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RESEARCH ARTICLE

Women’s Health Research and Novel Perspectives on Sex as an Investigative Variable

The influence of sex on fiber-specific indices of oxidative capacity in human
skeletal muscle

Celine Bailleul,1� Nathan Hodson,1,2� Sidney Abou Sawan,1 Dinesh Kumbhare,1,3 Daniel R. Moore,1 and
Jenna B. Gillen1

1Department of Kinesiology and Physical Education, University of Toronto, Toronto, Ontario, Canada; 2Department of Sport
and Exercise Science, Institute of Sport, Manchester Metropolitan University, Manchester, United Kingdom; and 3Toronto
Rehabilitation Institute, Toronto, Ontario, Canada

Abstract

There are reports that females compared to males display increased skeletal muscle oxidative capacity in resting mixed-muscle
fiber samples from the vastus lateralis, including markers of mitochondrial content and capillarization. Given that sex compari-
sons at the mixed-fiber level may be explained by differences in muscle fiber type between males and females, it remains
unclear whether the oxidative capacity of type I and/or II fibers differs between sexes. The purpose of this study was to evaluate
the influence of sex on fiber-specific indices of mitochondrial content and capillarization in healthy untrained males and females.
Resting skeletal muscle samples from eumenorrheic females (n ¼ 14; 23 ± 5 yr; 23.3 ± 3.2 kg/m2) and males (n ¼ 13; 23 ± 4 yr;
23.1 ± 2.4 kg/m2) were analyzed via immunofluorescence staining. There were no sex differences in indices of capillarization (all
P > 0.05) or mitochondrial content (all P > 0.05) in type I or type II muscle fibers. However, we observed lower capillary density
in type II vs. type I muscle fibers in males (280 ± 66 vs. 364 ± 88 capillaries/mm2; P < 0.001) but not females (335 ± 77 vs.
329 ± 48 capillaries/mm2; P ¼ 0.76), owing to greater cross-sectional area (CSA) of type II vs. type I fibers in males only (males
P ¼ 0.03; females P ¼ 0.44). Females compared to males also displayed greater proportionate area of type I fibers (44 ± 12% vs.
31 ± 14%; P ¼ 0.03) and smaller CSA of type IIx fibers (3,033 ± 902 vs. 5,573 ± 1,352 μm2; P ¼ 0.002). Our results suggest that
while muscle fiber type composition and size differ between males and females, there are no sex differences in mitochondrial
content and capillarization of type I or II muscle fibers in untrained adults.

NEW & NOTEWORTHY Research suggests that skeletal muscle oxidative capacity in mixed-fiber muscle homogenates is greater
in females than in males. In healthy, untrained individuals, we demonstrate by fiber-specific immunofluorescence that females
have a greater proportionate area of type I muscle fibers but no difference in mitochondrial content or capillarization of type I or
II fibers compared to males. These findings suggest that although females display a more oxidative fiber type composition, sex
does not influence muscle fiber-specific oxidative capacity.

capillarization; fiber composition; mitochondria; sex differences; skeletal muscle

INTRODUCTION

Sex differences in substrate oxidation during submaximal
aerobic exercise are well documented (1–3). Females have
higher rates of fat oxidation and lower rates of carbohydrate
oxidation compared to males during moderate-intensity con-
tinuous exercise, as evidenced by lower respiratory exchange
ratio (4–9), reduced muscle glycogen utilization (10), and
increased circulating and intramyocellular lipid (IMCL) oxida-
tion (11, 12) during exercise.

Sex differences in fuel utilization during exercise have
largely been attributed to higher circulating concentrations

of 17b-estradiol and progesterone among females compared
to males (5, 13). In addition to this, it is also possible that the
higher rate of fat oxidation among females compared to
males may be explained by sex differences in skeletal muscle
oxidative capacity and substrate storage. Indeed, resting
skeletal muscle characteristics such as greater mitochondrial
and lipolytic enzymes, capillarization, and IMCL content
have been associated with increased fat oxidation during
exercise among other cohorts, such as endurance-trained
adults (14). In direct comparisons of the vastus lateralis mus-
cle between sexes, there are reports that females compared
to males have greater capillary density (15), b-oxidation
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enzymes (16), mitochondrial respiration (17), mitochondrial
content (8, 18), and IMCL storage (11, 19, 20). These findings,
albeit not universal (16, 21, 22), suggest that female skeletal
muscle may be inherently more oxidative than males, at
least when measured at the mixed-fiber level within the
vastus lateralis.

Human skeletal muscle is composed of slow-twitch type I
and fast-twitch type II (type IIa þ type IIx) muscle fibers,
which possess a predominantly more oxidative and glyco-
lytic phenotype, respectively. Although the influence of sex
on skeletal muscle oxidative capacity has been explored in
mixed-fiber samples, limited research has evaluated these
outcomes in a fiber-specific manner. Within the vastus later-
alismuscle, females are reported to exhibit a greater propor-
tionate area of type I fibers relative to type II fibers (type IIa
and type IIx) (15, 23, 24) and a greater proportionate area of
type I fibers relative to males (4, 11, 12, 24, 25). Considering
that type I compared to type II fibers display higher mito-
chondrial content (26, 27), IMCL storage (28), and capillariza-
tion (27, 29), the reported increase in whole muscle indices
of oxidative capacity among female skeletal muscles may be
the result of greater proportionate area of type I fibers as
opposed to intrinsic sex differences within each fiber type.
Comparing the oxidative potential of male and female skele-
tal muscle in a fiber-specific manner would enhance our
basic understanding of sex differences in resting skeletal
muscle metabolism and may improve understanding of the
mechanisms underlying sex differences in substrate metabo-
lism during exercise.

The primary purpose of this study was to investigate the
influence of sex on fiber-specific indices of skeletal mito-
chondrial content and capillarization in healthy males and
females. The secondary objective was to evaluate sex differ-
ences in fiber type distribution, fiber cross-sectional area
(CSA), and proportionate area (relative fiber area expressed
as a percentage of the total area) of type I, IIa, and IIx fibers.
To complement these measures, we compared markers of
mitochondrial content, mitochondrial dynamics (fission and
fusion), and b-oxidation in mixed-fiber muscle homoge-
nates. We hypothesized that females compared to males
would exhibit: 1) higher mitochondrial content and capillari-
zation in type I fibers, with no differences in type II fibers;
2) greater skeletal muscle proportionate area of type I fibers,
smaller CSA of type IIa and IIx fibers, and no differences in
fiber type distribution; and 3) higher protein content of bio-
markers of mitochondrial content, mitochondrial dynamics,
and b-oxidation inmixed-fibermuscle homogenates.

MATERIALS AND METHODS

Participants and Ethics Approval

This study was conducted during COVID-19 restrictions
that precluded data collection on human participants. Thus,
muscle analysis was performed on a convenience sample of
27 healthy, untrained males (n ¼ 13) and eumenorrheic
females (n ¼ 14) matched for age and bodymass index (BMI)
from two previously published studies in our laboratory (30,
31). Participant characteristics are represented in Table 1.
Participants were deemed healthy and untrained based on
self-reported physical activity habits of three or fewer

exercise sessions totaling �150 min of moderate-intensity
physical activity per week (30) or not engaging in whole
body resistance exercise or plyometrics in the past 3 mo (31).
Exclusion criteria included an inability to perform physical
activity as determined by the Physical Activity Readiness
Questionnaire (PAR-Q), regular tobacco or drug use, and/or
diagnosis with a medical condition under the care of a phy-
sician. Females were eumenorrheic and not using hormo-
nal contraceptive medication, and muscle biopsies were
obtained during the early-mid follicular phase of their men-
strual cycle (days 3–10) as determined by the self-reported
onset of menses. Experimental protocols were approved by
the University of Toronto Health Sciences Research Ethics
Board (REB#36374, REB#36371), and procedures were con-
ducted in accordance with the Declaration of Helsinki.
Participants were informed of the study’s experimental
procedures and potential risks before providing written
consent.

Baseline Testing and Pretrial Controls

Following study enrollment, body mass and body com-
position (Bodpod; Cosmed USA, Inc., Concord, CA) were
measured after an 8-h overnight fast. Three days prior to
muscle biopsy sampling, participants wore an accelerome-
ter (wGT3X-BT; Actigraph, Pensacola, FL) to track their
habitual step count and were asked to refrain from exercise
for 24 h before the biopsy. Participants were also provided
with a standardized diet to consume 24 h before tissue col-
lection that was prepared to meet individual energy needs
(Bodpod-derived resting energy expenditure multiplied by
an average activity factor of 1.5) and consisted of 51 ±6% car-
bohydrate, 32±3% fat, and 18± 2% protein.

