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level. Significant loss of muscle mass occurred 
late, at 25 months, in both male (-17%, quadriceps) 
and female mice (-10%, quadriceps) compared 
to young control mice. Concomitantly, we found 
in female, but not male mice, a slower movement 
speed in the aged groups compared to the young 
mice (P < 0.001). Consistently, weighted gene co-
expression network analysis revealed a stronger 
association between the aging-related reduction 
of movement and aging-related changes in muscle 
transcriptome of female compared to male mice 
(P < 0.001). In male, but not female mice, major 
distinctive aging-related changes occurred in the 
last age group (25 months), which highlights the 
necessity for careful selection of age using mice as 
a muscle-aging model. Furthermore, contrasting to 
humans, more aging-related changes were found in 
the muscle transcriptome of male mice compared to 
female mice (4090 vs. 2285 differentially expressed 
genes at 25  months, respectively). Subsequently, 
male mice recapitulated more muscle-aging related 
pathways characteristic for both male and female 
humans. In conclusion, our data show that sex has 
a critical effect on the mouse muscle-aging trajec-
tory, although these do not necessarily reflect sex 
differences observed in the human muscle-aging 
trajectory.

Keywords  Sarcopenia · Gender · Frailty · Muscle 
atrophy · Physical activity

Abstract  Muscle-aging drives sarcopenia and 
is a major public health issue. Mice are frequently 
used as a model for human muscle-aging, how-
ever, research investigating their translational 
value is limited. In addition, mechanisms underly-
ing muscle-aging may have sex-specific features 
in humans, but it is not yet assessed whether these 
are recapitulated in mice. Here, we studied the 
effects of aging on a functional, histological and 
transcriptional level at multiple timepoints in male 
and female mice (4, 17, 21 and 25  months), with 
particular emphasis on sex-differences. The effects 
of natural aging on the transcriptome of quadri-
ceps muscle were compared to humans on pathway 
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Introduction

Sarcopenia is an aging related disease characterized by 
loss of muscle strength and mass [1, 2] and increases 
the risk for frailty and mortality in the older population 
[3, 4]. By the year 2050, the number of people older 
than 60 is projected to be 2.1 billion, making sarcope-
nia a critical public health issue [3, 5], that will con-
tribute significantly to healthcare related costs [6]. It 
is therefore important to develop effective therapeutic 
interventions that can prevent or reverse the develop-
ment of sarcopenia. Naturally aged mice are frequently 
used as a pre-clinical model for testing novel treat-
ments, however, research comparing the mechanisms 
underlying muscle-aging in mice and humans, and 
thereby assessing their translatability is limited.

The translatability of the naturally aged mouse 
should not be assumed, as some factors related to 
muscle-aging are not conserved across the species. 
For example, muscle structure is different in mice and 
humans, since skeletal muscles of mice contain a much 
higher percentage of type II (fast) myofibers compared 
to humans [7]. For example, the quadriceps muscle of 
mice contains almost exclusively type II myofibers [8], 
while the quadriceps muscle of human contains (on 
average) a more equally proportioned amount of the 
two myofiber types [9]. Furthermore, since the lifespan 
of mice is much shorter, the effects of a sedentary life-
style or malnutrition have much less time to affect the 
muscle, which are important predictors for the onset 
of sarcopenia in humans [10, 11]. Naturally aged mice 
could therefore exaggerate or fail to mimic mechanisms 
associated with muscle-aging in humans. Besides, 
aging-related comorbidities, such as nephropathy, ade-
nocarcinoma, hematopoietic neoplasia or cataracts, are 
frequently present in aged mice [12], which could go 
unnoticed and hamper correct interpretation of data.

Aging is accompanied by many changes in dif-
ferent pathways that are important for proper muscle 
function and content. Subsequently, it is possible that 
some pathways are conserved across the species, but 
others are not. For example, cellular senescence, which 
is a state of irreversible growth arrest due to various 
aging-related stressors, has been shown to occur in 
aged skeletal muscle of both humans and mice [13]. 
Other mechanisms include the development of ana-
bolic resistance, hallmarked by a decreased stimulation 
of protein synthesis through the mTOR pathways after 
an anabolic stimulant, such as physical activity [14]. 

Concomitantly, myofiber size and proportion of type 
II (fast) myofibers specifically decreases during aging 
[15], and also here physical activity is an important fac-
tor that exerts protective effects [16]. Interestingly, the 
pathophysiology associated to muscle-aging in humans 
possibly has sex-specific traits, including, but not lim-
ited to the aging-related increase in the proportion of 
type I (slow) myofibers (more in males) [9], altera-
tions in growth signaling pathways (more in females) 
[9], increased expression of fibrosis markers (more in 
females) [17], loss of intramuscular (acyl-)carnitine 
content (more in females) [18] and frailty associated 
inflammation (more in females) [19]. Such sex dif-
ferences should perhaps be taken into account during 
the pre-clinical stage of development of therapeutic 
interventions against sarcopenia or frailty. However, it 
can be questioned whether sex differences observed in 
human muscle-aging are recapitulated by mice.

Based on these findings, several knowledge gaps 
were addressed within this study. The primary aim of 
the study was to assess the translatability of naturally 
aged mice for human muscle aging and address poten-
tial sex differences. We hypothesize that mice recapitu-
late well-conserved aging related pathways (e.g. cellu-
lar senescence) in an age-dependent manner, but lack 
the recapitulation of pathways influenced by lifestyle 
(e.g. the effects of sedentary behavior or inadequate 
nutritional intake on pathways regulating protein syn-
thesis). In addition, we hypothesize that there is a differ-
ential impact of aging between the two sexes, and that 
the translatability of mice is improved when sex-spe-
cific comparisons are made. To test these hypotheses, 
RNA-sequencing was used and gene expression profiles 
of naturally aged male and female mice were examined 
and compared to those characteristic of human aging. 
To do so, we used available muscle samples from well-
matched (e.g. age, BMI and frailty status) male and 
female participants, and compared old vs. young groups 
for each sex separately [18]. Secondary aims were to 
assess sex differences in the muscle-aging trajectory of 
mice and compare those to humans.

Materials and methods

Mouse study design

All animal care and experimental procedures were 
approved by the Ethical Committee on Animal Care 
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and Experimentation (Zeist, The Netherlands; approval 
reference numbers TNO-440, date: 24th  of October 
2019 and TNO-478, date: 23th of February 2021), and 
were in compliance with European Community speci-
fication regarding the use of laboratory animals.

