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Abstract
Background Aging is associated with a progressive reduction in cellular function leading to poor health and loss of
physical performance. Mitochondrial dysfunction is one of the hallmarks of aging; hence, interventions targeting mitochondrial dysfunction have the potential to provide preventive and therapeutic beneﬁts to elderly individuals.
Meta-analyses of age-related gene expression proﬁles showed that the expression of Ahnak1, a protein regulating several signal-transduction pathways including metabolic homeostasis, is increased with age, which is associated with low
VO2MAX and poor muscle ﬁtness. However, the role of Ahnak1 in the aging process remained unknown. Here, we investigated the age-related role of Ahnak1 in murine exercise capacity, mitochondrial function, and contractile function of
cardiac and skeletal muscles.
Methods We employed 15- to 16-month-old female and male Ahnak1-knockout (Ahnak1-KO) and wild-type (WT)
mice and performed morphometric, biochemical, and bioenergetics assays to evaluate the effects of Ahnak1 on exercise
capacity and mitochondrial morphology and function in cardiomyocytes and tibialis anterior (TA) muscle. A
human left ventricular (LV) cardiomyocyte cell line (AC16) was used to investigate the direct role of Ahnak1 in
cardiomyocytes.
Results We found that the level of Ahnak1 protein is signiﬁcantly up-regulated with age in the murine LV (1.9-fold)
and TA (1.8-fold) tissues. The suppression of Ahnak1 was associated with improved exercise tolerance, as all aged adult
Ahnak1-KO mice (100%) successfully completed the running programme, whereas approximately 31% male and 8%
female WT mice could maintain the required running speed and distance. Transmission electron microscopic studies
showed that LV and TA tissue specimens of aged adult Ahnak1-KO of both sexes have signiﬁcantly more
enlarged/elongated mitochondria and less small mitochondria compared with WT littermates (P < 0.01 and
P < 0.001, respectively) at basal level. Further, we observed a shift in mitochondrial ﬁssion/fusion balance towards
fusion in cardiomyocytes and TA muscle from aged adult Ahnak1-KO mice. The maximal and reserve respiratory capacities were signiﬁcantly higher in cardiomyocytes from aged adult Ahnak1-KO mice compared with the WT counterparts
(P < 0.05 and P < 0.01, respectively). Cardiomyocyte contractility and fatigue resistance of TA muscles were signiﬁcantly increased in Ahnak1-KO mice of both sexes, compared with the WT groups. In vitro studies using AC16 cells have
conﬁrmed that the alteration of mitochondrial function is indeed a direct effect of Ahnak1. Finally, we presented
Ahnak1 as a novel cardiac mitochondrial membrane-associated protein.
Conclusions Our data suggest that Ahnak1 is involved in age-related cardiac and skeletal muscle dysfunction and
could therefore serve as a promising therapeutical target.
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Introduction
United Nations’ estimates predict that every sixth individual
worldwide will be aged 65 years or over by 2050.1 Increasing
life expectancy per se is a positive human development.
However, aging is associated with several undesirable aspects
and predisposes the elderly to age-related diseases such as
cardiovascular diseases, cancer, neurodegenerative diseases,
and metabolic disorders, which are major causes of disability
worldwide.2 Among these, cardiovascular diseases account
for approximately 40% of age-related diseases and their prevalence increases drastically with age.3 One of the most important physiological changes that occur with aging is a decline in
cardiorespiratory ﬁtness leading to physical inactivity, contributing to skeletal muscle atrophy and dysfunction.4,5 On the
other hand, as a normal part of the aging process, older individuals lose skeletal muscle mass, strength, and function,
known as sarcopenia.6 The progressive loss of muscle mass
and strength in the elderly plays a signiﬁcant role in limiting
exercise capacity that in turn increases the risk of cardiovascular morbidity and mortality.5,7 Therefore, we are in critical
need of a detailed mechanistic understanding of the pathogenesis of cardiac and skeletal muscle aging and the identiﬁcation of therapeutic targets to slow down the age-related
decline in cardiovascular and skeletal muscle functions.
Although the exact biological and cellular mechanisms
responsible for the aging of the heart and skeletal muscle
are not known, new evidence increasingly indicates that mitochondrial dysfunction is heavily implicated in this process.8,9
Both muscles are tissues with high-energy demand and thus
high mitochondrial density. Indeed, aged heart and skeletal
muscle display multiple abnormalities in mitochondrial morphology, biogenesis, dynamics, quality control, respiratory
function, susceptibility of the mitochondrial permeability transition pore, and reactive oxygen species production.8 To date,
therapies or drug-based approaches to restore mitochondrial
function in aged striated muscular tissues do not exist.
Therefore, interventions improving mitochondrial function
are attractive targets to attenuate cardiac and skeletal muscle
dysfunction and to extend health span in the elderly.
Ahnak1 (also known as desmoyokin), a protein of an
exceptionally large size (≈700 kDa), is localized mainly on
the plasma membrane in striated muscle types.10 Ahnak1
has been implicated in diverse signal transduction processes
affecting cell differentiation and proliferation; organization
of the plasma membrane architecture; and regulation of
extracellular Ca2+ inﬂux, vascular healing, tumour metastasis,

DNA-repair, and adipogenesis.11 Several studies have shown a
positive correlation between Ahnak1 gene expression and
age.12–14 Interestingly, increased expression of Ahnak1 was
associated with low VO2MAX and poor muscle ﬁtness.15
However, the exact biological function of Ahnak1 in the aging
process of the heart and skeletal muscle is unknown.
To understand the link between Ahnak1 expression and
muscle ﬁtness at advanced age, we subjected aged adult
Ahnak1 knockout mice (Ahnak1-KO) and their age-matched
wild-type (WT) siblings of both sexes to 4 weeks of treadmill
running. Aged adult Ahnak1-KO mice exhibited enhanced
running performance compared with their WT counterparts,
suggesting that attenuated Ahnak1 expression in aged adult
mice might improve mitochondrial function at basal level. Indeed, our data clearly demonstrate that suppression of
Ahnak1 signiﬁcantly ameliorates age-related mitochondrial
dysfunction, resulting in improved cardiomyocyte contractility and increased resistance to anterior tibialis (TA) muscle
fatigue in aged adult mice. These data suggest that the
suppression of Ahnak1 expression may improve overall
physical ﬁtness and prevent adverse health outcomes with
advancing age.