Skeletal Muscle Biopsy Collection

After �10 min of lying supine, resting skeletal muscle
biopsy samples were collected from the vastus lateralis of
participants after an 8-h overnight fast. Sample collection
was performed with a Bergstrom needle modified for suction
under local anesthesia (1% lidocaine) and sterile conditions.
Muscle samples were cleared of any visible blood, adipose
tissue, or connective tissue. One portion of the collected
muscle sample was quickly snap-frozen in liquid nitrogen,
and a second portion was mounted in optimal cutting tem-
perature compound (VWR International, Mississauga, ON,
Canada) and frozen in liquid nitrogen-cooled isopentane. All
samples were subsequently stored at �80�C for further
analyses.

Table 1. Participant characteristics

Variable Females (n 5 14) Males (n 5 13)

Age, yr 23 ± 5 23 ± 4
BMI, kg/m2 23.3 ± 3.2 23.1 ± 2.4
Body mass, kg 62.5 ± 9.3� 72.4 ± 9.5
Body fat, % 25.5 ± 6.7� 19.2 ± 7.1
Fat mass, kg 16.4 ± 5.3 14.4 ± 7.1
FFM, % 78.4 ± 6.7� 82.9 ± 9.9
FFM, kg 46.8 ± 6.4� 59.7 ± 7.6
Daily step count, steps/day 9,549 ± 5,870 8,316 ± 3,321

Values are means ± SD. BMI, body mass index; FFM, fat-free
mass. �P < 0.05, significantly different from males.
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Immunofluorescence Analyses

Serial cross sections (7 lm) of embedded skeletal muscle
samples were prepared at �22�C and placed onto separate
glass slides, with each slide designated for one of the three
immunofluorescent assays listed in Table 2. Cross sections
were fixed in 4% paraformaldehyde (PFA) on ice for 10 min
(except during the fiber type immunofluorescent stain) and
washed twice for 5 min in 1� PBST. A 5% normal goat serum
(NGS) in 1� PBS blocking solution was then applied to sec-
tions and left to incubate for 60–90 min at room tempera-
ture. After slides were washed for 5 min in 1� PBS three
times, sections were incubated with a primary antibody
diluted in 5% NGS and 1� PBS for the respective incubation
period as shown in Table 2. After incubation with the pri-
mary antibody, slides were washed for 5 min in PBST three
times. Sections were incubated with their respective Alexa
Fluor-conjugated secondary antibodies prepared in a solu-
tion of 1% BSA in 1� PBS for 1 h at room temperature as
shown in Table 2. Then slides were washed for 5 min in 1�
PBST followed by 5min in 1� PBS. DAKO fluorescent mount-
ing medium was applied to sections, and glass covers were
carefully placed onto slides. Slides were allowed to dry
overnight at 4�C for imaging at �20 magnification under an
EVOS FL Auto Cell imaging microscope (ThermoFisher
Scientific, Waltham, MA). Subsequent analysis of captured
images was performed by the same blinded investigator
(C.B.) using ImageJ (Fiji plug-in version 1.5; National
Institutes of Health, Bethesda, MD). Representative images
of immunofluorescent stains are illustrated in Fig. 1.

Fiber type distribution, proportionate area, and cross-
sectional area (CSA) were quantified with cross sections
stained for type I, type IIa, and type IIx skeletal muscle
fibers. Fiber type distribution was determined by counting
all fibers on the muscle cross section (331 ± 77 fibers/partic-
ipant; range: 99–829 fibers) and calculating the proportion
(%) of each fiber type. Fiber type CSA was determined for
54 ± 19 type I fibers, 53 ± 17 type IIa fibers, and 47 ± 25 type
IIx fibers per participant by circling the perimeter of each
fiber type and calculating the mean area for each fiber type
as described by Tan et al. (32). Fiber type proportionate
area was quantified by multiplying the average fiber type
CSA by the fiber type number count and dividing the prod-
uct by the total area of quantified fibers. The threshold

for fiber circularity was set at 0.6 as previously described
(31), and fibers below this threshold were removed from
analysis.

Fiber type-specific mitochondrial content was assessed by
staining for type I fibers (MHCI), type II fibers (panMHCII),
cell borders (laminin), and mitochondria (COX IV) as out-
lined in Table 2. Mitochondrial content was quantified
separately by measuring COX IV pixel intensity in fibers
expressing either MHCI or panMHCII protein: a total of
56± 16 type I and 64± 10 type II fibers per participant, which
is consistent with the number of fibers analyzed by others
(32). Similarly, fiber type specific capillarization was eval-
uated by staining for type I fibers (MHCI), cell borders (lami-
nin), and capillaries (CD31). Type I fibers were identified by
the presence of MHCI protein, whereas type II fibers were
distinguished by the absence of fluorescence (i.e., lack of
MHCI expression). Fiber type capillarization was determined
through analysis of capillary contacts (the number of
capillaries surrounding a single fiber), capillary-to-fiber
(C/Fi) ratio (the number of capillaries per muscle fiber cor-
rected by a sharing factor of the number of fibers that
share a single capillary), capillary density (the number of
capillaries per fiber square millimeter), and capillary-to-
fiber perimeter exchange (CFPE) index (the number of
capillaries shared between fibers along the perimeter of a
single fiber) for 25 ± 8 type I fibers and 28 ± 6 type II fibers
per participant, as described by Hepple (33).

Western Blot Analysis

Mixed-muscle fiber lysates were homogenized on ice in
RIPA buffer solution (65 mM Tris Base, 150 mM NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, and 0.1% sodium
dodecyl sulfate) prepared by adding one tablet of Complete
Mini and EDTA-free Protease Inhibitor Cocktail Tablet and
one tablet of Pierce Phosphatase Inhibitor Mini Tablet
(Roche Applied Science, Mannheim, Germany) to every 10-
mL stock solution of buffer solution. For every 1 mg of frozen
skeletal muscle samples used, 15 lL of RIPA buffer solution
was added. Once homogenization was completed, samples
were centrifuged for 5min at 700 g at 4�C to remove themyofi-
brillar pellet and cell debris. The sarcoplasmic microfraction
(supernatant) was pipetted into newly labeled centrifuge tubes,
and the protein concentrations of extracts were determined

Table 2. Primary and secondary antibody conditions for immunofluorescence assays

IF Assay Target

Primary Antibodies Secondary Antibodies

Dilution Source Product ID Incubation Time Dilution Alexa Fluor Dyes

Fiber-type stain MHCI 1:50 DSHB BA-F8 2 h at RT 1:300 Alexa Fluor 488 nm
MHCIIa 1:50 DSHB SC-71 2 h at RT 1:300 Alexa Fluor 594 nm
MHCIIx 1:50 DSHB 6H1 2 h at RT 1:300 Alexa Fluor 647 nm
Dystrophin 1:25 DSHB MANDYS1(3B7) 2 h at RT 1:300 Alexa Fluor 488 nm
Nuclei 1:10,000 DAPI 5 min at RT

Mitochondrial content stain COX IV 1:500 Cell Signaling 4844 �8 h at 4�C 1:300 Alexa Fluor 488 nm
MHCI 1:1 Prepared by N.H. �8 h at 4�C 1:300 Alexa Fluor 594 nm
Laminin 1:300 Abcam ab11575 �8 h at 4�C 1:300 Alexa Fluor 647 nm
PanMHCII 1:300 Abcam ab91506 �8 h at 4�C 1:300 Alexa Fluor 647 nm

Capillarization stain MHCI 1:1 Prepared by N.H. �8 h at 4�C 1:300 Alexa Fluor 488 nm
Laminin 1:50 Abcam ab11575 �8 h at 4�C 1:300 Alexa Fluor 647 nm
CD31 1:80 Abcam ab28364 �8 h at 4�C 1:300 Alexa Fluor 594 nm

IF, immunofluorescence; RT, room temperature. See GLOSSARY for other abbreviations.
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with a bicinchoninic acid assay (ThermoFisher Scientific,
Rockford, IL). Samples were prepared to equal concentration
(2 lg/lL) by diluting the extracts with lysis buffer and adding
1� Laemmli sample buffer. Western blot samples for the

protein content of b-HAD, MFN2, and DRP1 were denatured
via boiling for 5 min at 95�C before storage of samples at
�80�C.Western blot samples for the quantification of the pro-
tein content of OXPHOS subunits were not boiled before stor-
age of samples at�80�C as permanufacturer’s instructions for
OXPHOS antibody (ab110411; Abcam).