C57BL/6 J mice were obtained from Charles River 
Laboratories (L’Arbresle, France) and all mice were 
kept on chow maintenance diet (Ssniff Spezialdieten 
GmbH, Soest, Germany). Mice were housed with at 
least one littermate in a temperature-controlled room 
on a 12 h light–dark cycle and had free access to food 
and water. Four weeks prior to sacrifice, mice were 
housed individually. After at least two weeks of this 
acclimatization period, average movement speed was 
measured every 30  min by means of infrared sen-
sors using TSE PhenoMaster V4.6.2 (TSE Systems, 
Bad Homburg, Germany) during two consecutive 
nights (their active time period) and days (their inac-
tive time period). Data of the second day and night 
were used.  One day prior to sacrifice, body weight, 
lean body mass and grip strength were measured. 
Grip strength of forepaws was measured using a Grip 
Strength Meter (TSE Systems, Bad Homburg, Ger-
many). Five trials were performed, the trial with high-
est and lowest force were excluded and the maximal 
force of the three remaining trials was averaged. Body 
weight and lean body mass were measured using an 
NMR EchoMRI 2-in-1 whole body composition ana-
lyzer (Echo Medical Systems LTD, Houston, TX, 
USA). Mice (n = 12 per group) were sacrificed at time-
points 4  months (16  weeks), 17  months (76  weeks), 
21  months (92  weeks) and 25  months (109  weeks) 
unfasted by gradual fill CO2  asphyxiation and hind 
limb muscles were dissected and weighted. The num-
ber of mice was calculated with G*Power software 
(Heinrich Heine University Dusseldorf, Dusseldorf, 
Germany) using a one-way ANOVA with a signifi-
cance threshold of 0.05, a power of 90%, a standard 
deviation of 15% and a desired minimal difference in 
our primary parameter (skeletal muscle mass) of 20%. 
Muscles used for histological analysis were formalin-
fixed and paraffin-embedded, while muscles used for 
transcriptome analysis were frozen in liquid nitrogen.

Histological analysis

Quadriceps and  soleus  muscles were isolated, fixed 
in formalin, cross-sectionally cut at their thickest part 

and embedded in paraffin. Cross-sections of 5  µm 
were cut and slides were deparaffinized. For the dou-
ble staining of Myosin Heavy Chain 7 (MYH7, a 
slow myofiber specific marker) and laminin (a basal 
lamina specific marker) epitope was retrieved through 
a 25  min incubation in 10  mM Sodium Citrate (pH 
6) at 95  °C. Endogenous peroxidase activity was 
masked by a 10  min incubation in 0.3% hydrogen 
peroxide (v/v) and slides were blocked by a 30 min 
incubation in 5% normal goat serum in TBS.  After 
blocking, slides were incubated in a mixture of anti-
MYH7 (1/200; SAB4200670; Sigma-Aldrich) and 
anti-Laminin (1/100; NB300-144; Novus Biologi-
cals) in 1% normal goat serum at 4  °C. Next, slides 
were incubated for one hour at room temperature in 
a mixture of goat anti-rabbit HRP (1/400; Ab6721; 
Abcam) and goat anti-mouse alkaline phosphatase 
(1/400; Ab7069; Abcam) secondary antibodies. Ulti-
mately, slides were developed using a HRP substrate 
kit (SK-4700; Vector) and alkaline phosphatase sub-
strate kit (Sk-5100; Vector) according to the manu-
facturer’s instructions. After development, the slides 
were dehydrated and covered. Slide scans were made 
at 20 × magnification using a Pannoramic 250 scanner 
(3D Histech, Budapest, Hungary). Myofiber diam-
eter was quantified by measuring minimal Feret’s 
diameters using ImageJ, since this parameter is least 
sensitive to sectioning angle [20]. This analysis was 
performed in quadriceps using five randomly selected 
regions of interest (0.18 mm2) in 1–2 cross sections 
per animal. In soleus muscle this was performed for 
each myofiber type separately using two randomly 
selected regions of interest. In addition, cross-sec-
tions were stained with Sirius Red and muscle fibrosis 
was identified using ImageJ. Five randomly selected 
regions of interest (0.18 mm2) were used to measure 
the surface area of collagen. By normalizing for total 
area, we calculated the percentage of muscle surface 
area with a positive signal for collagen [21].

Transcriptomics analysis

RNA extraction was performed as described pre-
viously in detail [22]. Total RNA was extracted 
from  quadriceps  muscle samples using glass beads 
and RNA-Bee (Campro Scientific, Veenendaal, The 
Netherlands). RNA integrity was examined using 
the RNA 6000 nano Lab-on-a-Chip kit and a bio-
analyzer 2100 (Agilent Technologies, Amstelveen, 
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The Netherlands). The NEBNext Ultra II Directional 
RNA Library Prep Kit (NEB #E7760S/L, New Eng-
land Biolabs, Ipswich, MA, USA) was used to pro-
cess the samples. Briefly, mRNA was isolated from 
total RNA using the oligo-dT magnetic beads. After 
fragmentation of the mRNA, cDNA synthesis was 
performed, and cDNA was ligated with the sequenc-
ing adapters and amplified by PCR. The quality and 
yield of the amplicon were measured (Fragment Ana-
lyzer, Agilent Technologies, Amstelveen, The Nether-
lands). The size of the resulting product was consist-
ent with the expected size distribution (a broad peak 
between 300–500 bp). Clustering and DNA sequenc-
ing, using the Illumina NovaSeq6000, was performed 
according to manufacturer’s protocols of service pro-
vider GenomeScan B.V. (Leiden, the Netherlands) 
using a concentration of 1.1 nM of amplicon library 
DNA and yielding at least 15 million sequencing 
clusters per sample and 150nt paired-end reads. The 
genome reference and annotation file Mus_muscu-
lus. GRCm38.gencode.vM19 was used for analysis 
in FastA and GTF format. The reads were aligned to 
the reference sequence using the STAR 2.5 algorithm 
with default settings (https://​github.​com/​alexd​obin/​
STAR). Based on the mapped read locations and the 
gene annotation, HTSeq-count version 0.6.1p1 was 
used to count how often a read was mapped on the 
transcript region. These counts served as input for 
statistical analysis using the DEseq2 package [23]. 
For pathway analysis, differentially expressed genes 
were selected (p-value < 0.01) and used as input in 
Ingenuity Pathway Analysis (IPA, www.​ingen​uity.​
com, accessed 2023). Pathways with p-value < 0.01 
were considered to be significant. Heatmaps were cre-
ated using the ‘Pheatmap’ package.

Weighted gene co‑expression network analysis

Weighted gene co-expression network analysis 
(WGCNA) was used to identify modules of genes that 
correlate in expression throughout a data set. We used 
the Bioconductor ‘WGCNA’ package to identify such 
modules of correlating genes. First, the top 15000 
genes with the biggest coefficient of variation were 
identified for male and female mice separately and 
used as input. Secondly, using the Soft Thresholding 
function, a power cutoff was selected that resulted in 
a scale free topology model fit (signed R^2) of at least 
0.8. Third, gene modules were identified by means of 

hierarchical clustering, using an ‘unsigned’ topologi-
cal overlap matrix, and modules were merged with a 
Cut Height of 0.4. Lastly, correlations between mod-
ules and night-time movement speed were calculated 
using the Pearson correlation between the module 
eigengenes (i.e., first principal component) and move-
ment speed data. Genes that were part of the best cor-
relating module were used as input for pathway analy-
sis using Gene Ontology enrichment analysis (www.​
geneo​ntolo​gy.​org), analyzing based on Biological 
Processes.