Material and methods
Animals
Fifteen- to 16-month-old male and female homozygous
Ahnak1-KO10 and their WT littermates were used. The
animals were kept on a 12:12 h light–dark cycle in temperature-controlled rooms and fed with commercial standard
chow and water ad libitum. All animal experiments were
approved by and conducted in accordance with the guidelines set out by the State Agency for Health and Social Affairs
(LaGeSo, Berlin, Germany) and with the ethical standards laid
down in the 1964 Declaration of Helsinki and its later
amendments.
Treadmill running
Aged adult female and male mice of both genotypes
were assigned to treadmill running or sedentary control
(n = 10–16). Over a 2 week period, mice were acclimated to
the treadmill via a gradual increase of the training intensity
(10–20 cm/s, at a 5° incline, 10–60 min/day/mouse). After
the adaptation phase, mice were trained with a maximal
training capacity {12–20 cm/s [2 min (12 cm/s); 2 min
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(14 cm/s); 2 min (16 cm/s); 4 min (18 cm/s); 50 min
(20 cm/s)] at a 5° incline} over a period of 4 weeks for
60 min/day/mouse and 5 days/week. Exclusion criterion
was deﬁned as the mouse’s inability to continue regular
treadmill running and to maintain the required running speed
and distance despite mechanical prodding.

Analysis of body composition
Whole body composition of live animals (body weight,
fat, and muscle mass) was determined using the timedomain-nuclear-magnetic-resonance
imaging
(Bruker
MiniSpec LF90II).

Cell culture and treatment
Ventricular mouse cardiomyocytes were isolated by a
standard enzymatic technique as described before.16 Brieﬂy,
after cervical dislocation, hearts were rapidly removed and
perfused at 37°C for 10 min with a bicarbonate buffer
(pH 7.4) containing low Ca2+ and collagenase (type II; PAN
BIOTECH). Subsequently, the ventricles were minced, and
isolated cardiomyocytes were resuspended in M199 medium
(Sigma) supplemented with 0.2% BSA, 10% foetal calf serum,
5 mmol/L creatine, 5 mmol/L taurine, 2 mmol/L carnitine,
10 μmol/L cytosine-D-arabinofuranoside, and antibiotics.
Cardiomyocytes were seeded in with 0.2% laminin-coated
well-plates and incubated in a 5% CO2 incubator at 37°C to
allow myocyte attachment. After 2 h, media were replaced
with appropriate media for further functional analysis
(as described further).
For in vitro investigations, we used a human adult left ventricular cardiomyocyte cell line, the AC16 cells,17 which were
cultured as previously described.18 To achieve a transient
knock-down of Ahnak1 in AC16 cells, a set of three different
Stealth siRNAs (small interfering RNA) against human Ahnak1
(HSS149070, HSS149071, HSS149072, ThermoFisher Scientiﬁc)
were transfected into AC16 cells using Lipofectamine
RNAiMAX transfection reagent (Invitrogen Life Technologies)
according to the manufacturer’s instructions. The Stealth
siRNA negative control (12935112, ThermoFisher Scientiﬁc)
was used to evaluate the siRNA speciﬁcity (scramble-siRNA).
Mock-transfected cells (treated with transfection reagent
only) were employed to verify any non-speciﬁc effects caused
by the transfection reagent or process. For further details, see
the Supporting Information, Data S1.

Gene expression analysis
Total RNA extraction and quantitative real-time polymerase
chain reaction were conducted as previously described.19
Brieﬂy, total RNA was isolated from mouse hearts, TA

muscles, or AC16 cells by using TRIzol reagent (Invitrogen,
UK) according to the manufacturer’s instructions. Quantitative real-time polymerase chain reaction experiments were
performed using a StepOnePlus Real-Time PCR System
(Applied Biosystems) with Power SYBR Green PCR Master
Mix (Applied Biosystems) and gene-speciﬁc primers. Primer
sequences are listed in the Supporting Information, Table
S1. Hypoxanthine phosphoribosyltransferase (Hprt) and/or
glyceraldehyde 3-phosphate dehydrogenase (Gapdh) were
used as endogenous references, as indicated, to normalize
expression of the target genes.

Western blot analysis
Whole protein lysates isolated from left ventricle (LV) and TA
muscle tissues from WT and Ahnak1-KO mice of both sexes,
and AC16 cells were separated by SDS-polyacrylamide gel
electrophoresis and electrotransfered to Nylon membrane
as described before.20,21 Antibodies used are listed in the
Supporting Information, Table S2. The signal was visualized
with the ECL™ detection kit (GE Healthcare). Band intensities
were quantiﬁed with Image Lab software 5.1 V (Bio-Rad
Laboratories).

Cardiomyocyte contractile assessment
Contractile properties of cardiomyocytes isolated from
female and male aged adult Ahnak1-KO and WT-littermate
hearts (n = 5–6 mice per group) were measured using a
video-based edge detection system (IonOptix Limited, Dublin,
Ireland) as described before.18 Brieﬂy, freshly isolated attached cardiomyocytes (2 × 104 cells per well) cultured on
laminin-coated coverslips were washed twice with Hank’s
balanced salt modiﬁed buffer (pH 7.4) for 15 min at 37°C
and electrically ﬁeld-stimulated with bipolar pulses of 5 ms
duration at 1 Hz. Cell shortening and relaxation of arbitrarily
selected stimulated cardiomyocytes were recorded using
IonWizard Transient Analysis software package (IonOptix
Limited) together with an Olympus IX70 inverted microscope
(40× objective) (Myocyte Calcium & Contractility Recording
System; IonOptix Limited).

Oxygen consumption rate
The oxygen consumption rate (OCR) was measured using
Seahorse XFe96 analyser (Agilent Technologies) and carried
out in accordance with the procedures described in the
Seahorse XF Cell Mito Stress Test kit (Agilent Technologies).
Measurements were performed in freshly isolated
cardiomyocytes (5 × 103 cells per well) from aged adult
female and male Ahnak1-KO and WT hearts as well as
in AC16 cells (8 × 103 cells per well) transfected with
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Ahnak1-siRNA, neg-siRNA or mock-transfected. For further
details on OCR measurement, please see the Supporting
Information, Data S1. Upon completion of the assays, data
were normalized for protein content of cells. OCR proﬁles
were expressed as pmol O2/min/μg protein. All parameters
[rates of basal respiration, max. respiration, spare (reserve)
respiratory capacity (the difference between the max. respiration and the basal mitochondrial respiration), and ATP production] were calculated using Wave Software according to
manufacturer (Agilent Technologies). Twelve replicates were
run for each condition, and experiments were repeated seven
times independently.