Equal volumes of Western blot samples were loaded into
lanes of 4–20% polyacrylamide Criterion TGX Precast Gel
Cassettes (26 wells) (Bio-Rad Laboratories, Richmond, VA). A
volume of 3 lL of a prestained protein ladder (PageRuler
Plus; ThermoFisher Scientific No. 26617) was loaded into the
first and last well of each gel. Gels were electrophoresed at
200 V for 45min. Once completed, proteins were transferred
onto nitrocellulose membranes at 100 V for 1 h. Ponceau S
was applied to the membranes and rocked for 2 min at room
temperature. Ponceau-stained membranes were imaged to
verify that proteins were successfully transferred onto the
nitrocellulose membranes and control for the variability of
sample loading across lanes of a gel. Membranes were
washed in Tris-buffered saline supplemented with 0.1%
Tween 20 (TBST) for 2 � 2 min to remove Ponceau S staining
before incubation on a rocker for 1 h at room temperature in
a 5% BSA blocking solutionmade in TBST. Membranes were
washed for 2 � 5 min with TBST before incubation overnight
on a rocker at 4�C with primary antibodies (DRP1 no. 8570,
Cell Signaling, Danvers, MA; OXPHOS ab110411, b-HAD
ab154088, MFN2 ab50843; Abcam, United Kingdom) diluted
1:1,000, with the exception of COX IV (COX IV no. 4844;
Abcam, United Kingdom), which was diluted at 1:10,000.
After primary antibody incubation, membranes were washed
for 3 � 5 min in TBST and appropriate species-specific horse-
radish peroxidase (HRP)-conjugated secondary antibodies
(anti-rabbit IgG no. 7074; Cell Signaling, Danvers, MA) were
added at a dilution of 1:10,000 and incubated for 1 h at room
temperature. After secondary antibody incubation, mem-
branes were washed for 3 � 5 min in TBST. Finally, proteins
were detected via chemiluminescence and imaged with the
Fluorochem E Imaging system (Protein Simple; Alpha
Innotech, Santa Clara, CA). The biomarkers of mitochon-
drial content and dynamics selected in this study were
based on their functional roles in mitochondrial function
(34). COX IV and total OXPHOS were used as indicators of
mitochondrial content, given their essential roles in ATP
production through the electron transport chain. DRP1 and
MFN2 were chosen to assess mitochondrial dynamics for
their roles as critical regulatory proteins involved in mito-
chondrial fission and fusion, respectively, which are crucial
for maintaining mitochondrial function and health in mus-
cle fibers.

Protein content was quantified with ImageJ (Fiji plug-in
version 1.5; National Institutes of Health, Bethesda, MD) by

Figure 1. Fiber-type immunofluorescent stains. A and B: representative
images of female (A) and male (B) myosin heavy chain (MHC) isoform
immunofluorescence of MHCI (green), MHCIIa (red), MHCIIx (yellow),
nuclei (blue), and dystrophin (green). C–F: representative images of cyto-
chrome c oxidase (COX) IV (green) and MHC isoform immunofluorescence
of MHCI (red), panMHCII (yellow), and laminin (yellow), from a female
(C and E) and a male (D and F) participant, respectively. G–J: representa-
tive images of female (G and I) and male (H and J) MHC isoform immuno-
fluorescence of MHCI (green), laminin (yellow), and CD31 (red). Images
captured at�20magnification.
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calculating pixel intensity. To control for potential variability
in protein content between gels, the pixel intensity of bands
was normalized to pixel intensity of a control sample (mixed
homogenate from all samples) that was loaded on every gel.
Values were then normalized to the pixel intensity of the
Ponceau stain for each respective lane to account for variabil-
ity in protein loading and transfer efficiency between lanes.

Statistical Analyses

All data are expressed as means ± standard deviation (SD).
Baseline characteristics between sexes were compared by
independent Student t tests. Dependent variables were
inspected for normality with the Shapiro–Wilk test. A two-
way mixed-model analysis of variance (ANOVA) was per-
formed to determine the effect of fiber type (type I, type IIa,
and type IIx; within factor) and sex (female andmale; between
factor) on fiber type distribution, CSA, and proportionate
area. To evaluate differences in fiber-specific COX IV protein
intensity and capillarization, a two-waymixed-model ANOVA
was performed with fiber type (type I and type II) as the
within factor and sex (female andmale) as the between factor.
In the event an ANOVA yielded a significant interaction, pair-
wise comparisons within each sex and between fiber types
were determined post hoc with Bonferroni–Holm-corrected
t tests as described by Holm (35). Sex differences in the pro-
tein content of mixed-fiber muscle outcomes analyzed via
Western blotting were assessed by independent Student
t tests. Statistical significance for all analyses was accepted at
P< 0.05. Effect sizes for ANOVA tests were calculated as par-
tial eta squared (g2

p), where <0.05 represents a small effect,
0.06–0.13 represents a moderate effect, and>0.14 represents
a large effect. All statistical analyses were performedwith IBM
SPSS version 25.0 (IBM Co., Armonk, NY), and figures were
produced with Prism (GraphPad Software, San Diego, CA). All
analyses are presented as n ¼ 14 females and n ¼ 13 males
unless otherwise reported. Outliers were identified as falling
outside ±2 standard deviations (SDs) from the mean and ±1.5
times the interquartile range above the upper quartile/below
the lower quartile, as described in previous literature (36, 37).
For muscle fiber type distribution, outliers and participants
withmissing values for a single fiber type were identified and
winsorized by replacement with the subsequent minimum or
maximum sex- and fiber type-specific value. Similarly, data of
participants with outliers or missing values for a single fiber
type for CSA were replaced via previous or next value data
imputation considering the trend of fiber type CSA in the
whole dataset (36, 38). Owing to weak staining that resulted in
n ¼ 2 being unquantifiable after multiple staining attempts,
indices of fiber type capillarization were analyzed on n ¼ 13
females and n ¼ 12 males. Protein content analysis of mixed-
fiber muscle homogenates was conducted in n ¼ 14 females.
Formales, n¼ 12 samples were available for DRP1, MFN2, and
b-HAD, whereas n¼ 11 samples were available for COX IV and
total OXPHOS because of limited sample availability.

RESULTS

Participant Characteristics

Participant characteristics are displayed in Table 1. There
was no difference in age (P ¼ 0.85), BMI (P ¼ 0.83), and daily

step count (P ¼ 0.51) between sexes. Compared to males,
females had lower body mass (P ¼ 0.01) and fat-free mass
(P¼ 0.01) and greater percentage of body fat (P¼ 0.03).

Fiber Type Distribution, Cross-Sectional Area, and
Proportionate Area

The hierarchy of fiber type distribution in males was type
IIa > type I > type IIx, whereas in females it was type I >
type IIa> type IIx. There was a main effect of fiber type (P <

0.001; g2
p ¼ 0.28) such that the distributions of type I

(36± 13%; P ¼ 0.001) and type IIa (40± 10%; P < 0.001) fibers
were greater than that of type IIx fibers (24 ± 13%; P < 0.001;
Table 3). However, there was nomain effect of sex (P ¼ 0.20;
g2
p ¼ 0.07) or interaction between sex and fiber type on fiber

type distribution (P¼ 0.20; g2
p ¼ 0.06).

The hierarchy of fiber type CSA for males was type IIa >
type I > type IIx, whereas in females it was type I > type
IIa > type IIx. There was no main effect of sex (P ¼ 0.123;
g2
p ¼ 0.09) but a main effect of fiber type (P < 0.001; g2

p ¼
0.56) and an interaction between sex and fiber type (P ¼
0.005; g2

p ¼ 0.19) on CSA (Table 3). Post hoc testing revealed
that type IIx fibers were 35% larger in males compared to
females (P ¼ 0.03), but there was no difference between
sexes in the CSA of type I (P ¼ 0.99) or type IIa (P ¼ 0.19)
fibers. Type IIa fibers were 15% larger than type I fibers (P ¼
0.03) inmales, but no difference was observed between these
fiber types in females (P¼ 0.44). Additionally, type IIx fibers
were smaller than both type I (46%; P < 0.001) and type IIa
(42%; P < 0.001) fibers in females and smaller than type IIa
fibers inmales (26%; P< 0.01).