Human reference study characteristics

Aging induced changes in the skeletal muscle tran-
scriptome of mice were compared to those of 
humans using data obtained in the FITAAL study 
[18]. Briefly, the FITAAL study is a cross-sectional 
human study in which 13 male (23.3 ± 0.5  years) 
and 13 female (22.6 ± 0.5  years) young individu-
als and 26 elderly males (79.7 ± 0.7  years) and 28 
elderly females (80.2 ± 0.6  years) participated. Male 
and female participants were highly matched in both 
young and old groups with respect to age and BMI. 
Males and females were also matched for the Fried 
frailty score in the old groups. Exclusion criteria 
included diagnosis with cardiac failure, COPD, ane-
mia, cancer, neuromuscular disorder or dementia, 
contraindication for muscle biopsy, recent (up to 
3  months prior to initiation of the study) significant 
medical or surgical events or treatment by a medical 
specialist, current enrolment in another study, intake 
of carnitine supplements, or usage of several types 
of medication (e.g., corticosteroids or fibrates). A 
BMI < 20  kg/m2  or > 25  kg/m2, diagnosis with dia-
betes mellitus type I and II, and a high frequency of 
physical exercise (> 4 times a week) served as addi-
tional exclusion criteria for young individuals, as 
did pregnancy or nursing for young female partici-
pants. Muscle biopsies were collected as described 
earlier [18]. 400  m walk test, handgrip strength test 
and the Short Physical Performance Battery (SPPB) 
test were performed as validated previously [24–26]. 
For the 400  m walk time a time limit of 900  s was 
used, which was given as a final score if participants 
were unable to finish the 400  m walk test [24]. For 
the grip strength, the participants were seated in an 
upward position with their dominant arm positioned 
in a 90° angle and the average score of three trials 

https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
http://www.ingenuity.com
http://www.ingenuity.com
http://www.geneontology.org
http://www.geneontology.org


3345GeroScience (2024) 46:3341–3360	

1 3
Vol.: (0123456789)

was used [25]. For the five time chair stands test, 
participants were seated on a chair with arms folded 
across their chest. The time required to finish the fifth 
stand was used [26]. Frailty score was assed using 
the frailty score of Fried et  al. [27], which is based 
on weight loss, exhaustion, physical activity, a gait 
speed test and grip strength. Body composition was 
measured using a DEXA scan (Hologic Discovery-
A, Hologic Inc., Bedford, USA). The study was con-
ducted according to the declaration of Helsinki, was 
approved by the medical ethical committee of Wage-
ningen University (METC nr. 16/20), and was regis-
tered in the Dutch Trial Register (NTR6124). All par-
ticipants provided written informed consent prior to 
enrolment. An overview of subject characteristics can 
be found in Table 1.

Statistical analysis

Statistical differences between groups (of data other 
than transcriptomics data) were determined using 
IBM SPSS Statistics 25 (IBM, NY, USA). Normality 
of data was tested using a Kolmogorov–Smirnov and 
Shapiro–Wilk test. To test for the effects of sex and 
age, and whether there is an interaction between these 
two factors, a two-way ANOVA was performed with 
sex and age as independent factors. If data was not 
normally distributed, then data was log transformed 
prior to the two-way ANOVA to approach normal dis-
tribution. In addition, to gain insight in the within-sex 
effects of aging, a Tukey’s test for post-hoc analysis 
was performed for each sex separately. Between-sex 
comparisons were not included in the post-hoc analy-
ses, since we are not trying to address differences in 

males and females at a certain timepoint, but only the 
effects of aging and the interaction with sex. If data 
was not normally distributed, then a Kruskal–Wallis 
test followed by a Mann–Whitney U test was used for 
post-hoc analysis (an overview is provided in sup-
plementary Table 1). Differences in data distribution 
across categorial groups were tested using a Chi-
squared test. A P-value < 0.05 was considered statis-
tically significant, two-tailed P-values were used and 
all values are displayed as mean ± SEM.

Results

Aging trajectories of movement speed and body fat 
mass are highly sex‑specific in mice

To map the aging trajectories of male and female 
mice, mice of both sexes were terminated and 
dissected at different timepoints (4, 17, 21 and 
25 months of age), prior to which a variety of func-
tional measurements were performed. Body weight, 
in both sexes, was significantly higher in all aged 
groups compared to the 4 months old group (Fig. 1A, 
Page < 0.001). In females, body weight was signifi-
cantly higher in 21 and 25 months old mice compared 
to 17  months old mice as well (P < 0.01). In line 
with body weight, lean body mass was significantly 
higher in all aged groups compared to the 4 months 
old groups of both sexes (Fig. 1B, Page < 0.001). Lean 
body mass was significantly higher in 25  months 
old male mice compared to 17 (P < 0.001) and 21 
(P < 0.05) months old mice, indicating a lack of 
aging associated loss of lean body mass. In female 

Table 1   Participant 
characteristics. Presence of 
different letters (a-d) across 
a row indicate significant 
differences among 
respective groups. Values 
are averages ± SEM

Males Females
Young (n = 13) Old (n = 28) Young (n = 13) Old (n = 26)

Age (years) 23.3 ± 0.5a 79.7 ± 0.7b 22.6 ± 0.5a 80.2 ± 0.6b

Weight (kg) 76.2 ± 2.5a 81.0 ± 2.1a 63.9 ± 1.7b 68.9 ± 10.3b

BMI (kg/m2) 22.5 ± 0.3a 26.4 ± 0.8b 22.2 ± 0.5a 26.2 ± 0.6b

Body fat (%) 16.9 ± 0.9a 25.3 ± 0.9b 29.1 ± 1.1c 35.7 ± 0.8d

Lean mass (%) 79.3 ± 0.9a 71.3 ± 0.8b 67.3 ± 1.0c 61.4 ± 0.8d

BMC (%) 3.7 ± 0.1a 3.3 ± 0.1b 3.6 ± 0.1a 2.9 ± 0.1b

Handgrip strength (kg) - 32.0 ± 1.4a - 22.2 ± 1.1b

400 m walk test (s) - 323.3 ± 7.6a - 393.9 ± 31.0b

SPPB (points) - 10.0 ± 0.4a - 8.9 ± 0.6a

Fried frailty score - 0.5 ± 0.1a - 0.7 ± 0.2a
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mice, lean body mass was significantly higher in 
25  months old mice compared to 17  months old 
mice as well (P < 0.05). Interestingly, body fat mass 
data displayed highly sex-specific aging trajectories 
(Fig. 1C), as indicated by the interaction between sex 
and age as well (Psex*age < 0.001). Aged male mice 
initially gained body fat mass at 17 months compared 
to 4 months (P < 0.001), while at later ages mice had 
significantly lower amounts of body fat mass com-
pared to the 17  months old group (P < 0.01). Con-
trastingly, females also initially significantly gained 
body fat mass at 17  months (P < 0.001), but older 
groups did not lose body fat mass and even showed 
a trend towards further gain of fat mass at 25 months 
old compared to 17  months old mice (P = 0.06). 
Lean body and fat mass data expressed as relative 
data are available in supplementary Fig.  1. In addi-
tion, food intake was not lower in all aged groups 