Mitochondrial isolation for electron microscopy
and for mitochondrial subfractionation analysis
Mitochondria and fractions of mitochondrial matrix and mitochondrial membrane were isolated from freshly excised
hearts of aged adult Ahnak1-KO and WT littermates of both
sexes (n = 3–4) with Mitochondria Isolation Kit for Tissue
(Thermo Scientiﬁc™) according to manufacturer’s instruction
(for further details, please see the Supporting Information,
Data S1).

Transmission electron microscopy, sample
preparation, and imaging
For morphological analysis, TA tissues from aged adult female
and male Ahnak1-KO and WT mice (n = 4 per group) were dissected and ﬁxed by immersion with 2% (w/v) formaldehyde/
2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer for
24–48 h. Whole murine heart from aged adult Ahnak1-KO
and WT mice of both sexes (n = 6 per group) were dissected
and externally perfused with 4% (w/v) formaldehyde/0.5%
(v/v) glutaraldehyde in 0.1 M phosphate buffer. Tissue from
the LV was further dissected and ﬁxed with 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer for 24–48 h. After
switching to 0.1 M cacodylate buffer, tissue blocks were
post-ﬁxed with 1% (v/v) osmium tetroxide, dehydrated in a
graded series of ethanol, and embedded in the PolyBed®
812 resin (Polysciences Europe GmbH). Ultrathin sections
(60–80 nm) were stained with uranyl acetate and lead citrate
before image acquisition.
For immunolabelling, isolated mitochondria were ﬁxed
with 4% (w/v) formaldehyde for 1 h at room temperature
(RT). Samples were further processed as described by Slot
and Geuze.22 Brieﬂy, samples were solidiﬁed in 12% (w/v) gelatine, inﬁltrated with 2.3 M sucrose, frozen in liquid nitrogen,
and sectioned (Ultracut E, Leica microsystems) at cryo
temperatures. Sections were blocked and washed in
phosphate-buffered saline supplemented with 5% BSA/0.1%
ﬁsh skin gelatine/5% goat serum/0.1% glycine for 30 min at
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RT. Labelling was performed with a primary anti-Ahnak1 antibody (E-5, Santa Cruz) for 1 h at 4°C and a secondary
anti-mouse 12 nm colloidal gold conjugate (115-205-146,
Dianova) for 30 min at RT. Sections were contrasted with
3% tungstosilicic acid hydrate (w/v) in 2.8% polyvinyl alcohol
(w/v).23
All samples were examined with a Morgagni electron microscope (Thermo Fisher). Acquisition was performed with a
Morada CCD camera and the iTEM software (Emsis GmbH,
Germany). For analyses of mitochondrial size (surface area),
10 micrographs were taken for each LV and TA tissue to measure mitochondrial size per unit area (48 μm2) in a blinded
fashion.
There are two different pools of mitochondria within the
cardiomyocytes and TA muscles, namely, the subsarcolemmal
mitochondria and the intermyoﬁbrillar mitochondria. In this
study, we focused on the analysis of the intermyoﬁbrillar mitochondria population because several studies have reported
that this population of mitochondria is more susceptible to
aging than subsarcolemmal mitochondria.24–27

Ex vivo contraction of isolated tibialis anterior
muscle
The method used for mechanical analysis of intact muscles
was described previously.28 TA muscle from aged adult male
Ahnak1-KO (n = 16), male WT (n = 10), female Ahnak1-KO
(n = 11), and female WT (n = 7) mice was dissected, transferred to an organ bath containing Krebs solution (vol.
20 mL) bubbled with 95% O2 and 5% CO2 and kept at constant temperature (22°C) where it was mounted between
the hook of a force transducer (FT-03; AstroNova) and a
hook connected to a movable shaft that was used to adjust
the muscle length. The muscle was tied to the hooks by
means of silk threads that had been previously ﬁxed to
the tendons. On both sides of the perfusion bath at distance
of about 2 mm from the preparation, plate platinum electrodes connected with a stimulator (S48 Grass-stimulator;
AstroNova) allowed electrical ﬁeld stimulation. The muscle
was stretched to Lo (muscle optimal length), and its
response to electrical stimulation was tested. Tetanic isometric contractions were evoked (110 Hz, 120 ms,
supramaximal amplitude) at Lo. A fatigue test was performed by measuring the drop-in force of the maximal tetanic force following 20 repeated contractions in a ramp
protocol at 0.03, 0.09, and 0.3 Hz. A 1401 A/D converter
(Cambridge Electronic Design) and CEA Spike2 software
(Cambridge Electronic Design) were used for the analysis.
The muscle isolated from its motor neuron and stimulated
using a constant electrical ﬁeld allows to distinguish the
neural fatigue from the intrinsic muscle fatigue due to
metabolic properties of the muscle.
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Statistics
All data are presented as mean ± standard error of the
means. Statistical analysis was performed using one-way
analysis of variance followed by Bonferroni post hoc test to
compare multiple groups, two-way analysis of variance
followed by Bonferroni post hoc test to compare means,
two-tailed Student’s t-test to compare values between two
groups, or multiple t-test, as appropriate, using GraphPad
Prism 5.01. A value of P < 0.05 was considered statistically
signiﬁcant.