The hierarchy of fiber type proportionate area for males
was type IIa > type I > type IIx, whereas in females it was
type I > type IIa > type IIx. There was a main effect of fiber
type (P < 0.001; g2

p ¼ 0.46) and an interaction between sex

and fiber type (P¼ 0.016; g2
p ¼ 0.15) on fiber type proportion-

ate area (Fig. 2). Post hoc testing revealed that females had a
greater proportionate area of type I fibers compared tomales
(44± 12% vs. 31 ± 14%; P ¼ 0.03). Within the male partici-
pants, the proportionate area of type IIa fibers was greater
than that of type IIx (47± 14% vs. 22± 15%; P¼ 0.02) and type
I (31 ± 14%; P ¼ 0.07) fibers. Within female participants, the
proportionate areas of both type I (44± 12%; P < 0.001) and
type IIa (40± 7%; P < 0.001) fibers were greater than that
of type IIx (16 ± 9%) fibers, but there was no difference
between type I and type IIa fibers (P¼ 0.25).

Fiber-Specific Mitochondrial Content

There was no main effect of fiber type (P ¼ 0.5; g2
p ¼ 0.02)

or sex (P ¼ 0.48; g2
p ¼ 0.02), or interaction between sex and

fiber type (P ¼ 0.42; g2
p ¼ 0.03), on fiber-specific COX IV

intensity (Table 3).

Fiber Type Capillarization

Analyses of capillary contacts, C/Fi ratio, and CFPE index
revealed nomain effects of fiber type (capillary contacts: P¼
0.65, g2

p ¼ 0.01; C/Fi ratio: P ¼ 0.41, g2
p ¼ 0.03; CFPE index:

P ¼ 0.28, g2
p ¼ 0.05) or sex (capillary contacts: P ¼ 0.67, g2

p ¼
0.14; C/Fi ratio: P ¼ 0.06, g2

p ¼ 0.146; CFPE index: P ¼ 0.49,
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g2
p ¼ 0.02), or interaction between sex and fiber type (capil-

lary contacts: P ¼ 0.44, g2
p ¼ 0.03; C/Fi ratio: P ¼ 0.66, g2

p ¼
0.01; CFPE index: P ¼ 0.78, g2

p ¼ 0.003), as illustrated in
Table 3. Measurement of capillary density revealed that
there was no main effect of sex (P ¼ 0.71; g2

p ¼ 0.006) but a
main effect of fiber type (P¼ 0.005; g2

p ¼ 0.3) and an interac-
tion between sex and fiber type (P ¼ 0.001; g2

p ¼ 0.37), as
illustrated in Table 3. Post hoc testing revealed that capillary
density was greater in type I versus type II fibers in males
(364±88 vs. 280±66 capillaries/mm2; P < 0.001) but not
females (329±48 vs. 335± 77 capillaries/mm2; P¼ 0.76).

Western Blotting

There were no differences between males and females for
protein content of b-HAD (P ¼ 0.37), MFN2 (P ¼ 0.90), or
DRP1 (P ¼ 0.65) (Fig. 3). Similarly, there were no differences
between sexes in the protein content of complex II subunit
30 kDa (P¼ 0.30), complex III subunit Core 2 (P¼ 0.53), com-
plex IV subunit II (P ¼ 0.93), and ATP synthase a-subunit
(P¼ 0.71) (Fig. 3).

DISCUSSION

The primary objective of this study was to investigate the
influence of sex on fiber-specific indices of skeletal muscle
mitochondrial content and capillarization in healthy males
and eumenorrheic females. To complement these measure-
ments, we also quantified sex differences in fiber type distri-
bution, CSA, and proportionate area as well as mixed-muscle
fiber indices of oxidative capacity. Contrary to our hypothe-
sis, we observed no sex differences in indices of mitochon-
drial content or capillarization in type I or type II fibers.
Similarly, there were no sex differences in indices of mito-
chondrial content, mitochondrial dynamics, or b-oxidation
in mixed-fiber muscle homogenates. However, we observed
lower capillary density of type II fibers versus type I fibers in
males but not females, owing to the greater CSA of type IIa
versus type I fibers among males only. In addition, females
displayed greater proportionate area of type I fibers com-
pared tomales, a result that was attributed to sex differences
in fiber type CSA and distribution. Collectively, these results
suggest that while there are sex differences in skeletal

muscle fiber type size and proportionate area, there are no
differences in mitochondrial content and capillarization
of type I or II fibers among healthy untrained males and
females.

Previous research has investigated sex differences in
mixed-muscle fiber mitochondrial content of the vastus lat-
eralis, with some reports demonstrating greater COX IV pro-
tein content (18) and mitochondrial volume density (8) in
females compared to males. However, to the best of our
knowledge, no study has investigated whether these sex dif-
ferences in mitochondrial content are found within type I
and/or type II muscle fibers. Using immunofluorescent
staining of COX IV, we observed no difference in mitochon-
drial content of type I or type II fibers among healthy
untrained males and females. We also failed to demonstrate
sex differences in indices of mitochondrial content at the
mixed-fiber level, as reflected by similar content of proteins
in the electron transport chain, including COX IV. Others
have also reported no sex difference in the protein content of
COX IV and other electron transport chain proteins in resting
mixed-fiber muscle homogenates from males and females
(16, 22). The discrepancy between our findings and those of
Scalzo et al. (18) and Montero et al. (8), who reported
increased mitochondrial content among females compared
to males, may be due to methodological differences between
studies such as a lower fitness of participants in the present
investigation. Moreover, Montero et al. (8) observed sex dif-
ferences in skeletal muscle mitochondrial volume density
(MitoVD) via transmission electron microscopy, which may
be a more sensitive technique for quantifying potentially
small differences in mitochondrial content between sexes.
Nonetheless, the present findings suggest that there is no
difference in mitochondrial content of type I or II fibers, or
mixed-fiber muscle homogenates, between untrained males
and females by immunofluorescent staining of COX IV.
Future investigations should investigate fiber-specific mito-
chondrial content among trained males and females who,
based on previous research (8), may differ in mitochondrial
content at themixed-fiber level.

While sex differences in fiber-specific mitochondrial con-
tent were not observed within the present study, we did
observe that females displayed a greater proportionate area

Table 3. Muscle fiber-type characteristics in females and males

Variable

Female Male

Type I Type IIa Type IIx Type I Type IIa Type IIx

Fiber type distribution, % 40 ± 11d 38 ± 5d 22 ± 12 32 ± 13d 43 ± 14d 25 ± 15
Cross-sectional area, lm2 4,822 ± 1,390# 4,651 ± 1,397# 3,033 ± 902� 4,814 ± 1,440 5,573 ± 1,352†# 4,298 ± 1,412
Proportionate area, % 44 ± 12#� 40 ± 7# 16 ± 9 31 ± 14 47 ± 14# 22 ± 15
COX IV protein intensity, a.u. 12.71 ± 2.81 12.72 ± 2.47 13.50 ± 2.43 13.32 ± 2.29
Capillary contacts 3.73 ± 0.86 3.53 ± 0.88 4.26 ± 1.26 4.32 ± 0.68
C/Fi ratio 1.39 ± 0.35 1.31 ± 0.35 1.64 ± 0.51 1.62 ± 0.29
Capillary density, capillaries/mm2 329 ± 48 335 ± 77 364 ± 88^ 280 ± 66
CFPE index 5.3 ± 0.63 5.13 ± 0.98 5.6 ± 1.40 5.32 ± 0.88