compared to the 4  months old mice (supplementary 
Fig.  1). Grip strength was lower in all aged groups 
of both sexes compared to the 4  months old groups 
(Fig.  1D, Page < 0.001). Movement speed was meas-
ured during day and night-time separately (Fig.  1E-
F). Strikingly, in male mice no significant differences 
in night-time movement speed were found amongst 
the different age groups (Fig.  1E). Contrastingly, in 
female mice, at 21 and 25 months night-time move-
ment speed was significantly lower compared to 4 
(P < 0.01) and 17  months old mice (P < 0.05), indi-
cating a more pronounced decrease of movement 
speed in female mice compared to male mice during 
aging, as also suggested by the significant interaction 
between sex and age (Psex*age < 0.05). No differences 
in day-time movement speed were found during aging 
(Fig. 1F, Page = 0.498). Similar effects of sex and age 

Fig. 1   The effects of aging on body composition, grip strength 
and movement speed in male and female mice. (A) Body 
weight, (B) lean body mass and (C) body fat mass. (D) Grip 

strength of forepaws normalized for body weight. (E) Move-
ment speed during night-time and (F) day-time. Values repre-
sent mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001
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were found in regards to daily ambulatory distance 
(supplementary Fig. 1).

Quadriceps was the only muscle group to display 
significant aging‑related loss of muscle mass in both 
sexes

Muscle groups were weighed directly after the dis-
sections. A significant effect of age was found on the 
weight of the gastrocnemius muscle (Page < 0.05), but 
no statistically significant differences were found in 
the post-hoc analysis. Age also significantly affected 
quadriceps muscle weight (Page < 0.001), and post-
hoc analysis revealed a significant lower weight at 
17  months (P < 0.05) and 25  months (P < 0.01) old 
male mice compared to 4  months old male mice. 
In female mice, a significant loss of muscle mass 
was detected at 25  months of age (P < 0.05) com-
pared to the 4  months old group (Fig.  2B). No sig-
nificant effects of age were measured in tibialis 

anterior (Fig.  2C, Page = 0.511) and soleus (Fig.  2D, 
Page = 0.297) muscle groups.

Aging related increase in percentage of type I 
myofibers occurred later in male compared to female 
mice

Soleus and quadriceps muscles were used for immu-
nohistological stainings to identify slow (type I) 
and fast (type II) myofibers (Fig.  3A-B). The per-
centage of type I myofibers was significantly higher 
in the soleus muscle of all aged groups compared 
to the 4  months old group in both sexes (Fig.  3C, 
Page < 0.001). However, the percentage of type 
I myofibers was primarily higher at the age of 
25  months in male mice (P < 0.001 compared to 17 
and 21  months). In females, the percentage of type 
I myofibers was higher in 17  months compared to 
4  months old mice (P < 0.001), and even higher in 
21  months old mice compared to 17  months old 
mice (P < 0.01). No further increase was observed at 

Fig. 2   Weights of muscle groups directly after dissection in male and female mice. (A) Gastrocnemius, (B) quadriceps, (C) tibialis 
anterior and (D) soleus muscle group weight are given. Values represent mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001
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25 months of age in females, differing from males as 
also indicated by the significant interaction between 
sex and age (Psex*age < 0.001). In soleus muscle, the 
diameter of type I myofibers of both sexes did not 
change during aging (Fig. 3D, Page = 0.979), whereas 
the diameter of type II myofibers did change with 
aging (Fig.  3E, Page < 0.001) and was smaller in 
some of the older groups compared to the 4 months 
old groups in both sexes (P < 0.01 in 21 months old 
males and P < 0.001 in 25 months old females com-
pared to 4 months old mice). In quadriceps muscles, a 

very small amount of type I myofibers were detected 
(ranging from 0 to 2%), of which the percentage 
did not change during aging (Fig.  3F, Page = 0.253). 
The diameter of these type I myofibers also did not 
change during aging (Fig.  3G, Page = 0.987). In type 
II myofibers of the quadriceps muscle age had a sig-
nificant effect (Fig.  3H, Page < 0.001), and post-hoc 
analysis revealed a significantly smaller diameter at 
the ages of 17 and 21 months (P < 0.01 and P < 0.001, 
respectively) compared to 4  months old male mice. 
At 25 months the average diameter was even smaller 

Fig. 3   Histological char-
acterization of soleus and 
quadriceps muscles in male 
and female mice. (A-B) 
Representative pictures 
of immunohistochemical 
stainings used to identify 
type I (slow) and II (fast) 
myofibers. (C) Percent-
age of type I myofibers in 
soleus muscle. (D) Minimal 
Ferret’s diameter of type I 
myofibers and (E) type II 
myofibers in soleus muscle. 
(F) Percentage of type I 
myofibers in quadriceps 
muscle. (G) Minimal 
Ferret’s diameter of type 
I myofibers in quadriceps 
muscle. (H) Minimal Fer-
ret’s diameter of type II 
myofibers in quadriceps 
muscle. (I) Representative 
pictures of muscle fibrosis 
(Sirius red) in quadriceps 
muscle. (J) Muscle fibrosis, 
quantified by % of total area 
in quadriceps muscle. Val-
ues represent mean ± SEM, 
*p < 0.05, **p < 0.01, 
***p < 0.001
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compared to 21  months old male mice (P < 0.001). 
In female mice, type II myofibers were smaller at 21 
and 25 months of age compared to 4 months old mice 
(P < 0.01 and P < 0.001, respectively), and also here 
the diameter of 25 months old mice was significantly 
smaller compared to 21 months old mice (P < 0.01). 
Noticeably, in type II myofibers, significant differ-
ences were found at earlier ages in the quadriceps 
muscle compared to the soleus muscle, indicating an 
earlier or more pronounced loss of myofiber size in 
quadriceps compared to soleus muscle. Frequency 
graphs of diameter data of both myofiber types in 
the quadriceps and soleus muscles are attached as 
supplementary Fig.  2. Muscle fibrosis was meas-
ured in quadriceps muscle (Fig. 3I) and was signifi-
cantly affected by age (Page < 0.001). Muscle fibrosis 
was higher in 25  months old male mice compared 
to 4  months old male mice (Fig.  3J, P < 0.05). A 
tendency for more muscle fibrosis was found at 
21 months as well (P = 0.09). In female mice, signifi-
cant muscle fibrosis was detected in all aged groups 
compared to the 4 months old group (all P < 0.001).