Results
Aged adult Ahnak1-KO mice show improved
exercise tolerance
Aging-speciﬁc array-based gene expression analyses in skeletal muscles showed that increased Ahnak1 expression was
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positively associated with aging.13–15 In agreement, we also
showed that the expression of Ahnak1 protein was signiﬁcantly higher (≈1.9-fold) in the LV tissue of aged adult
Ahnak1-WT mice (16 months old) compared with young
Ahnak1-WT mice (2 months old; Figure 1A).
Because previous studies showed that increased Ahnak1
expression is associated with a low VO2MAX and poor skeletal
muscle ﬁtness,14,15 we determined whether the lack of
Ahnak1 affects the physical ﬁtness in aged adult mice. Surprisingly, all aged adult Ahnak1-KO mice (100%) successfully
completed the treadmill running programme (Figure 1B).
While all Ahnak1-KO mice kept running at higher speed for
4 weeks, most age and sex-matched WT mice were not able
to run consistently from the beginning of the training
programme. In total, only 8% of the female and 31% of the
male WT mice were able to complete the running
programme (Figure 1B). These data showed that Ahnak1-KO
mice have a distinctly improved exercise capacity.
The body composition analysis revealed no signiﬁcant
changes in body weight, fat, and muscle mass between aged
adult female and male Ahnak1-KO and their age-matched WT

Figure 1 Increased Ahnak1 expression is associated with reduced running capacity in old WT mice. (A) The level of Ahnak1 protein is increased in murine heart with aging. Upper panel: Representative immunoblots for Ahnak1 and GAPDH (20 μg lysate/lane) in the left ventricular tissues of young and
aged adult Ahnak1-WT littermates (n = 7 hearts per group). Lower panel: expression of Ahnak1 as the relative band intensity to GAPDH band intensity
ratio (in %). **P < 0.05, Student’s unpaired t-test. (B) Treadmill exercise test. After acclimatization, exercise training was performed on a treadmill over
a period of 4 weeks for 1 h/day and 5 days/week. The graph represents the percentage of mice that were able to complete the running programme
over 4 weeks (runners) and which were not able to run from the beginning (non-runners). n = 10–16 mice per group. WT, wild type.
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mice (Supporting Information, Figure S1A). Additionally, we
observed no signiﬁcant changes in the heart or TA wet
masses between both genotypes (Supporting Information,
Figure S1B). Therefore, we can rule out the contribution of
these factors to the observed differences in our model.

Ahnak1 is involved in the regulation of
mitochondrial size and mitochondrial activity in the
heart
Because aged adult Ahnak1-KO mice revealed a superior
physical ﬁtness, we hypothesized that the mitochondria of
aged adult Ahnak1-KO mice show overall improved function.
To test this hypothesis, we compared mitochondrial morphology and activity in the hearts of male and female aged adult
Ahnak1-KO and WT-littermate mice at basal level. On average, the size of cardiac mitochondria is between 0.5 and
1 μm2.29 Quantitative analysis of mitochondrial size in electron micrographs showed that cardiomyocytes of aged adult
Ahnak1-KO mice of both sexes oppose signiﬁcantly less small
(<0.5 μm2) and more large (>1 μm2) mitochondria
compared with sex-matched WT mice (Figure 2A, 2B and
2D). There were no signiﬁcant differences in the number of
medium-sized mitochondria (0.5 < X < 1 μm2) between both
genotypes (Figure 2C).
Because mitochondria are capable of modulating their
size and shape by fusion or ﬁssion processes,30 we assessed
the effect of Ahnak1 on the expression of genes involved in
mitochondrial fusion and ﬁssion in the LV tissues of aged
adult WT and Ahnak1-KO mice of both sexes. Key markers
of mitochondrial fusion include mitofusin 1 and 2 (Mfn1
and Mfn2) and optic atrophy 1 (Opa1). Mitochondrial ﬁssion
is mainly mediated by dynamin-related protein 1 (Drp1) and
mitochondrial ﬁssion 1 protein (Fis1). In accordance with
previous studies,30,31 we observed no signiﬁcant differences
in the expression of representative marker genes involved
in the fusion and ﬁssion processes in the hearts of aged
adult WT and Ahnak1-KO mice (Supporting Information,
Figure S2).
Further, we investigated whether changes in mitochondrial
size contribute to improved mitochondrial activity in
cardiomyocytes of aged adult Ahnak1-KO mice. Evaluation
of OCR showed that both maximal respiratory activity and
the respiratory reserve capacity (spare capacity) were signiﬁcantly higher in cardiomyocytes prepared from aged adult
Ahnak1-KO hearts compared with WT mice (Figure 2E–2G).
These data indicate that overall mitochondrial activity in aged
adult Ahnak1-KO cardiomyocytes is improved, and Ahnak1
might be a key modulator of bioenergetics capacity of
cardiomyocytes in old mice.
Mitochondrial content in the heart lysates from aged adult
male and female WT and Ahnak1-KO mice was determined by
quantifying the expression of representative subunits of key
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proteins involved in mitochondrial oxidative phosphorylation
(complexes I, II, III, IV, and the ATP synthase, OXPHOS
system). As shown in Figure 2H, only the protein level of
representative subunits of complexes III (UQCRC2) and V
(ATP5a) was signiﬁcantly increased in the hearts of
aged adult Ahnak1-KO mice, when compared with WT
littermates.
Collectively, these results suggest that the suppression of
Ahnak1 in aged adult mouse hearts is sufﬁcient to alter the
mitochondrial morphology and to improve the oxidative capacity of cardiomyocytes.

Deletion of Ahnak1 is associated with signiﬁcantly
improved contractile function in cardiomyocytes of
the aged adult heart
To assess whether the effect of improved mitochondrial
activity in aged adult Ahnak1-KO cardiomyocytes can
be extrapolated to a better contractile function of
cardiomyocytes, the contractile parameters were compared
between cardiomyocytes from aged adult female and male
Ahnak1-KO and WT hearts. Our data demonstrated that, in
comparison with cardiomyocytes from aged adult WT hearts,
cardiomyocytes from both sexes of Ahnak1-KO mice exhibited a signiﬁcant increase in shortening amplitude (Figure
3A) and in the maximal rate of contraction and relaxation
velocities ( dL/dt and +dL/dt, Figure 3B–3C), resulting in a
lower time to peak shortening (Figure 3D) and shorter relaxation times (Figure 3E) as measured at 50% of shortening and
relengthening, respectively. These data suggest that the
remodelled mitochondria in aged adult Ahnak1-KO
cardiomyocytes are associated with signiﬁcantly improved
contractile function, supporting these as a more primary
effect of Ahnak1 absence.