Data are expressed as means ± SD. Fiber type distribution (%) and cross-sectional area (μm2) and proportionate area (%) of type I, type
IIa, and type IIx fibers measured in biopsy samples of females (n ¼ 14) and males (n ¼ 13). Mitochondrial content as determined by COX
IV protein intensity (a.u.) measured in biopsy samples of females (n ¼ 14) and males (n ¼ 13) in type I and type II fibers. Fiber-type spe-
cific capillary contacts, capillary-to-fiber (C/Fi) ratio, capillary density, and capillary-to-fiber perimeter exchange (CFPE) index measured
in biopsy samples of females (n ¼ 13) and males (n ¼ 12) in type I and type II fibers. Significantly different: �P < 0.05, vs. male in respec-
tive fiber type; #P < 0.05, vs. type IIx fibers in respective sex; †P < 0.05, vs. type I in respective sex, ^P < 0.05, vs. type II fibers in respec-
tive sex; dP < 0.05, vs. type IIx fibers irrespective of sex.
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of oxidative type I fibers compared tomales (44% vs. 31%). In
addition, males had greater proportionate area of type II ver-
sus type I fibers (47% vs. 31%), whereas there was no signifi-
cant difference between these two fiber types in females
(40% type II vs. 44% type I). These findings are consistent
with others who have demonstrated greater proportionate
area of type I fibers among females compared to males in
sedentary (25), untrained (4, 11), recreationally active (13),
and trained (11, 12) adults. For example, Staron and col-
leagues (24) demonstrated among a large cohort of females
(n¼ 55) andmales (n¼ 95) that females had a greater propor-
tionate area of type I fibers when assessed via ATPase histo-
chemical analysis (�44% vs. 36%) and relative MHCI
isoform percentage by SDS-PAGE electrophoresis (�41% vs.
34%). Additionally, Nuzzo (39) concluded through a meta-

analysis of 16 studies that females compared to males had a
greater proportionate area of type I fibers (�47% vs. 38%),
whereas males had a greater proportionate area of type IIa
fibers compared to females (�50% vs. 54%). Given the lack of
sex difference in mitochondrial content at the fiber-specific
level in the present study, it remains possible that an
increased proportionate area of type I fibers among females
contributes to previously reported sex differences in skeletal
muscle oxidative capacity.

Sex differences in skeletal muscle capillarization have
been previously investigated at a mixed-fiber level. For
example, Roepstorff and colleagues (12) reported a 23%
higher capillary density within the vastus lateralis among
endurance-trained females compared to males. However,
this is not a universal finding, as no difference has been

Figure 2. Fiber type composition. Fiber type distribution (%;
A), cross-sectional area (μm2; B), and proportionate area (%;
C) of type I, type IIa, and type IIx fibers measured in biopsy
samples from the vastus lateralis of females (n ¼ 14) and
males (n ¼ 13). Significantly different (P < 0.05): �compared
to males for respective fiber type, #compared to type IIx
fibers for respective sex, †compared to type I in respective
sex, and d compared to type IIx fibers irrespective of sex, as
determined by post hoc analysis following significant (P <
0.05) interaction of fiber type � sex of ANOVA. Data are
expressed as means ± SD.
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observed between sexes in other cohorts of endurance-
trained adults (8, 40) or sedentary adults over 65 yr (41). To
the best of our knowledge, our analysis is the first to evaluate
indices of skeletal muscle capillarization in a sex- and fiber-
specific manner or among untrained adults. We observed no
difference between males and females in capillary contacts,
C/Fi ratio, and CFPE index of type I or type II fibers in the
present study. However, it should be noted that there was a
trend for males to display greater capillary contacts (P ¼
0.06, g2

p ¼ 0.14) and capillary-to-fiber ratio (P ¼ 0.06, g2
p ¼

0.15) compared to females. Our sample size may have pre-
cluded our ability to detect this difference and thus may
reflect a type II error. However, the lack of statistical differ-
ence between sexes is consistent with themajority of investi-
gations at the mixed-fiber level (8, 40–42) but conflicts with
that of Roepstorff and colleagues (12), who observed higher
capillary density in females compared to males. Differences
between our results and those of Roepstorff et al. (12) may be
explained by the lower training status of participants in the
present study, differences in antibodies used tomeasure capil-
larization, and/or quantification of capillary density using
fiber-specific (vs. mixed fiber) capillary contacts and CSA.

While there were no apparent sex differences in capillari-
zation within type I or type II fibers, the difference in capilla-
rization between fiber types varied by sex. Classic literature
suggests that type II fibers have lower capillary density com-
pared to type I fibers (27, 29). However, in the present study
this finding was only observed in males and not females.
The only other study to our knowledge to investigate sex dif-
ferences in fiber-specific indices of capillarization came to
similar conclusions (43). For example, healthy recreationally
active males had lower capillary density in type II compared
to type I fibers (43), whereas females displayed the reverse,
whereby the capillary density of type I fibers was lower than
that of type II fibers (43). Given that capillary contacts did
not differ between type I and II fibers in males or females in
our study or Barnouin et al. (43), sex differences in capillary
density of type I versus type II fibers were mediated by dif-
ferences in CSA of the fiber types. Indeed, in the present
study, the CSA of type II fibers was 15% larger than that of
type I fibers in males, consistent with classic literature (24,

27), whichmathematically resulted in lower capillary density
of type II muscle fibers. In contrast, there was no difference
in CSA between type I and II fibers among females, consist-
ent with others (12, 25), resulting in no difference in capillary
density between fiber types. In Barnouin et al. (43), the
authors observed greater CSA of type I relative to type II
fibers among females, which explained the higher capillary
density among type II fibers in that investigation. Smaller
muscle fiber CSA, in addition to fewer “large” type IIa fibers,
also seems to have driven the greater capillary density among
females at the mixed-fiber level reported previously (12).
Collectively, the classically reported increase in capillary den-
sity among type I versus type II fibers is mediated by
increased CSA of type II fibers, which our results suggest is
sex specific and observed inmales only.

Our analysis also demonstrated sex differences in muscle
fiber CSA that were fiber type specific. The CSAs of type IIa
and IIx fibers were 18% and 35% larger in males compared to
females, respectively, whereas there was a <1% difference
among type I fibers between sexes. Our results are consistent
with others that have demonstrated greater muscle fiber CSA
of type IIa and IIx fibers in both sedentary (25) and moder-
ately trained (40, 44) males compared to females (11, 25, 39).
Although the difference in type IIa fiber CSA between sexes
was not statistically significant in the present study, the dif-
ference is of comparable magnitude to previous research
(�18%) (24, 25) and the effect size (g ¼ 0.67) is consistent
with a recent meta-analysis on sex differences in skeletal
muscle fiber composition (g ¼ 0.81) (39). It is likely that
we were underpowered to detect a significant difference
between sexes, most likely because of an observed higher
standard error than classically reported for type IIa CSA (45).
Regarding type I muscle fibers, we observed no sex differ-
ence in CSA, which is consistent with many earlier reports
(15, 40, 43, 46–48). Although some studies with larger sam-
ple sizes have observed significantly greater type I fiber mus-
cle CSA among males compared to females (24, 25), the
magnitude of difference is typically smaller than that
observed in type II fibers.

Limited research has investigated sex differences in indi-
ces of skeletal musclemitochondrial dynamics. Montero and

Figure 3.Whole muscle protein content of biomarkers associated with b-oxidation, mitochondrial dynamics, and mitochondrial content. A: measured in
biopsy samples from the vastus lateralis of females (n ¼ 14) and males (n ¼ 12 for b-HAD, MFN2, and DRP1; n ¼ 11 for COX IV and total OXPHOS) ana-
lyzed via Western blotting. B: Western blots from a representative male and female participant. Data are expressed as means ± SD. a.u., Arbitrary units.
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colleagues (8) observed no difference in protein content of
the mitochondrial fusion protein MFN2 among aerobically
trained males and females. Consistent with these observa-
tions, we observed no sex difference inMFN2 ormitochondrial
fission protein DRP1 among untrained adults, suggesting no
difference in mitochondrial dynamics between males and
females. Furthermore, we also observed no difference between
sexes in the protein content of b-HAD, consistent with others
(13, 23, 47). Despite the lack of sex difference inmitochondrial
dynamics and fat metabolism potential assessed via protein
content, mRNA content or activity may differ between sexes
given previously observed differences in the global mRNA of
genes related to lipidmetabolism andmitochondrial function
(23). Indeed, females have been demonstrated to have greater
mixed-muscle fiber b-HADmRNA content and b-HAD activity
at rest compared to males despite no sex difference in b-HAD
protein content (23).