Aging effects the muscle transcriptome of male, but 
not female mice, distinctively at 25 months of age

Since the largest aging effects were found on the weight 
of the quadriceps muscle group, this muscle group 
was used for RNA-sequencing to gain insight in the 
pathways associated to muscle-aging. Aged groups 
(17, 21 and 25  months) were compared to the young 
(4 months) group for each sex separately and differen-
tially expressed genes (DEGs) were compared (Fig. 4A).

In male mice, each aged group displayed a number 
of unique DEGs, and 620 DEGs were shared between 
all aged groups. Strikingly, at 25 months old, a large set 
of unique genes were differentially regulated (n = 2791), 
indicating large aging effects at the age of 25 months, 
which did not yet occur at 17 or 21  months of age 
(Fig. 4B). Differences in gene expression between the 
mice of the different groups were visualized using prin-
ciple component analysis as well (Suppl. Figure  3A). 
All DEGs of each aged group were used as input for 
pathway analysis to reveal which biological processes 
were affected. Top 10 pathways at 17  months of age 
included pathways related to collagen (e.g. GP6 sign-
aling pathway and hepatic fibrosis hepatic stellate cell 
activation), growth signaling (IGF-1 signaling, molec-
ular mechanisms of cancer) and the neuromuscular 

junction (synaptogenesis signaling pathway) (Fig. 4C). 
At 21  months, top 10 pathways included pathways 
related to extracellular signaling (ILK signaling and 
ERK/MAPK signaling), collagen (e.g. GP6 signal-
ing pathway), protein breakdown (protein ubiquitina-
tion and autophagy) and estrogen signaling (estrogen 
receptor signaling) (Fig.  4D). At 25  months, top 10 
pathways included key aging related pathways related 
to (mitochondrial) metabolism (e.g. sirtuin signaling 
and oxidative phosphorylation), protein synthesis (e.g. 
mTOR signaling and regulation of eIF4 and p70S6k) 
and growth signaling (e.g. insulin secretion signaling 
pathway) (Fig. 4E). The results of this pathway analy-
sis reveal that the used age of the naturally aged mouse 
model has critical consequences on which molecular 
alterations are present in the skeletal muscle tissue of 
the model. Major changes occurred in male mice pri-
marily in the last age group (25 months).

In female mice, all aged groups (17, 21 and 
25 months) were compared to the young (4 months) 
old group. In all aged groups compared to the young 
group, 542 genes exhibited differential expression, 
and at 25  months of age, 1101 unique DEGs were 
identified (Fig. 4F). Genes were clearly separated into 
two clusters, one consisting out of genes that were 
upregulated and one cluster containing genes that 
were downregulated during the muscle-aging trajec-
tory (Fig. 4G). Differing from male mice, the distinct 
gene expression profile at 25 months was not present 
in the female mice. The different patterns were also 
reflected by a principal component analysis (Suppl. 
Figure 3B). Pathway analysis revealed that the top 10 
pathways at 17  months of age included many path-
ways related to collagen (e.g. GP6 signaling pathway 
and hepatic fibrosis hepatic stellate cell activation) 
and immune cell signaling (e.g. pathogen induced 
cytokine storm signaling pathway and neutrophil 
extracellular trap signaling pathway) (Fig. 4H). This 
signature was part of the top 10 pathways in female 
mice in the older groups as well, as in the 21 and 
25 months old mice again primarily pathways related 
to collagen and immune cell signaling were found 
(Fig.  4I-J). In fact, the top regulated pathway (GP6 
signaling pathway) was the top regulated pathway in 
all aged groups. At 25 months of age pathways related 
to cellular growth (e.g. molecular mechanisms of can-
cer) and nerve cell signaling (e.g. serotonin receptor 
signaling) were present in the top 10 regulated path-
ways as well (Fig. 4J).
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The female muscle‑aging trajectory is affected 
more by the aging‑related reduction of movement 
compared to male mice

Physical activity has been shown to be strongly asso-
ciated with muscle-aging, and can even reverse aging-
related changes in skeletal muscle [28, 29]. Since the 
aged female mice, but not the aged male mice, dis-
played a slower night-time movement speed (Fig. 1E), 

we were interested in assessing the number of aging 
related DEGs that correlate with, and possibly are 
influenced by, aging related reduction of movement 
speed. Weighted gene co-expression network analysis 
(WGCNA) was performed to cluster genes into mod-
ules, and highly related modules were merged. Subse-
quently, correlation analysis was performed to iden-
tify modules significantly correlating with night-time 
movement speed (Fig.  5A-B). Pathway analysis was 

Fig. 4   Overview of quadri-
ceps muscle RNA-seq 
data. (A) Venn diagrams 
displaying unique and 
shared DEGs between the 
aged male groups (17, 
21 and 25 months old 
groups, each compared to 
the 4 months old group). 
(B) Heatmap displaying 
normalized expression 
of genes differentially 
expressed in at least one of 
the aged male groups. A red 
color indicates a relatively 
high number of counts, 
and a blue color indicates 
a relatively low number of 
counts for the respective 
gene. (C) Top 10 pathways 
of male mice at 17 months, 
(D) 21 months and (E) 
25 months, based on all 
genes that were differen-
tially expressed compared 
to the 4 months old mice. 
(F) Venn diagrams display-
ing unique and shared 
DEGs between the aged 
female groups (17, 21 and 
25 months old groups, each 
compared to the 4 months 
old group). (G) Heatmap 
displaying normalized 
expression of genes dif-
ferentially expressed in 
at least one of the aged 
female groups. (C) Top 10 
pathways of female mice at 
17 months, (D) 21 months 
and (E) 25 months, based 
on all genes that were 
differentially expressed 
compared to the 4 months 
old mice
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performed on the module with the best correlation, 
which was the green module in male mice containing 
650 genes. Pathways related to, among others, mRNA 
processing and muscle morphogenesis were identified 
(Fig. 5C).

In female mice WGCNA analysis was performed 
as well, followed by a correlation analysis between 
the first principal component of the modules (i.e., 
module eigengenes) and night-time movement speed 
(Fig. 5D-E). Noticeably, the best correlating module 
in female mice contained 1450 genes, which were 
more genes than the best correlating module found in 
male mice. Interestingly, using the genes of this mod-
ule for pathway analysis, pathways related to muscle 
atrophy, response to muscle inactivity, denervation 
and growth hormone signaling were found (Fig. 5F).

To quantify and assess the role of movement speed 
within the aging related changes observed in the mus-
cle transcriptome, the overlap between aging DEGs 
and genes in significantly correlating modules was 
measured (Fig. 5G). Strikingly, in female mice many 
more aging DEGs were also present in the modules 
significantly correlating with the observed aging-
related slower movement speed compared to the male 
mice (26% in females vs. 7% in males). This distri-
bution was significantly different in male and female 
mice (P < 0.001), as tested using a Chi-squared test, 
indicating a larger role of aging related decrease of 
movement speed in muscle-aging in female mice 
compared to male mice (Fig. 5H).

