1 ± 3.6d  
(5.0-20.5)

11.2 ± 2.4  
(7.9-17.3)

14.1 ± 3.9d  
(7.2-27.5)

11.5 ± 4.5  
(4.4-25.2)

Myonuclei per fiber 2.4 ± 0.4  
(1.7-3.4)

2.6 ± 0.4  
(2.0-4.0)

2.5 ± 0.5  
(1.8-3.7)

2.5 ± 0.5  
(1.8-4.0)

Myonuclear domain 2369 ± 352a  
(1589-2984)

2627 ± 297ab  
(1883-3094)

1892 ± 243  
(1343-2409)

1941 ± 265  
(1447-2499)

Note: Values are means ± SD (range).
Abbreviations: FT, fiber type; fCSA, fiber cross-sectional area; fCSA %, percentage fiber type area; SCs, 
satellite cells. Myonuclear domain; myonucleus per µm2.
aSignificantly different from corresponding fiber type in women (sex x fiber type interaction, P < .05). 
bSignificantly different from type I fibers (within group, P < .05). 
cSignificant main effect of sex (P < .05). 
dSignificant main effect of fiber type (P < .05). 

T A B L E  3  Muscle fiber characteristics 
in men and women

F I G U R E  2  Fiber type-specific SC content in men and women. 
aSignificantly different from corresponding fiber type in women (sex 
x fiber type interaction, P < .05). bSignificantly different from type I 
fibers (within group, P < .05)
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F I G U R E  3  Relationship between fiber 
area and SC- and myonuclei content in men 
and women. Correlational analyses of SC 
content and fiber area (top four panels) in 
type I fibers (left panels) and type II fibers 
(right panels). Correlational analyses of 
myonuclei content and fiber area (bottom 
four panels) in type I fibers (left panels) and 
type II fibers (right panels). Corresponding r 
and P values are shown for each relationship
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to women (+25% and +35%, respectively; P  <  .001). The 
myonuclear domains were of equal size in women, but not 
in men, where type II fibers were superior (+10%, P < .001) 
(Table 3).

3.4 | Correlational analyses

Correlational analyses between fiber area and SC and myo-
nuclei content in men and women are presented in Figure 3. 
Significant correlations were found between fiber size and 
SC content in type I and type II fibers for men (r  =  0.36, 
P = .032 and r = 0.56, P < .001, respectively), but not for 
women. Furthermore, men and women displayed significant 
correlations between fiber area and myonuclei content in 
both fiber types (P < .001), see Figure 3 (bottom four panels).

4 |  DISCUSSION

This morphological study showed that SCs are not distrib-
uted in a fiber type-specific manner in the VL muscle of a 
large number of moderately trained individuals. However, 
sex-based analyses revealed that SCs were differentially ex-
pressed in type I and type II fibers in women, and SC content 
was lower compared to men specifically in the type II fibers. 
In addition, SC content was associated to myofiber size in 
men, but not in women. These new findings may have impli-
cations for future studies investigating myogenic adaptations 
to exercise and training.

The VL muscle is commonly described with mixed-fi-
ber type composition.21 However, inherent variation exists 
between and within individuals,27 and taking into account 
sex,19,21 and training history,28 this notion should be treated 
cautiously. Indeed, the present study showed that trained 
individuals have a greater proportion of type II than type 
I fibers (56% vs. 44%, respectively), although, the inclu-
sion of participants engaged in various types of exercise 
modes precludes any conclusions whether a certain type 
of exercise may have contributed to the current phenotype. 
Importantly, the apparent deviation from a mixed-fiber 
type composition was further accentuated when expressed 
as fCSA (%), particularly evident in men (>60% type II 
fibers). Given that fCSA (%) correlates well with MHC 
content,29 a differential fiber type expression of this mag-
nitude should be considered in analyses of muscle homog-
enates, where the signal obtained is thought to reflect a 
mixture of both fiber types. However, for some samples, 
such as those with high MHC-II content, this may not be 
accurate as the response would likely be representative of 
the larger number of type II fibers. As such, this may con-
found data interpretation in studies where large differences 
in MHC composition exist between cohorts (eg, trained vs 

untrained). This highlights the advantage of performing 
fiber type-dependent analyses, for instance, through isola-
tion of individual muscle fibers.7 However, from a practical 
perspective, the already time-consuming process of fiber 
isolation may require more manual labor when dissecting 
samples with a skewed fiber type composition.

The present study reported greater type II fiber propor-
tion in men compared to women, previously observed in 
untrained,19,21 and trained individuals,30 as well as in other 
skeletal muscles.22 This sexual dimorphism may, at least 
partly, be accounted for by circulating hormones as both tes-
tosterone, estrogen and thyroid hormone can impact muscle 
fiber composition.31 Furthermore, sex-based differences have 
also been identified at the transcriptional level, in the form 
of mRNA levels of the MHC-encoding genes, but not at the 
protein level.30 The fact that mRNA transcripts and corre-
sponding protein products were divergent may suggest that 
MHC gene expression is regulated differently in men and 
women by a post-translational mechanism (eg, microRNAs). 
Evidence in mice suggests that microRNAs can modulate 
skeletal muscle phenotype,32 though, this is yet to be demon-
strated in human muscle and requires further research.