Although the findings of the present study provide novel
insight into fiber-specific sex differences in skeletal muscle
oxidative capacity, we acknowledge limitations within our
study design. This study was conducted retrospectively on
previously collected resting muscle biopsy samples from two
studies (30, 31) that did not measure participant V_ O2max or
substrate metabolism during exercise. As a result, we were
unable to match sexes for fitness or examine relationships
between skeletal muscle measurements and exercise fuel
utilization. Future studies are needed that investigate the
relationship between fiber-specific characteristics and exer-
cise metabolism and/or performance between sexes to elu-
cidate the functional significance of findings reported here.
Regarding our analytical methods, we did not observe the
classically higher mitochondrial content among type I ver-
sus type II fibers with the COX IV immunofluorescent stain
despite using similar methodology as others (32). We have
previously observed fiber-specific differences of 13–18%
in untrained individuals using this methodology (32).
Discrepancies between studies may be a result of small
sample sizes, interindividual variability, and/or the sensi-
tivity of the semiquantitative methodology employed.
Additionally, we did not distinguish between type IIa and
IIx fibers when assessing fiber-specific mitochondrial con-
tent and capillarization, owing to methodological con-
straints. It is possible that sex differences in mitochondrial
content and capillarization in type IIa or IIx fibers may
have gone unnoticed; however, the analytical methods
available at the time did not allow for this analysis. Because
of limited sample availability, we were also unable to per-
form fiber-specific SDS-PAGE or mixed-muscle mitochon-
drial enzyme activity measurements. Finally, hybrid fibers
identified as fluorescing for two MHC isoforms were
excluded from analyses of all fiber type outcomes, as there
were insufficient hybrid fibers to be appropriately analyzed.
As suggested by others (24, 49), it is possible that sex differ-
ences may exist in the characteristics of hybrid fibers,
which remains a fruitful area for future investigation.

To conclude, we observed no sex differences in indices of
mitochondrial content or capillarization in type I or type II
fibers among healthy untrained males and eumenorrheic
females. However, reduced capillary density of type II versus
type I fibers was sex specific and observed in males only, a
finding that was attributed to increased size of type II fibers

in male but not female skeletal muscle. Consistent with pre-
vious literature, we also observed increased proportionate
area of type I fibers among females compared to males.
Collectively, these results demonstrate that although sex
influences skeletal muscle fiber type proportionate area and
size, there are limited differences in fiber-specific indices of
mitochondrial content and capillarization among healthy
untrained adults.

GLOSSARY

ANOVA Analysis of variance
b-HAD 3-Beta-hydroxyacyl-CoA dehydrogenase
BMI Body mass index
BSA Bovine serum albumin
CD31 Endothelial cell adhesion molecule 1
CFPE index Capillary-to-fiber exchange index
C/Fi ratio Capillary-to-fiber ratio
COX Cytochrome c oxidase
CSA Cross-sectional area
DSHB Developmental Studies Hybridoma Bank
FFM Fat-free mass
IMCL Intramyocellular lipid
MFN2 Mitofusin-2
MHCI Myosin heavy chain 1
MHCIIa Myosin heavy chain IIa
MHCIIx Myosin heavy chain IIx
MitoVD Mitochondrial volume density
NGS Normal goat serum
OXPHOS Oxidative phosphorylation
PBS Phosphate-buffered saline solution
PBST Phosphate-buffered saline solution with a low-con-

centration detergent solution
PFA Paraformaldehyde
SD Standard deviation
TBST Tris-buffered saline with a low-concentration deter-

gent solution
RER Respiratory exchange ratio
V_ o2max Maximal oxygen consumption

DATA AVAILABILITY

The data supporting the findings of this study are included
within text, figures, and tables of the present article.

SUPPLEMENTAL MATERIAL

Supplemental Material: https://doi.org/10.6084/m9.figshare.
28924034.v1.

ACKNOWLEDGMENTS

Graphical abstract created with a licensed version of
BioRender.com.

GRANTS

This study was supported by a Natural Sciences and Engineering
Research Council (NSERC) Discovery Grant (RGPIN-2020–05779)
and an American College of Sports Medicine Research Endowment
to J.B.G. and a NSERC Discovery Grant to D.R.M. (RGPIN-2015–
04251). N.H. was supported by a Mitacs Accelerate Postdoctoral

FIBER-SPECIFIC SKELETAL MUSCLE SEX DIFFERENCES

R78 AJP-Regul Integr Comp Physiol � doi:10.1152/ajpregu.00298.2024 � www.ajpregu.org

Downloaded from journals.physiology.org/journal/ajpregu at Manchester Metropolitan Univ (149.170.091.045) on July 21, 2025.

https://doi.org/10.6084/m9.figshare.28924034.v1
https://doi.org/10.6084/m9.figshare.28924034.v1
http://www.ajpregu.org


Fellowship (IT15730), and S.A.S. was supported by a NSERC
Postgraduate Scholarship.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

C.B., N.H., and J.B.G. conceived and designed research; C.B.,
N.H., S.A.S., D.R.M., and J.B.G. performed experiments; C.B. and
N.H. analyzed data; C.B., N.H., and J.B.G. interpreted results of
experiments; C.B. prepared figures; C.B. and N.H. drafted manu-
script; C.B., N.H., S.A.S., D.K., D.R.M., and J.B.G. edited and revised
manuscript; C.B., N.H., S.A.S., D.K., D.R.M., and J.B.G. approved
final version of manuscript.

REFERENCES

1. Ansdell P, Thomas K, Hicks KM, Hunter SK, Howatson G, Goodall
S. Physiological sex differences affect the integrative response to
exercise: acute and chronic implications. Exp Physiol 105: 2007–
2021, 2020. doi:10.1113/EP088548.

2. Boisseau N, Isacco L. Substrate metabolism during exercise: Sexual
dimorphism and women’s specificities. Eur J Sport Sci 22: 672–683,
2022. doi:10.1080/17461391.2021.1943713.

3. Devries MC. Sex-based differences in endurance exercise muscle
metabolism: impact on exercise and nutritional strategies to opti-
mize health and performance in women. Exp Physiol 101: 243–249,
2016. doi:10.1113/EP085369.

4. Carter SL, Rennie C, Tarnopolsky MA. Substrate utilization during
endurance exercise in men and women after endurance training.
Am J Physiol Endocrinol Metab 280: E898–E907, 2001. doi:10.1152/
ajpendo.2001.280.6.E898.

5. Devries MC, Hamadeh MJ, Graham TE, Tarnopolsky MA. 17b-
Estradiol supplementation decreases glucose rate of appearance
and disappearance with no effect on glycogen utilization during
moderate intensity exercise in men. J Clin Endocrinol Metab 90:
6218–6225, 2005. [Erratum in J Clin Endocrinol Metab 91: 1217,
2006]. doi:10.1210/jc.2005-0926.

6. Diaz-Canestro C,Montero D. Unveiling women’s powerhouse. Exp
Physiol 105: 1060–1062, 2020. doi:10.1113/EP088395.

7. Fu MH,Maher AC, Hamadeh MJ, Ye C, Tarnopolsky MA. Exercise,
sex, menstrual cycle phase, and 17b-estradiol influence metabolism-
related genes in human skeletal muscle. Physiol Genomics 40: 34–
47, 2009. doi:10.1152/physiolgenomics.00115.2009.

8. Montero D, Madsen K, Meinild-Lundby AK, Edin F, Lundby C.
Sexual dimorphism of substrate utilization: differences in skeletal
muscle mitochondrial volume density and function. Exp Physiol 103:
851–859, 2018. doi:10.1113/EP087007.

9. Tarnopolsky MA. Sex differences in exercise metabolism and the
role of 17-beta estradiol. Med Sci Sports Exerc 40: 648–654, 2008.
doi:10.1249/MSS.0b013e31816212ff.

10. Tarnopolsky LJ, MacDougall JD, Atkinson SA, Tarnopolsky MA,
Sutton JR. Gender differences in substrate for endurance exercise.
J Appl Physiol (1985) 68: 302–308, 1990. doi:10.1152/jappl.1990.68.1.
302.

11. Steffensen CH, Roepstorff C,Madsen M, Kiens B.Myocellular triac-
ylglycerol breakdown in females but not in males during exercise.
Am J Physiol Endocrinol Metab 282: E634–E642, 2002. doi:10.1152/
ajpendo.00078.2001.

12. Roepstorff C, Steffensen CH,Madsen M, Stallknecht B, Kanstrup
IL, Richter EA, Kiens B. Gender differences in substrate utilization
during submaximal exercise in endurance-trained subjects. Am J
Physiol Endocrinol Metab 282: E435–E447, 2002. doi:10.1152/
ajpendo.00266.2001.