A sex‑specific overview of shared and non‑shared 
pathways related to muscle‑aging in mice and 
humans

To assess the translatability of naturally aged mice for 
human muscle-aging, differentially expressed path-
ways in mice were compared to the pathways differ-
entially expressed in humans, for each sex separately. 
In both species the same muscle, the quadriceps/vas-
tus lateralis, was used for RNA-sequencing. The data 
used as human reference here originates from the FIT-
AAL study [9, 18]. Uniquely, both male and female 
participants were recruited during the FITAAL 
study, and the male and female participants were 
matched (e.g. in regards to age, BMI and frailty sta-
tus), thereby isolating the effect of sex on the muscle-
aging trajectory. In male humans, 76 pathways were 
found to be differentially expressed. Venn-diagrams 

were used to visualize the overlap between the differ-
entially expressed pathways identified in male mice 
and male humans (Fig.  6A). The number of human 
pathways that were also differentially expressed in 
mice was higher in 21  months old mice (n = 50) 
compared to 17  months old mice (n = 30), but only 
one additional pathway was recapitulated by mice 
aged 25  months compared to mice aged 21  months 
(n = 51). In percentages, 39%, 67% and 68% of the 
male human muscle-aging pathways were recapitu-
lated by male mice aged 17, 21 or 25 months, respec-
tively, with substantial overlap between the differ-
ent ages (Fig.  6B). Noticeably, many of the human 
pathways recapitulated by the 21 and 25 months old 
mice were shared. To gain more insight in the over-
lap of pathways regulated in male mice and male 
humans, top shared pathways, or pathways uniquely 
regulated in one of the species were examined. Top 
pathways regulated in male mice but not in male 
humans consisted primarily of pathways related to 
muscle protein synthesis, which were all upregulated 
in male mice (e.g. EIF2 signaling, regulation of eIF4 
and p70S6K signaling, mTOR signaling and insulin 
secretion signaling) (Fig. 6C). Pathways regulated in 
both male humans and mice consisted of classical 
aging pathways known to be conserved across spe-
cies [30], including sirtuin signaling, oxidative phos-
phorylation, oxidative stress and senescence (mixed 
up- or downregulation, Fig. 6D). Pathways that were 
affected in humans but not recapitulated by aged male 
mice primarily included pathways related to immune 
cell signaling, which were either downregulated or 
had no direction of regulation in male humans (e.g. 
4-1BB signaling in T lymphocytes and CD27 signal-
ing in lymphocytes) (Fig. 6E).

Similar comparisons were performed for the 
female datasets. In female humans, 239 pathways 
were found to be differentially expressed. Venn dia-
grams (Fig.  6F) revealed that the number of path-
ways overlapping with human muscle-aging was the 
lowest in the 17 months old group and the highest in 
the 25 months old group. In percentages, 45%, 54% 
and 62% of the female human muscle-aging path-
ways were recapitulated by female mice aged 17, 21 
or 25  months, respectively (Fig.  6G). Top pathways 
regulated in 25  months old mice but not in humans 
contained pathways among others related to collagen, 
which were downregulated in female mice (e.g. GP6 
signaling pathway and pulmonary fibrosis idiopathic 
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signaling pathway) (Fig. 6H). Top regulated pathways 
shared between female mice and humans contained 
classical aging pathways, including protein ubiqui-
tination pathway, sirtuin signaling pathways, path-
ways related to cellular senescence and differentiation 
(e.g. cyclins and cell cycle regulation and senescence 
pathway) and oxidative stress (mixed up- or down-
regulation, Fig. 6I). Top pathways regulated in female 
humans but not in female mice were related to among 
others the extra cellular matrix, which were either 
downregulated or had no direction of regulation in 
female humans (e.g. paxillin signaling and tight junc-
tion signaling).

Regulation of eIF4 and P70S6k is one of the 
pathways found to not be consistently affected by 
aging in mice and humans, and plays an important 
role in muscle protein synthesis [31]. Genes regu-
lated in this pathway were visualized (Fig. 7A) and 
a heatmap using 2log(FC) data of significantly 
regulated genes revealed highly species-specific 
clusters of genes being regulated (Fig. 7B), includ-
ing ribosomal protein subunits (upregulated in old 
vs. young male mice only), eIF & PI3K subunits 
(some up and some down regulated in old vs. young 
male mice only) and important signaling proteins 
such as IRS1 and AKT2 (downregulated in old vs. 
young male mice only). Aging related changes in 
the same pathway were visualized using female data 
(Fig. 7C), and also here species-specific clusters of 

regulated genes were found. Contrasting to male 
mice, PI3K and eIF subunits, and important (signal-
ing) proteins including mTOR and AKT3 were not 
downregulated in female mice, but were down regu-
lated in female humans. This latter finding suggests 
male mice better recapitulate changes in the eIF4 
and P70S6K signaling pathway found in female 
humans, compared to female mice.

Human sex differences in aging‑related muscle 
transcriptome are not necessarily reflected by mice

In this study we found more changes in the skel-
etal muscle transcriptome of male mice compared 
to female mice. Strikingly, this is in contrast to 
what we recently found in multiple human stud-
ies. Using four publicly accessible GEO data sets, 
we consistently found that more genes are differ-
entially expressed in old vs. young female humans 
compared to old vs. young male humans [9], con-
sistent with the FITAAL study (Fig. 8A). Next, we 
questioned whether the general assumption, i.e. 
that female mice better reflect female humans and 
male mice better reflect male humans, is correct. To 
assess this, the percentage of pathways that were 
differentially regulated in female humans and also 
in male or female mice was calculated for the dif-
ferent age groups (Fig. 8B). Noticeably, male mice 
recapitulated more pathways that were regulated in 
old vs. young female humans compared to female 
mice. This finding was consistent at all age groups 
of mice, indicating that female mice are not nec-
essarily a better model for female human muscle-
aging compared to male mice. Lastly, as expected, 
male mice also recapitulated more pathways that 
were regulated in old vs. young human males com-
pared to female mice (Fig. 8C).