Ahnak1 regulates mitochondrial morphology and
function in tibialis anterior muscle
In this study, we used TA muscles because it has been shown
that their mitochondrial function decline with aging.32 As previously reported,13–15 we also showed that the expression of
Ahnak1 protein was signiﬁcantly higher (≈1.8-fold) in the TA
tissues of aged adult Ahnak1-WT mice (16 months old) compared with young Ahnak1-WT mice (3 months old; Figure 4A).
To assess whether Ahnak1 deﬁciency is also associated with
an alteration of the mitochondrial morphology in skeletal
muscles, longitudinal sections of TA muscle tissues of aged
adult WT and Ahnak1-KO mice of both sexes (n = 4 per group)
were analysed. Figure 4B (left) shows a representative transmission electron microscopy-micrograph from the central
part of a typical WT TA-muscle ﬁbre with regularly arranged
sarcomeres. Most mitochondria are small and situated at
Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 1249–1265
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Figure 2 Ahnak1 directly modulates mitochondrial size and activity in aged mouse hearts. (A–D) Mitochondrial size is increased in aged Ahnak1-KO
hearts. (A) Representative electron micrographs of left ventricular sections from 15–16 months old WT (left) and Ahnak1-KO (right) mice. 11 000× magniﬁcation; scale bar: 2 μm. (B–D) The graphs represent the percentage of the number of small-sized (B), medium-sized (C), and large-sized (D) mito2
chondria per image area (48 μm ) in the left ventricular sections from aged adult female and male WT and Ahnak1-KO mice. n = 6 mice/group. (E–H)
Mitochondrial activity is improved in aged Ahnak1-KO hearts. (E–G) parameters of respiratory control in the cardiomyocytes isolated from aged adult
female and male Ahnak1-KO hearts. (E) Basal respiration. (F) Mitochondrial max. respiration. (G) Reserve (spare) respiratory capacity. OCR, oxygen
consumption rate. n = 7 hearts/group. (H) Representative western blot (upper panel) and quantiﬁcation analysis (lower panel) of the level of complexes III (UQCRC2) and V (ATP5a) subunits of OXPHOS in heart lysates of aged adult WT and Ahnak1-KO mice of both sexes; the loading control
was GAPDH. n = 7–8 hearts/group. All data are expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, two-way analysis of variance followed
by Bonferroni post hoc test. WT, wild type.

Figure 3 Ahnak1 deﬁciency is associated with improved contractile function of aged adult cardiomyocytes. Contractile parameters from isolated primary cardiomyocytes of aged adult female and male Ahnak1-KO and WT littermates were quantiﬁed by (A) max. contraction shortening, (B) maximal
rate of contraction ( dL/dt) and (C) maximal rate of relaxation (+dL/dt) velocities; (D) time to 50% contraction (peak), and (E) time to 50% re-lengthening (BL, base line). n = 48–51 cardiomyocytes from ﬁve to six hearts per group. All data are expressed as means ± SEM. **P < 0.01, ***P < 0.001,
two-way analysis of variance followed by Bonferroni post hoc test. WT, wild type.

both sides of Z lines (arrows). Figure 4B (right) displays a representative transmission electron microscopy-micrograph
from the central part of a typical Ahnak1-KO TA muscle ﬁbre.

In addition to the small mitochondria located on both sides of
the Z lines (arrows), the image shows a series of enlarged/
elongated mitochondria (asterisks) separated by regularly
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Figure 4 Deletion of Ahnak1 is associated with signiﬁcantly increased mitochondrial function in aged adult tibialis anterior (TA) muscles. (A) The level
of Ahnak1 protein is increased in murine TA muscle with aging. Upper panel: representative immunoblots for Ahnak1 and GAPDH (20 μg lysate/lane) in
the TA muscle tissues of young and aged adult Ahnak1-WT littermates (n = 7 hearts/group). Lower panel: expression of Ahnak1 as the relative band
intensity to GAPDH band intensity ratio (in %). *P < 0.05, Student’s unpaired t-test. (B) Representative electron micrographs of longitudinal sections of
TA muscle ﬁbres of aged adult WT (left) and Ahnak1-KO mice (right). Small mitochondria (arrows), enlarged/elongated mitochondria (asterisks). 8100×
magniﬁcation; scale bar: 2 μm. (C–E) The percentage of the number of small-sized (C), medium-sized (D), and large-sized (E) mitochondria per image
2
area (48 μm ) in TEM-micrographs acquired from TA tissues. n = 4 mice/group. (F) Expression levels of fusion and ﬁssion markers in TA muscles of aged
adult WT and Ahnak1-KO mice. Expression of target genes was normalized to the geometric mean of Hprt and Gapdh. n = 6–8 mice per group. (G)
Representative western blots (upper panel) and quantiﬁcation analysis (lower panel) of the level of complexes III (UQCRC2) and V (ATP5a) subunits
of OXPHOS in TA muscle lysates of aged adult WT and Ahnak1-KO mice; the loading control was GAPDH. n = 4 mice/group. All data are expressed
as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA followed by Bonferroni post hoc test. WT, wild type.

arranged sarcomeres. Quantitative analysis of mitochondrial
size showed that the TA muscles of aged adult Ahnak1-KO
mice display signiﬁcantly less small (<0.05 μm2) and more
large/elongated (>0.2 μm2) mitochondria compared with
those of sex-matched WT mice (Figure 4C and 4E). There
were no signiﬁcant differences in the number of
medium-sized mitochondria (0.05 < X < 0.2 μm2) between
both genotypes (Figure 4D). Taken together, our results demonstrate that mitochondrial morphology is also changed in
the TA muscles of aged adult Ahnak1-KO mice.
Next, we assessed the effects of Ahnak1 deﬁciency on expression of genes involved in mitochondrial fusion and ﬁssion
in TA muscle tissues of aged adult male and female WT and
Ahnak1-KO mice. As shown in Figure 4F, aged adult
Ahnak1-KO mice showed a signiﬁcantly higher expression of
mitochondrial fusion markers, Opa1 and Mfn2, in their TA
muscle tissues compared with those of WT mice, while the
expression of mitochondrial ﬁssion markers Fis1 and Drp1
was unchanged, which could be a possible explanation for
the presence of more large and elongated mitochondria in
the TA muscles of Ahnak1-KO mice.
Further analysis of TA muscle tissues revealed that only
protein levels of the representative subunits of complexes
III (UQCRC2) and V (ATP5a) were signiﬁcantly increased in
TA muscles of aged adult Ahnak1-KO mice, when compared
with those from WT littermates (Figure 4G).
These results are evidence that, as in cardiomyocytes,
Ahnak1 is also involved in the regulation of mitochondrial

morphology and function in the TA muscle of aged adult
mice.