In line with previous literature,19,21,22 the present study 
pointed out typical sex-related differences in fiber size, 
where men displayed superior fCSA irrespective of fiber 
type. Nonetheless, unlike in men, women demonstrated equal 
type I and type II fiber sizes, a finding that opposes prior 
work in women of similar age, who generally manifested 
greater type I fiber sizes.19,21 As these reports included pri-
marily untrained subjects, discrepancies between reports are 
likely due to differences in training status. More specifically, 
the current study included women who regularly performed 
endurance and resistance exercise, where the latter is known 
to stimulate type II fiber hypertrophy,33 thus causing a more 
balanced fiber size profile.

Many laboratories have studied the SC pool in the con-
text of muscle plasticity over the last decades. For instance, 
Kadi et al (2006) studied the SC pool in the VL muscle of 
physically active adults and found that SCs were distributed 
independently of muscle fiber type.18 Nevertheless, due to a 
limited sample size (n = 5), sex-specific analyses were not 
provided and the authors speculated that a greater number 
of observations might have altered their conclusion. Thus, 
in order to properly revaluate this hypothesis, the present 
study extended previous work by assessing a greater num-
ber of biopsy samples (n = 64), including ~24 000 muscle 
fibers and ~1500 SCs in the analysis. The findings were, 
however, comparable to those described in Kadi et al (2006), 
whereby a similar number of SCs were associated to type I 
and type II fibers (0.07 ± 0.02 vs. 0.07 ± 0.02 SCs per fiber, 
respectively), indicating that SC content is relatively constant 
across studies in the basal state of young active adults. Of 
note, the present study and others have previously reported 
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SC content in the range of 0.05-0.10 SCs per fiber with the 
Pax7-antibody,20,28,34 whereas some presented markedly 
higher counts using the same marker (0.15-0.20 SCs per 
fiber).12 Whether this is due to differences in study popula-
tions, methodological/analytical procedures, time of biopsy 
sampling or simply reflective of the heterogeneity in skeletal 
muscle remains undefined.

Some reports have performed mixed-fiber analyses of 
young subjects in age-related comparisons,20,23,35 although, 
SC content has not previously been investigated in a sex- 
and fiber type-specific manner in young, trained adults. 
Also, there is currently limited data regarding the SC pool in 
women as the majority of studies conducted at the myocellu-
lar level are carried out in men.8,10 The present study found 
that women displayed fewer SCs associated with type II than 
type I fibers. In addition, women had lower type II fiber SC 
content than men (0.05 ± 0.02 vs. 0.08 ± 0.02 SCs per fiber, 
respectively), an effect present also when SCs were related to 
myonuclei content. Despite that the functional implications 
from our findings require further research, it could be spec-
ulated that a lower SC availability may have negative effects 
on muscle adaptation, as demonstrated by the concomitant 
reduction in SC content and muscle mass during aging.3 
Similarly, Petrella et al (2008) showed that greater basal SC 
abundance, and thereby a higher capacity for myonuclear ac-
cretion, was associated with more pronounced hypertrophy 
after resistance training.11 In contrast, myalgic women un-
dergoing resistance training displayed an inverse relationship 
between basal SC content and fiber size changes.17 Thus, 
based on these studies, it is difficult to determine the relative 
importance of the basal SC pool in mediating muscle adapta-
tion to exercise. Nonetheless, we and others have previously 
reported high responsiveness in women´s type II fibers to an-
abolic stimulus,5,33 which in turn would indicate that other 
factors than basal SC abundance, such as the ability to ac-
tivate the SC pool,14 might have greater impact on muscle 
trainability. Future studies should investigate if a relatively 
low SC availability may impede long-term training responses 
in healthy adults, and if so, determine strategies to induce 
SC pool expansion to promote optimal conditions for muscle 
adaptation.

To further delineate the role of SCs in myofiber size reg-
ulation, SCs were expressed in relation to fCSA, whereby it 
was observed that the previously obtained sex-based differ-
ences for type II fibers (SCs per fiber) were no longer pres-
ent when expressed as SC density (SCs per mm2 area). This 
finding could therefore be explained by relatively smaller 
fiber sizes in women, rather than inherent differences in the 
SC pool. However, our rather weak but positive correlations 
(r-values between 0.36-0.56 for type I and type II fibers, re-
spectively) may indicate that a relationship exists between 
SC content and fiber size in men, but not in women. So far, 
the exact mechanism for this occurrence remain undefined, 

but one could speculate that hormonal regulation plays a role 
since circulating androgen levels affect both fiber areas and 
SC and myonuclei content in human muscle,5,36 yet this can-
not explain the lack of association in women. We would in-
stead argue that the positive correlations found are explained 
by greater mean fiber sizes in men, for which the dependency 
of the SC pool increases to mediate further hypertrophy,11 
but also to aid in the repair and remodeling of myofibers that 
comes with daily wear and tear. This reasoning is in line with 
prior work showing a similar relationship in trained, but not 
in untrained muscle,28 providing supporting evidence that 
larger myofibers may require a greater SC pool. Some reports 
have also suggested that SC content can predict myofiber size 
in an aging population.37 Based on the present data, we would 
therefore argue that the size of the SC pool is associated to 
myofiber size, which in turn is largely influenced, but not 
limited to biological sex.