Discussion

The aim of this study was to assess the translatability 
of naturally aged mice and to investigate potential sex-
differences in skeletal muscles during the process of 
aging in mice. Several sex differences were identified in 
the muscle-aging trajectories of mice. Movement speed 
was significantly slower in female, but not male aged 
mice compared to young control mice. Consistently, 

Fig. 5   Correlation analysis between gene modules (identi-
fied by WGCNA) and aging related loss of movement speed 
for each sex separately. (A) WGCNA was used to identify 
modules in the male mouse groups. (B) Correlation analy-
sis between the identified modules and night-time movement 
speed in male mice. Numbers behind bars indicate number 
of genes present in the module. (C) Pathway analysis of the 
best correlating module, the green module as indicated by the 
arrow. (D) WGCNA of gene expression data of female mice. 
(E) Correlation analysis between the identified modules and 
night-time movement speed in female mice. Numbers behind 
bars indicate number of genes present in the module. (F) Path-
way analysis of the best correlating module, the brown module 
as indicated by the arrow. (G) Venn diagrams indicating the 
overlap between (1) genes that were significantly differentially 
expressed in at least one of the aged groups (compared to the 
4 months old group) and (2) genes that were part of a module 
significantly correlating with aging related loss of movement 
speed. (H) The percentage of aging DEGs that were also part 
of a module significantly correlating with aging related loss of 
movement speed. * symbols indicate a p < 0.05 for the correla-
tion between a module’s eigengene (i.e., first principal compo-
nent) and night-time movement speed

◂
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WGCNA revealed a stronger association between the 
decrease of movement and aging-related changes in the 
skeletal muscle transcriptome of female mice compared 
to male mice. Together, this indicates a more important 

role of the decrease of movement speed in skeletal mus-
cle-aging in female mice compared to male mice. Fur-
thermore, we observed in male but not in female mice, 
major aging-related changes primarily in the last age 

Fig. 6   Overview of 
sex-specific comparisons 
made between muscle-
aging pathways in mice vs. 
humans. For human refer-
ence, data of the FITAAL 
study was used [9]. (A) 
Venn diagrams displaying 
the overlap of pathways that 
were regulated in male mice 
(at different ages) and in 
male humans. (B) Bar graph 
indicating the percentage 
of male human pathways 
also differentially expressed 
in male mice at different 
ages. (C) Top 10 pathways 
differentially regulated in 
25 months old male mice 
but not in male humans. 
(D) Top 10 pathways dif-
ferentially regulated in both 
25 months old male mice 
and male humans. (E) Top 
10 pathways differentially 
regulated in male humans 
but not in 25 months 
old male mice. (F) Venn 
diagrams displaying the 
overlap of pathways that 
were regulated in female 
mice (at different ages) and 
in female humans. (G) Bar 
graph indicating percentage 
of female human pathways 
also differentially expressed 
in female mice at different 
ages. (H) Top 10 pathways 
differentially regulated in 
25 months old female mice 
but not in female humans. 
(I) Top 10 pathways dif-
ferentially regulated in both 
25 months old female mice 
and female humans. (J) Top 
10 pathways differentially 
regulated in female humans 
but not in 25 months old 
female mice
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group (25 months), suggesting the existence of a ‘tip-
ping point’ in muscle-aging of male mice specifically, 
and highlighting the necessity for careful selection of 
age using naturally aged male mice as a muscle-aging 
model. In addition, male mice displayed a larger amount 
of genes being regulated during aging compared to 
female mice. This is in contrast to what is observed 
in humans, as we recently observed using multiple 
GEO datasets the opposite effect in humans, namely a 
larger amount of differentially expressed genes in old 
vs. young females, compared to old vs. young males. 

In addition, sex-specific comparisons were made with 
human data, and revealed that a significant amount, but 
not all pathways related to muscle-aging were recapitu-
lated by mice. For example, pathways related to protein 
synthesis were disproportionally regulated in male mice 
compared to male humans (perhaps due to a higher pro-
portion of type II myofibers in mouse quadriceps mus-
cle), while well-known aging-related pathways involv-
ing e.g. sirtuin signaling, oxidative phosphorylation, 
oxidative stress and cellular senescence were conserved 
across the species. All in all, these findings provide 

Fig. 7   A comparison 
of aging related changes 
in the eIF4 and P70S6K 
signaling pathway between 
mice and humans for 
each sex separately. (A) A 
schematic overview of the 
changes in the expression 
of the involved genes in 
old vs. young male humans 
and mice. (B) A heatmap 
with hierarchical cluster-
ing of genes significantly 
differentially expressed in 
old vs. young male humans 
and/or mice. The same 
schematic overview (C) and 
heatmap (D) were created 
using the results of the 
comparison between old 
and young female humans 
and mice as input. In all 
figures a red color indicates 
an increased expression, 
and a green color indicates 
a decreased expression in 
the aged group compared to 
the young group. For mice, 
data belonging to the com-
parison between the oldest 
group (25 months) with the 
youngest group (4 months) 
was used
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novel insights in sex differences in the muscle-aging 
trajectories of mice, and suggest that the sex-differences 
observed in mice do not necessarily reflect sex-differ-
ences observed in human muscle-aging.

Aged female, but not male mice displayed a signifi-
cantly slower movement speed compared to young con-
trol mice, which is a finding that is in line with previous 
studies [32, 33]. However, whether this is associated to 
potential female-specific changes in the skeletal muscle 

trajectory was not yet known. Using WGCNA, we now 
confirmed that indeed a larger part of the muscle-aging 
signature is associated with aging related decrease of 
movement speed in female mice compared to male 
mice. Noticeably, the highest ranking pathways (based 
on their p-values) found in the best correlating module 
of female mice were mostly related to (muscle) inac-
tivity and atrophy, confirming the relationship between 
muscle physical activity and mechanisms underlying 

Fig. 8   A comparison of sex differences in humans and mice, 
focusing on aging related perturbations in the transcriptome 
of quadriceps muscle. (A) Venn diagrams displaying the num-
ber of genes significantly regulated in both or only one of the 
sexes in mice at 17, 21 and 25 months compared to 4 months 
old mice. On the right side of the dashed line, the number of 
genes significantly regulated in both or only one of the sexes in 

old vs. young humans is displayed. (B) The percentage of path-
ways differentially expressed in old vs. young human females, 
that were also differentially expressed in old vs. young mice 
at different ages for both male and female mice. (C) The per-
centage of pathways differentially expressed in old vs. young 
human males, that were also differentially expressed in old vs. 
young mice at different ages for both male and female mice
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muscle atrophy. These findings are relevant, as these 
have multiple implications for the use of female natu-
rally aged mice in research. The most important implica-
tion perhaps is that when naturally aged mice are used to 
study sex-differences in muscle-aging, potential sex-dif-
ferences do not necessarily originate from effects of sex 
per se, but possibly rather from a reduction of physical 
activity in female mice specifically. On the other hand, 
if researchers would like to study the effects of the aging 
related reduction of physical activity on skeletal muscle, 
possibly naturally aged female mice could be a more 
suitable model compared to male mice.

Furthermore, we previously found consistently in 
GEO datasets originating from different studies, that 
more genes are regulated in old vs. young female mus-
cle tissue compared to old vs. young male muscle tis-
sue [9]. It was striking to find that this sex-difference 
in number of genes regulated in old vs. young mus-
cle tissue was reversed in mice compared to humans. 
The higher number of genes regulated during aging 
in female humans could perhaps be explained by the 
menopause, which is frequently mentioned as a pos-
sible source for sex-differences in aging in humans. 
Female humans experience a sudden drop in circu-
lating estrogen levels, which has been reported to 
correlate with several parameters affected by aging, 
such as energy metabolism [34]. However, it cannot 
be assumed that this is recapitulated by female mice, 
since the menopause as known to occur in female 
humans, does not occur in mice, since ovarian func-
tion decreases slowly throughout aging in female 
mice, as does the secretion of estrogen [35–37]. A 
sudden menopause as observed in female humans, can 
be introduced in female mouse models by, for exam-
ple, ovariectomy [34], but it does not occur naturally. 
Consequently, this might then explain as well why 
we did not find a higher number of genes regulated in 
female mice compared to male mice, as was observed 
in humans [9]. Besides this, it remains unclear why we 
found a consistently higher number of regulated genes 
in male compared to female mice. This knowledge gap 
cannot be answered yet and remains to be elucidated.