Deletion of Ahnak1 is associated with signiﬁcantly
increased fatigue resistance in aged adult tibialis
anterior muscle
To assess whether the remodelled mitochondria in aged
adult Ahnak1-KO TA muscle can contribute to improved skeletal muscle ﬁtness and exercise capability, the response to
fatigue of TA muscles from aged adult Ahnak1-KO and WT
mice was examined. Results showed that the TA muscles
from aged adult Ahnak1-KO mice of both sexes are signiﬁcantly more fatigue resistant than those of age-matched WT
mice (Figure 5). These data suggest that the remodelled mitochondria in aged adult Ahnak1-KO TA muscles are associated
with signiﬁcantly improved contractile function in TA muscles
conﬁrming them as a target of Ahnak1.

Down-regulation of Ahnak1 improves
mitochondrial function in a human left ventricular
cardiomyocyte cell line
To determine whether Ahnak1 is directly involved in the regulation of mitochondrial function, AC16 cells (6 × 103 cells per
well) were transfected with speciﬁc Ahnak1-targeted siRNA

Figure 5 Ahnak1 deﬁciency is associated with signiﬁcantly enhanced fatigue resistance in aged adult tibialis anterior (TA) muscle. Fatigue index in isolated TA muscles from aged adult male Ahnak1-KO (n = 16) and WT (n = 10) mice (left panel), and female Ahnak1-KO (n = 11) and WT (n = 7) mice (right
panel) expressed as a percentage of the maximal tetanic force. TA muscles were subjected to 20 repeated contractions in a ramp protocol at 0.03, 0.09,
and 0.3 Hz. The data are expressed as means ± SEM, *P < 0.05; **P < 0.001, multiple t-test.
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Figure 6 Attenuated Ahnak1 expression in AC16 cells improves mitochondrial function. AC16 cells were transiently transfected with Ahnak1-siRNA or
neg-siRNA, or mock-transfected. Following experiments were conducted: after 72 h incubation, Ahnak1 mRNA und protein levels were determined by
(A) reverse transcription polymerase chain reaction (RT-PCR) and (B) western blot analyses, respectively. The amount of Ahnak1 mRNA and protein of
mock-transfected cells was set to 100% each. RT-PCR: n = 6–7 and western blot: n = 7 independent experiments in duplicates. (C–F) After 48 h incubation, parameters of respiratory control were measured. (C) Basal respiration; (D) maximal respiration; (E) spare respiratory capacity; (F) ATP production. Data were normalized by total protein content. OCR, oxygen consumption rate. n = 7 independent experiments per group, mean of 10 wells each.
Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, one-way analysis of variance followed by Bonferroni post hoc test.
(G–I) The expression levels of mitochondrial genes (G), major regulators of mitochondrial gene expression (H), and main regulators of mitochondrial
dynamics (I) were measured by RT-PCR in cells. Expression of target genes was normalized to the geometric mean of HPRT and GAPDH. Results are
expressed as mean ± SEM of six to seven independent experiments in duplicates. *P < 0.05, **P < 0.01, ***P < 0.001, one-way analysis of variance
followed by Bonferroni post hoc test.
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(Ahnak1-siRNA), or non-targeting siRNA (neg-siRNA), or
mock-transfected. Evaluation of knockdown efﬁciency
showed that in cells transfected with Ahnak1-siRNA, the inhibition rates of Ahnak1 mRNA and protein expression were
about 80% (Figure 6A and 6B). Transfection with neg-siRNA
did not alter Ahnak1 expression levels, and these were
comparable with those of mock-transfected cells, indicating
that the inhibitory effect of Ahnak1-siRNA was speciﬁc.
To corroborate the involvement of Ahnak1 in the regulation of mitochondrial activity, we investigated whether the
down-regulation of Ahnak1 would also affect the mitochondrial oxidative capacity in AC16 cells. Consistent with the data
obtained from Ahnak1-KO cardiomyocytes, we observed a
signiﬁcant increase in mitochondrial activity in cells
transfected with Ahnak1-siRNA, when compared with cells
transfected with neg-siRNA or mock-transfected cells, as
shown by signiﬁcantly increased maximal respiration, respiratory reserve capacity, and ATP production (Figure 6C–6F).
This indicates that cells with reduced Ahnak1 expression
may be able to manage better an energetic crisis.
Following validation of the direct role of Ahnak1 in regulation of mitochondrial activity upon transfection with
speciﬁc Ahnak1-targeted siRNA, we tested the effects of
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such treatment on the regulation of the expression of
mitochondrial genes associated with OXPHOS complexes.
Our data demonstrated that speciﬁc reduction of Ahnak1
expression led to increased expression of several nuclear
and mitochondrial encoded genes such as ND4 (NADHdehydrogenase subunit 4), NDUFS1 (NADH-dehydrogenase
Fe–S subunit 1), COX1 (cytochrome c oxidase subunit 1),
COX5b (cytochrome c oxidase subunit 5B), and ATP5b
(ATP synthase F1 subunit beta) (Figure 6G). Additionally,
the speciﬁc Ahnak1 knockdown led also to signiﬁcant
increased expression of other transcription factors known
to participate in the regulation of mitochondrial gene expression [e.g. SIRT1 (NAD-dependent protein deacetylase
sirtuin-1), SIRT3 (NAD-dependent protein deacetylase
sirtuin-3), PGC1α (peroxisome proliferator-activated receptor gamma coactivator 1-alpha), NRF1 (nuclear respiratory
factor 1), NRF2A/2B, (nuclear respiratory factor 2A and
2B), and TFAM (Transcription Factor A; Figure 6H)].
Furthermore, to assess the effects of Ahnak1 suppression
on mitochondrial dynamic processes, the expression of genes
involved in mitochondrial fusion and ﬁssion was compared
between cells transfected with speciﬁc Ahnak1-siRNA and
those of controls. Our data indicate that the speciﬁc