13. Maher AC, Akhtar M, Tarnopolsky MA. Men supplemented with
17beta-estradiol have increased beta-oxidation capacity in skele-
tal muscle. Physiol Genomics 42: 342–347, 2010. doi:10.1152/
physiolgenomics.00016.2010.

14. Shaw CS, Swinton C,Morales-Scholz MG,McRae N, Erftemeyer T,
Aldous A,Murphy RM, Howlett KF. Impact of exercise training sta-
tus on the fiber type-specific abundance of proteins regulating intra-
muscular lipid metabolism. J Appl Physiol (1985) 128: 379–389,
2020. doi:10.1152/japplphysiol.00797.2019.

15. Roepstorff C, Thiele M, Hillig T, Pilegaard H, Richter EA,
Wojtaszewski JF, Kiens B. Higher skeletal muscle a2 AMPK activa-
tion and lower energy charge and fat oxidation in men than in
women during submaximal exercise. J Physiol 574: 125–138, 2006.
doi:10.1113/jphysiol.2006.108720.

16. Miotto PM, McGlory C, Holloway TM, Phillips SM, Holloway GP.
Sex differences in mitochondrial respiratory function in human skele-
tal muscle. Am J Physiol Regul Integr Comp Physiol 314: R909–R915,
2018. doi:10.1152/ajpregu.00025.2018.

17. Cardinale DA, Larsen FJ, Schiffer TA,Morales-Alamo D, Ekblom B,
Calbet JA, Holmberg HC, Boushel R. Superior intrinsic mitochon-
drial respiration in women than in men. Front Physiol 9: 1133, 2018.
doi:10.3389/fphys.2018.01133.

18. Scalzo RL, Peltonen GL, Binns SE, Shankaran M, Giordano GR,
Hartley DA, Klochak AL, Lonac MC, Paris HL, Szallar SE,Wood LM,
Peelor FF, Holmes WE, Hellerstein MK, Bell C, Hamilton KL,Miller
BF. Greater muscle protein synthesis and mitochondrial biogenesis
in males compared with females during sprint interval training.
FASEB J 28: 2705–2714, 2014. doi:10.1096/fj.13-246595.

19. Devries MC, Lowther SA, Glover AW, Hamadeh MJ, Tarnopolsky
MA. IMCL area density, but not IMCL utilization, is higher in women
during moderate-intensity endurance exercise, compared with men.
Am J Physiol Regul Integr Comp Physiol 293: R2336–R2342, 2007.
doi:10.1152/ajpregu.00510.2007.

20. Tarnopolsky MA, Rennie CD, Robertshaw HA, Fedak-Tarnopolsky
SN, Devries MC, Hamadeh MJ. Influence of endurance exercise
training and sex on intramyocellular lipid and mitochondrial ultra-
structure, substrate use, and mitochondrial enzyme activity. Am J
Physiol Regul Integr Comp Physiol 292: R1271–R1278, 2007. doi:10.
1152/ajpregu.00472.2006.

21. Roepstorff C, Donsmark M, Thiele M, Vistisen B, Stewart G,
Vissing K, Schjerling P, Hardie DG, Galbo H, Kiens B. Sex differen-
ces in hormone-sensitive lipase expression, activity, and phosphoryl-
ation in skeletal muscle at rest and during exercise. Am J Physiol
Endocrinol Metab 291: E1106–E1114, 2006. doi:10.1152/ajpendo.
00097.2006.

22. Monaco CM, Bellissimo CA, Hughes MC, Ramos SV, Laham R,
Perry CG, Hawke TJ. Sexual dimorphism in human skeletal muscle
mitochondrial bioenergetics in response to type 1 diabetes. Am J
Physiol Endocrinol Metab 318: E44–E51, 2020. doi:10.1152/ajpendo.
00411.2019.

23. Maher AC, Fu MH, Isfort RJ, Varbanov AR, Qu XA, Tarnopolsky
MA. Sex differences in global mRNA content of human skeletal mus-
cle. PLoS One 4: e6335, 2009. doi:10.1371/journal.pone.0006335.

24. Staron RS, Hagerman FC, Hikida RS, Murray TF, Hostler DP, Crill
MT, Ragg KE, Toma K. Fiber type composition of the vastus lateralis
muscle of young men and women. J Histochem Cytochem 48: 623–
629, 2000. doi:10.1177/002215540004800506.

25. Simoneau JA, Bouchard C. Human variation in skeletal muscle
fiber-type proportion and enzyme activities. Am J Physiol Endocrinol
Metab 257: E567–E572, 1989. doi:10.1152/ajpendo.1989.257.4.E567.

26. Gouspillou G, Sgarioto N, Norris B, Barbat-Artigas S, Aubertin-
Leheudre M, Morais JA, Burelle Y, Taivassalo T, Hepple RT. The
relationship between muscle fiber type-specific PGC-1a content and
mitochondrial content varies between rodent models and humans.
PLoS One 9: e103044, 2014. doi:10.1371/journal.pone.0103044.

27. Ingjer F. Capillary supply and mitochondrial content of different skel-
etal muscle fiber types in untrained and endurance-trained men. A
histochemical and ultrastructural study. Eur J Appl Physiol Occup
Physiol 40: 197–209, 1979. doi:10.1007/BF00426942.

28. van Loon LJ. Use of intramuscular triacylglycerol as a substrate
source during exercise in humans. J Appl Physiol (1985) 97: 1170–
1187, 2004. doi:10.1152/japplphysiol.00368.2004.

29. Snijders T, Nederveen JP, Joanisse S, Leenders M, Verdijk LB, van
Loon LJ, Parise G. Muscle fibre capillarization is a critical factor in
muscle fibre hypertrophy during resistance exercise training in older
men. J Cachexia Sarcopenia Muscle 8: 267–276, 2017. doi:10.1002/
jcsm.12137.

FIBER-SPECIFIC SKELETAL MUSCLE SEX DIFFERENCES

AJP-Regul Integr Comp Physiol � doi:10.1152/ajpregu.00298.2024 � www.ajpregu.org R79

Downloaded from journals.physiology.org/journal/ajpregu at Manchester Metropolitan Univ (149.170.091.045) on July 21, 2025.

https://doi.org/10.1113/EP088548
https://doi.org/10.1080/17461391.2021.1943713
https://doi.org/10.1113/EP085369
https://doi.org/10.1152/ajpendo.2001.280.6.E898
https://doi.org/10.1152/ajpendo.2001.280.6.E898
https://doi.org/10.1210/jc.2005-0926
https://doi.org/10.1113/EP088395
https://doi.org/10.1152/physiolgenomics.00115.2009
https://doi.org/10.1113/EP087007
https://doi.org/10.1249/MSS.0b013e31816212ff
https://doi.org/10.1152/jappl.1990.68.1.302
https://doi.org/10.1152/jappl.1990.68.1.302
https://doi.org/10.1152/ajpendo.00078.2001
https://doi.org/10.1152/ajpendo.00078.2001
https://doi.org/10.1152/ajpendo.00266.2001
https://doi.org/10.1152/ajpendo.00266.2001
https://doi.org/10.1152/physiolgenomics.00016.2010
https://doi.org/10.1152/physiolgenomics.00016.2010
https://doi.org/10.1152/japplphysiol.00797.2019
https://doi.org/10.1113/jphysiol.2006.108720
https://doi.org/10.1152/ajpregu.00025.2018
https://doi.org/10.3389/fphys.2018.01133
https://doi.org/10.1096/fj.13-246595
https://doi.org/10.1152/ajpregu.00510.2007
https://doi.org/10.1152/ajpregu.00472.2006
https://doi.org/10.1152/ajpregu.00472.2006
https://doi.org/10.1152/ajpendo.00097.2006
https://doi.org/10.1152/ajpendo.00097.2006
https://doi.org/10.1152/ajpendo.00411.2019
https://doi.org/10.1152/ajpendo.00411.2019
https://doi.org/10.1371/journal.pone.0006335
https://doi.org/10.1177/002215540004800506
https://doi.org/10.1152/ajpendo.1989.257.4.E567
https://doi.org/10.1371/journal.pone.0103044
https://doi.org/10.1007/BF00426942
https://doi.org/10.1152/japplphysiol.00368.2004
https://doi.org/10.1002/jcsm.12137
https://doi.org/10.1002/jcsm.12137
http://www.ajpregu.org


30. Gillen JB, Estafanos S, Williamson E, Hodson N, Malowany JM,
Kumbhare D, Moore DR. Interrupting prolonged sitting with
repeated chair stands or short walks reduces postprandial insuline-
mia in healthy adults. J Appl Physiol (1985) 130: 104–113, 2021. doi:10.
1152/japplphysiol.00796.2020.