Lastly, even if no sex-dependent differences were ob-
served for myonuclei content, clear correlations were found 
between fiber size and myonuclei content (r-values between 
0.71-0.81), providing support for the myonuclear domain 
theory, which continues to be widely debated topic within 
the field of muscle biology.38 On the other hand, we noted 
that men had myonuclear domains (~2300 and 2600 µm2 for 
type I and type II fibers, respectively) that were at, or even 
above the suggested limit for what a single myonucleus can 
regulate in terms of transcriptional capacity (~2250 µm2).35 
This would in turn partly argue against the concept of “ceil-
ing theory” where additional myonuclei are required to sus-
tain transcriptional output once a certain threshold has been 
surpassed. Although the reason for these high myonuclear 
domains is unclear, it may indicate that our enumeration pro-
cess of myonuclei was more restrictive than reported else-
where,35 (ie, DAPI+ cells were considered myonuclei if their 
geometric center was clearly inside of the laminin border), 
resulting in relatively lower myonuclei counts. However, we 
used established criteria for determining myonuclei content 
in human muscle and therefore finds this unlikely.26,39 We 
rather suggest that the myonuclear domain is more flexible 
than originally proposed and that the theoretical limit for 
when additional myonuclei are required can be surpassed in 
trained individuals, particularly in type II fibers, as discussed 
elsewhere.38 Furthermore, similar to findings presented by 
other research groups,35 our results show that women have 
significantly smaller myonuclear domains (ie, higher myo-
nuclear density) than men. Although the biological relevance 
of an elevated myonuclear density is presently unknown, this 
may provide a potential explanation for the lower SC con-
tent in women as a greater transcriptional capacity per area 
would indicate that the requirement for SC-mediated addi-
tion of new myonuclei is low. Nonetheless, these sex-based 
differences are thus important to consider when studying the 
regulatory mechanisms that underpin muscle hypertrophy 
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in similar populations. For example, as women are further 
away from their transcriptional maximum, it could be hy-
pothesized that women are less likely to incorporate addi-
tional myonuclei in response to given hypertrophic stimuli, 
whereas men would be more dependent on myonuclear ac-
cretion to facilitate myofiber growth at an early stage. This 
is in line with retrospectively analyzed data presented here,40 
demonstrating that myofibers with large myonuclear domains 
(>2000 µm2) at baseline increased their myonuclei content to 
a greater extent than fibers with small myonuclear domains 
(<1700 µm2); however, the hypertrophic response was sim-
ilar in both groups, indicating that other mechanism beside 
myonuclear addition determines myofiber growth.

Due to the nature of the current investigation, in which 
secondary analyses were performed on samples collected 
in different research projects, there is a lack of detailed in-
formation regarding the participant´s exercise regimens. We 
acknowledge that such data would have excluded any possi-
bilities that results were confounded by variations in exercise 
habits (eg, movement patterns, intensity, volume, and dura-
tion); however, based on our inclusion criteria, we believe 
that the participants accurately reflects a trained population 
which allowed for fair comparisons between sex- and fiber 
type-specific variables.

In conclusion, the main finding of the present study was 
that SCs were not associated to a particular fiber type in the 
basal state of trained individuals. However, sex-specific anal-
yses revealed that women had a fiber type-specific SC distri-
bution and lower SC content specifically in type II fibers, as 
compared to men. This study also demonstrates a relationship 
between SC content and fiber size in men, whereas this find-
ing could not be detected in women. These data therefore col-
lectively highlight sex-specific differences at the myocellular 
level that may have implications for future research when 
studying myogenic adaptations to exercise and training.

5 |  PERSPECTIVE

The present study provides insights in basal muscle fiber 
characteristics and highlights important sex-based differ-
ences at the myocellular level. Here, it was found that SCs 
are not associated to a particular fiber type in a mixed popu-
lation. However, women demonstrated a fiber type-specific 
SC distribution and had lower SC content compared to men 
specifically in the type II fibers. These findings may there-
fore have implications for future studies, for example, the 
relatively lower SC content in women´s type II fibers and 
greater myonuclear domains may increase their propensity 
for SC pool expansion and myonuclear addition in response 
to a hypertrophic stimulus. Further studies are although 
required to delineate if these findings could be relevant to 

explain potential sex-based differences in muscle adaptation. 
Given the importance of SCs in muscle plasticity, it should 
also be investigated whether a relatively low SC content is 
associated with impaired adaptive capacities, and in that 
case, determine applicable countermeasures, such as exercise 
and/or nutritional strategies in order to ensure optimal skel-
etal muscle function.
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