Figure 7 Ahnak1 is localized on mitochondrial membrane. (A) Immunoelectron microscopy for Ahnak1. Ultrathin sections prepared from isolated mitochondria from LV sections of aged adult Ahnak1-KO and their WT littermates were labelled with an anti-Ahnak1 mouse monoclonal antibody (E-5,
Santa Cruz) and a 12 nm gold particle-conjugated secondary antibody. The gold particles were visualized by transmission electron microscopy. Ahnak1
staining was found mainly at the membrane of mitochondria isolated from the LV of WT mice (left panel) as indicated by arrows, whereas the mitochondria isolated from LV of Ahnak1-KO mice showed no signal (right panel). 16 000× magniﬁcation, scale bar: 1 μm. (B) Mitochondria isolated from freshly
excised hearts of aged adult Ahnak1-KO and their age-matched WT littermates (n = 3–4 hearts per group) were evaluated by subcellular fractionation.
The mitochondria were subfractionated in mitochondrial matrix and mitochondrial membrane fractions which were subjected to SDS-PAGE and western
blotting. Ahnak1 was detected using an Ahnak1 antibody (Ahnak1-C1). Antibodies directed against Tim23 and tubulin were used as mitochondrial membrane and cytosolic marker, respectively. Whole proteins from hearts of Ahnak1-KO and WT mice were used as control. WT, wild type.
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knockdown of Ahnak1 led to a signiﬁcant increased expression of mitochondrial fusion markers, namely, OPA1, MFN1,
and MFN2 (Figure 6I). However, no signiﬁcant differences in
the expression of mitochondrial ﬁssion markers, DRP1 and
FIS1, were observed (Figure 6I). These data clearly indicate
that Ahnak1 down-regulation is associated with the improvement of mitochondrial function in cardiomyocytes.

Ahnak1 is localized on mitochondrial membrane
On basis of our data, we assumed that Ahnak1 might be a key
component of signalling involved in mitochondrial remodelling, because its down-regulation leads to attenuation of
mitochondrial fragmentation. We therefore hypothesized that
Ahnak1 might directly contact the mitochondrial surface. Indeed, our immunoelectron microscopy data with isolated mitochondrial fraction from aged adult WT hearts revealed that
the Ahnak1 protein is mostly localized on the mitochondrial
membrane (Figure 7A, left, arrows), whereas this signal was
lacking on the mitochondria isolated from aged adult
Ahnak1-KO hearts (Figure 7A, right). Consistently, analysis of
isolated mitochondrial matrix and mitochondrial membrane
fractions from heart tissues of aged adult Ahnak1-KO and
WT littermates conﬁrmed the presence of Ahnak1 in the
mitochondrial membrane fraction of WT hearts (Figure 7B).
However, the signal for Ahnak1 was lacking in the mitochondrial matrix fraction of WT hearts, indicating that Ahnak1 is
indeed localized only on the mitochondrial membrane. As
expected, an anti-Ahnak1 antibody did not recognize a
signal either in the mitochondrial membrane or in the
mitochondrial matrix fractions prepared from Ahnak1-KO
hearts (Figure 7B). Taken together, we could show that the
Ahnak1 protein is localized on the mitochondrial membrane
in the murine heart.