Another interesting sex difference in the muscle-
aging trajectory of mice was that in male mice the skel-
etal muscle transcriptome changed considerably in the 
oldest group (25  months). The difference between the 
group prior to this timepoint (the 21 months group) is 
only 4 months, yet has major significant effects, as an 
additional 2791 genes were regulated at 25  months 

compared to the 21  months old group. Noticeably, 
the top 10 regulated pathways at the age of 25 months 
were many well-known aging related pathways, such as 
‘Sirtuin Signaling Pathway’, ‘Oxidative phosphoryla-
tion’ and the ‘Senescence Pathway’ and concomitantly, 
aging related loss of muscle mass became apparent in 
the quadriceps muscle at the same timepoint. In addi-
tion, the percentage of type I myofibers was significantly 
higher in the soleus muscle of the 25 months old mice 
compared to the younger groups as well. This suggests 
the existence of a tipping point, after which major novel 
transcriptional changes occur, which did not yet occur 
at earlier aged groups (17 and 21 months). This finding 
is in line with another study that has also reported dis-
tinctive changes during the late phase of aging in male 
mice [38]. These results highlight the necessity for care-
ful selection of the exact age being used for a naturally 
aged mouse model, especially in male mice. Contrast-
ingly, in female mice a more consistent effect of aging 
on the muscle transcriptome was observed, which could 
perhaps partially be explained by the fact that in female 
mice a slow and consistent loss of circulating estrogen 
occurs [35–37]. In addition, the more prominent role 
of aging related reduction of physical activity in female 
mice might also explain this sexual dimorphism. Possi-
bly, a tipping point is apparent in female mice at an ear-
lier or later age or aging is female mice is more gradual 
without an evident tipping point. The use of earlier time-
points can shed a light on this, but we doubt whether 
implementing even older mice is desirable, due to a pos-
sibly high loss of mice resulting in a lack of statistical 
power, and a higher likelihood for confounding effects 
due to aging-related comorbidities.

Noticeably, the quadricep muscle was the only muscle 
group to display a statistically significant aging related 
loss of muscle mass. This was in contrast to lean body 
mass, which, unlike humans, was higher in the aged 
groups compared to the young group and was main-
tained at even an old age, as was also found in other stud-
ies [39]. Moreover, this does not necessarily mean that 
aging-related loss of muscle mass does not occur in other 
muscle groups besides the quadriceps, since it is likely 
that if more mice, or a slightly older young control group 
(with perhaps more muscle mass) were included, statisti-
cally significant differences would have been observed in 
the gastrocnemius muscle as well. However, the current 
results still suggest that the quadriceps muscle group is 
most susceptible for aging-related loss of muscle mass. 
This observation is in line with a recent finding in male 
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humans, in which the quadriceps femoris showed the 
largest aging related loss of muscle volume compared 
to other muscles [40]. In the latter study, a smaller aging 
related loss of muscle volume was observed in the lower 
leg muscles. Although we measured muscle mass and 
not volume, this notion is in line with what we observed 
in the tibialis anterior muscles of aged mice. Moreover, 
another study implementing near-infrared spectrom-
etry to measure mitochondrial function found an aging-
related loss of mitochondrial capacity in quadriceps and 
gastrocnemius muscle, but not in tibialis anterior mus-
cles [41]. Together these studies indicate muscle-specific 
effects of aging, and support our finding that upper leg 
muscles are the most susceptible for the effects of aging.

An often overlooked issue with using the natu-
rally aged mouse model are aging related comorbid-
ities. In the current study, the 25 months old groups 
were inspected, after the isolation of muscle tissue, 
upon pathology on a macroscopic level. If devia-
tions from normal morphology were detected in 
other tissue besides muscle, then these tissues were 
isolated and histopathology was assessed by a board 
certified pathologist. Such tissues were collected 
from 87% of the 25 months old mice. Among others, 
enlarged lymph nodes, livers, spleens, kidneys and 
pancreata were found, and lymphomas or hydrone-
phrosis (in case of kidneys), were frequently identi-
fied to be the underlying cause of these swellings 
(Suppl. Figure 4). Such comorbidities are not a sur-
prise and are common in aged mice [12], however, 
these are frequently not investigated or mentioned 
in publications related to muscle-aging. All in all, 
these are factors that should be taken into account 
whilst choosing to use the naturally aged mouse as 
a model. Alternatively, other ways for the induc-
tion of muscle-atrophy can be considered, such as 
immobilization or restriction of the diet, which have 
been shown to induce pathways that are also regu-
lated during muscle-aging in humans [42].

Limitations of the current study were that we used one 
young control group. Slightly older young control groups 
(e.g. 8 months) might have revealed additional significant 
effects in, for example, loss of muscle mass. Another lim-
itation of this study is that most molecular analyses (e.g. 
RNA-seq) were performed in quadriceps muscle, and 
the observed effects of aging in this muscle might not be 
representative for the effects of aging in other muscles. 
This is also reflected by our finding that the quadriceps 
muscle displayed aging-related loss of muscle mass, but 

such atrophic effects of aging were not found in e.g. the 
tibialis anterior muscle. In addition, aging-trajectories 
could differ between muscles as well due to, e.g., dif-
ferent myofiber type compositions (e.g. soleus muscle), 
which could be an important factor to take into account 
when comparisons are made between mice and humans 
[43]. Lastly, in future research muscle function could be 
evaluated by performing muscle-specific measurements 
of force (e.g. maximal isometric torque) as well.

In conclusion, we have identified several sex-specific 
effects of aging on mice and their skeletal muscles. 
Aging-related reduction of movement speed is more 
pronounced in female mice, and is also associated to a 
larger degree to the aging related changes observed in 
the quadriceps muscle transcriptome. In male, but not in 
female mice, aging affects the muscle transcriptome dis-
tinctively at a late age (25 months). Furthermore, con-
trasting to humans, in the skeletal muscles of male mice 
more genes are regulated compared to female mice. 
Our results show that the translational value of mice for 
human muscle-aging, especially in regards to sex-differ-
ences, should not be assumed, and that careful selection 
of the sex and age of mice is required prior to perform-
ing such a study. The results of the current study pro-
vide novel insights into sex differences in muscle-aging 
in mice, and their translatability for human muscle-
aging, which may aid in the effective implementation of 
mouse-models in the field of muscle-aging.
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