31. Abou Sawan S, Hodson N, Babits P, Malowany JM, Kumbhare D,
Moore DR. Satellite cell and myonuclear accretion is related to train-
ing-induced skeletal muscle fiber hypertrophy in young males and
females. J Appl Physiol (1985) 131: 871–880, 2021. doi:10.1152/
japplphysiol.00424.2021.

32. Tan R, Nederveen JP, Gillen JB, Joanisse S, Parise G, Tarnopolsky
MA, Gibala MJ. Skeletal muscle fiber-type-specific changes in
markers of capillary and mitochondrial content after low-volume
interval training in overweight women. Physiol Rep 6: e13597, 2018.
doi:10.14814/phy2.13597.

33. Hepple RT. A new measurement of tissue capillarity: the capillary-to-
fibre perimeter exchange index. Can J Appl Physiol 22: 11–22, 1997.
doi:10.1139/h97-002.

34. Larsen S, Nielsen J, Hansen CN, Nielsen LB,Wibrand F, Stride N,
Schroder HD, Boushel R, Helge JW, Dela F, Hey-Mogensen M.
Biomarkers of mitochondrial content in skeletal muscle of healthy
young human subjects. J Physiol 590: 3349–3360, 2012. doi:10.1113/
jphysiol.2012.230185.

35. Holm S. A simple sequentially rejective multiple test procedure.
Scand J Stat 6: 65–70, 1979.

36. Moore DR, Williamson EP, Hodson N, Estafanos S, Mazzulla M,
Kumbhare D, Gillen JB. Walking or body weight squat “activity
snacks” increase dietary amino acid utilization for myofibrillar protein
synthesis during prolonged sitting. J Appl Physiol (1985) 133: 777–
785, 2022. doi:10.1152/japplphysiol.00106.2022.

37. Barbato G, Barini EM, Genta G, Levi R. Features and performance
of some outlier detection methods. J Appl Stat 38: 2133–2149, 2011.
doi:10.1080/02664763.2010.545119.

38. Brown A, Thomas AC, Hatt AA,McGlory C, Phillips SM, Kumbhare
D, Parise G, Joanisse S. Aerobic conditioning alters the satellite cell
and ribosome response to acute eccentric contractions in young
men and women. Am J Physiol Cell Physiol 323: C1577–C1585,
2022. doi:10.1152/ajpcell.00418.2022.

39. Nuzzo JL. Sex differences in skeletal muscle fiber types: a meta-
analysis. Clin Anat 37: 81–91, 2024. doi:10.1002/ca.24091.

40. Høeg L, Roepstorff C, Thiele M, Richter EA, Wojtaszewski JF,
Kiens B. Higher intramuscular triacylglycerol in women does not
impair insulin sensitivity and proximal insulin signaling. J Appl
Physiol (1985) 107: 824–831, 2009. doi:10.1152/japplphysiol.91382.
2008.

41. Coggan AR, Spina RJ, King DS, Roger MA, Brown M, Nemeth PM,
Holloszy JO. Skeletal muscle adaptations to endurance training in
60- to 70-yr-old men and women. J Appl Physiol (1985) 72: 1780–
1786, 1992. doi:10.1152/jappl.1992.72.5.1780.

42. Coggan AR, Spina RJ, King DS, Rogers MA, Brown M, Nemeth PM,
Holloszy JO. Histochemical and enzymatic comparison of the gas-
trocnemius muscle of young and elderly men and women. J
Gerontol 47: B71–B76, 1992. doi:10.1093/geronj/47.3.B71.

43. Barnouin Y, McPhee JS, Butler-Browne G, Bosutti A, De Vito G,
Jones DA, Narici M, Behin A, Hogrel JY, Degens H. Coupling
between skeletal muscle fiber size and capillarization is maintained
during healthy aging. J Cachexia Sarcopenia Muscle 8: 647–659,
2017. doi:10.1002/jcsm.12194.

44. Esbj€ornsson M, Sylv�en C, Holm I, Jansson E. Fast twitch fibres may
predict anaerobic performance in both females and males. Int J
Sports Med 14: 257–263, 1993. doi:10.1055/s-2007-1021174.

45. Lexell J, Taylor CC. Variability in muscle fibre areas in whole human
quadriceps muscle: how to reduce sampling errors in biopsy techni-
ques. Clin Physiol 9: 333–343, 1989. doi:10.1111/j.1475-097X.1989.
tb00987.x.

46. Maher AC, Akhtar M, Vockley J, Tarnopolsky MA. Women have
higher protein content of beta-oxidation enzymes in skeletal muscle
than men. PLoS One 5: e12025, 2010. doi:10.1371/journal.pone.
0012025.

47. Simoneau JA, Lortie G, Boulay MR, Thibault MC, Th�eriault G,
Bouchard C. Skeletal muscle histochemical and biochemical charac-
teristics in sedentary male and female subjects. Can J Physiol
Pharmacol 63: 30–35, 1985. doi:10.1139/y85-005.

48. Miller AE, MacDougall JD, Tarnopolsky MA, Sale DG. Gender dif-
ferences in strength and muscle fiber characteristics. Eur J Appl
Physiol Occup Physiol 66: 254–262, 1993. doi:10.1007/BF00235103.

49. Williamson DL, Gallagher PM, Carroll CC, Raue U, Trappe SW.
Reduction in hybrid single muscle fiber proportions with resistance
training in humans. J Appl Physiol (1985) 91: 1955–1961, 2001. doi:10.
1152/jappl.2001.91.5.1955.

FIBER-SPECIFIC SKELETAL MUSCLE SEX DIFFERENCES

R80 AJP-Regul Integr Comp Physiol � doi:10.1152/ajpregu.00298.2024 � www.ajpregu.org

Downloaded from journals.physiology.org/journal/ajpregu at Manchester Metropolitan Univ (149.170.091.045) on July 21, 2025.

https://doi.org/10.1152/japplphysiol.00796.2020
https://doi.org/10.1152/japplphysiol.00796.2020
https://doi.org/10.1152/japplphysiol.00424.2021
https://doi.org/10.1152/japplphysiol.00424.2021
https://doi.org/10.14814/phy2.13597
https://doi.org/10.1139/h97-002
https://doi.org/10.1113/jphysiol.2012.230185
https://doi.org/10.1113/jphysiol.2012.230185
https://doi.org/10.1152/japplphysiol.00106.2022
https://doi.org/10.1080/02664763.2010.545119
https://doi.org/10.1152/ajpcell.00418.2022
https://doi.org/10.1002/ca.24091
https://doi.org/10.1152/japplphysiol.91382.2008
https://doi.org/10.1152/japplphysiol.91382.2008
https://doi.org/10.1152/jappl.1992.72.5.1780
https://doi.org/10.1093/geronj/47.3.B71
https://doi.org/10.1002/jcsm.12194
https://doi.org/10.1055/s-2007-1021174
https://doi.org/10.1111/j.1475-097X.1989.tb00987.x
https://doi.org/10.1111/j.1475-097X.1989.tb00987.x
https://doi.org/10.1371/journal.pone.0012025
https://doi.org/10.1371/journal.pone.0012025
https://doi.org/10.1139/y85-005
https://doi.org/10.1007/BF00235103
https://doi.org/10.1152/jappl.2001.91.5.1955
https://doi.org/10.1152/jappl.2001.91.5.1955
http://www.ajpregu.org

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8
	bkmk_bookmark_9

	bkmk_bookmark_10
	bkmk_bookmark_11
	bkmk_bookmark_12
	bkmk_bookmark_13
	bkmk_bookmark_14
	bkmk_bookmark_15

	bkmk_bookmark_16
	bkmk_bookmark_17
	bkmk_bookmark_18
	bkmk_bookmark_19
	bkmk_bookmark_AC
	bkmk_bookmark_20
	bkmk_bookmark_21
	bkmk_bookmark_22
	bkmk_bookmark_23