Discussion
A decline in mitochondrial function plays a key role in the aging process. Interventions that improve mitochondrial function are clinically signiﬁcant in decelerating age-associated
pathophysiological changes. In this study, using Ahnak1-KO
mice, we demonstrated the crucial role of Ahnak1 on alterations of mitochondrial morphology and function in aged
adult murine heart and TA muscle, and consequently, its inﬂuence on physical ﬁtness in advanced age. In vitro studies
using speciﬁc Ahnak1 targeted-siRNA in AC16 cells showed
that the alteration of mitochondrial function is indeed a direct effect of Ahnak1. Finally, we presented Ahnak1 as a
novel mitochondrial membrane-associated protein. Taken
together, the data presented in this study indicate that the
suppression of Ahnak1 may improve overall physical ﬁtness
and prevent adverse health outcomes with advancing age.
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Although previous analyses of age-related changes in gene
expression proﬁles reported that the expression of Ahnak1 is
increased with age in skeletal muscles, and age-related increased expression of Ahnak1 gene inversely correlates with
oxygen consumption and skeletal muscle ﬁtness,12,13,15 there
was no conclusive explanation for the relationship between
these phenomena so far. In this study, we showed that the
level of Ahnak1 protein is also up-regulated with age in the
murine heart and TA tissues and that the increased expression
of Ahnak1 in aged adult mice exposed to treadmill running was
associated with poor exercise tolerance, as most aged adult
WT mice were unable to complete the running programme.
By contrast, aged adult Ahnak1-KO mice showed enhanced
running performance and a superior physical ﬁtness. This
discrepancy in running performance is indicative of compensation mechanisms in aged adult Ahnak1-KO mice that trigger an
adaptive response to increased workload. Mitochondrial
dysfunction is acknowledged as one of the hallmarks of aging,
which leads to a decline in cellular function, and muscle
frailty.8,33 One of the potential mechanisms by which the suppression of Ahnak1 could increase the running capacity in aged
adult mice is the improvement of mitochondrial function,
thereby the mitochondria of Ahnak1-KO mice, as the primary
source of ATP, can produce sufﬁcient amounts of ATP to
maintain the cardiac and skeletal muscle function.
Aging causes changes in the morphology of mitochondria
in heart and skeletal muscle. Morphologically, the mitochondria of aged hearts appear to be more fragmented and
circular in both human and animal models,34,35 whereas aged
skeletal muscles show either fragmented, rounded mitochondrial networks or enlarged mitochondria, depending on the
muscle type or methodologies used.26,36 In the present study,
LV and TA tissues from both sexes of aged adult Ahnak1-KO
mice showed that the number of enlarged/elongated mitochondria in these tissues was signiﬁcantly increased, whereas
the number of small mitochondria was signiﬁcantly decreased in comparison with those of age-matched WT counterparts. The morphology of mitochondria is mainly
regulated by ﬁssion and fusion processes, which are triggered
by multiple proteins belonging to the family of large GTPases.
MFN1 and MFN2 are required for the fusion of outer mitochondrial membranes, and OPA1 for the fusion of inner mitochondrial membranes, while the mitochondrial ﬁssion
process is mainly mediated by the DRP1 and FIS1 proteins.37
In this study, there were no signiﬁcant differences in the expression of ﬁssion and fusion marker genes in the hearts between aged adult Ahnak1-KO and WT mice. This result,
however, was not unexpected because the mitochondria in
the heart are relatively immobile and have an extremely slow
fusion and ﬁssion rate, so that the expression of these genes
in the heart is very weak.30,38 In contrast to the heart, however, we observed that the suppression/down-regulation of
Ahnak1 in both aged adult TA muscles and in AC16 cells
resulted in increased expression of the fusion markers
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OPA1, MFN1, and MFN2, while the expression of the ﬁssion
markers FIS1 and DRP1 remained unchanged. These data
suggest that a shift in the mitochondrial ﬁssion-fusion
balance towards fusion contributes to the observed changes
in mitochondrial morphology from a fragmented state to a
more enlarged/elongated state in cardiomyocytes and TA
muscle of aged adult Ahnak1-KO mice.
Both experimental and mathematical models have demonstrated that elongated and enlarged mitochondria induced by
fusion tend to have improved mitochondrial function (e.g. facilitating complementation of the mitochondrial genome, efﬁcient
metabolite exchange, increased respiration and ATP production,
decreased reactive oxygen species production and reduced susceptibility to calcium overload).39–41 In contrast, small/
fragmented mitochondria induced by the ﬁssion process are
more prone to mitophagy42,43 and exhibit various functional
disorders (e.g. decreased respiration and decreased ATP
production).41,44 The presence of more enlarged/elongated
mitochondria in the LV and TA muscles of aged adult
Ahnak1-KO mice may reﬂect that mitochondria in these muscles
are more efﬁcient and consequently produce more energy.
It has been shown that cardiac mitochondrial oxygen
consumption decreases signiﬁcantly with increasing age.45
Interestingly, we observed that the mitochondria in aged
adult Ahnak1-KO cardiomyocytes are able to overcome the
decrease in oxygen consumption, as demonstrated by significantly increased mitochondrial maximal respiratory and maximal reserve respiratory capacity compared with those of
aged adult WT cardiomyocytes. The direct effect of Ahnak1
on mitochondrial oxidative capacity was substantiated in
AC16 cells. The attenuated Ahnak1 expression resulted in a
signiﬁcant increase in maximal respiration and maximal
reverse respiratory capacity. The term ‘reserve respiratory
capacity’ describes the amount of extra ATP that can be produced by oxidative phosphorylation in response to increased
energy demand,46 and its reduction contributes to a severe
impairment of heart function and ultimately leads to the
death of cardiac cells.47
Accordingly, ATP production requires proper functioning of
the mitochondrial OXPHOS system which is composed of four
electron transport chain complexes, namely, complexes I, II, III,
and IV (cI, cII, cIII, and cIV), and the ATP synthase (cV), located
within the mitochondrial inner membrane.48 It has been
demonstrated that the age-related reduction of oxygen consumption is a consequence of reduced functional activity of
the OXPHOS system.45,49 Previous human and animal studies
on gene and protein expression revealed signiﬁcant
down-regulation of mitochondrial respiratory chain complexes in aging skeletal muscle and heart, particularly in
interﬁbrillar mitochondria.12,14,27,45,50 Interestingly, we observed in our study that suppression of the Ahnak1 gene in
aged adult heart and TA muscles results in up-regulation of
complexes cIII and cV expression compared with aged adult
WT mice. There is some evidence that cIII plays a key role in
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maintaining the stability of the OXPHOS complexes in the
mitochondria and protects them from degradation.51 cV is
important for the generation of energy in the form of ATP
and its deﬁciency can cause a variety of diseases, including cardiomyopathy and skeletal muscle dysfunction.52 Elevated cIII
and cV levels in the heart and skeletal muscles of aged adult
Ahnak1-KO mice could therefore be an attempt to improve
the stability and function of the mitochondria and to restore
the OXPHOS mechanisms, thus reversing the age-related decrease in ATP production in the mitochondria of both muscles.
Mitochondria have their own DNA, which encodes only 13
subunits of the OXPHOS system, but the remaining OXPHOX
subunits and other mitochondrial proteins are encoded by
the nucleus.53 Therefore, coordinated communication
between these two genomes is essential, which is largely
controlled by a tightly orchestrated interaction of different
transcriptional and metabolic regulators such as SIRT1, SIRT3,
PGC1α, NRF1, NRF2, and TFAM.54,55 Several studies demonstrated that changes in the expression and activity of these
regulatory factors with age contribute to the loss of mitochondrial biogenesis and function.56 In this study, we showed in
AC16 cells, that the acute down-regulation of Ahnak1 the
levels of representative mRNAs transcribed in the two
genomes, such as COX5b, COX1, NDUFS1, ND4, and ATP5b,
signiﬁcantly increased. Additionally, the expression of PGC1α,
NRF1, NRF2A/B, TFAM, SIRT1, and SIRT3 genes, as crucial
factors controlling the mitochondrial biogenesis, were also
signiﬁcantly increased in AC16 cells due to attenuated
Ahnak1 expression. Therefore, our ﬁndings suggest that the
increased expression of genes involved in the mitochondrial
biogenesis is indeed a direct effect of attenuated Ahnak1
expression and not a secondary consequence of its systemic
effects. The underlying molecular mechanisms have not yet
been investigated in this study and should be addressed by
future studies.
Cardiac and skeletal muscles, as tissues with high ATP turnover, require a constant ATP supply, mainly generated by mitochondrial oxidative phosphorylation, to sustain proper
contractile function. However, the age-related reduced
capacity of mitochondrial respiration and oxidative phosphorylation, as well as reduced mitochondrial biogenesis, compromise the ATP synthesis rates required for proper muscle
contraction, resulting in faster muscle fatigue by limiting
the supply of ATP to myocytes.57,58 As expected, in line with
the increased capacity of mitochondrial respiration and the
more efﬁcient oxidative phosphorylation in cardiac and TA
muscles of aged adult Ahnak1-KO mice, we observed an improved cardiomyocyte contractile function and an increased
fatigue resistance in TA muscles of aged adult Ahnak1-KO
mice compared with the age-matched WT mice. Because
the age-related decrease in contractile function is one of
the main characteristics of frailty in older people, which is associated with poorer performance in daily activities and
lower quality of life,59,60 suppression of Ahnak1 expression
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seems to be a promising alternative to improve muscular performance and thus the quality of life of older individuals.
Because Ahnak1 is mainly localized to the inner aspect of
the plasma membrane (sarcolemma) of striated muscles,10 it
is therefore conceivable that Ahnak1 is also associated with
the outer membrane of mitochondria. This assumption is
supported by the fact that Ahnak1 is an interaction partner
of myosin XIX (MYO19) that is associated with the mitochondrial outer membrane.61–63 Our results showed that Ahnak1
is localized on the mitochondrial membrane, most likely at
the outer mitochondrial membrane, and thus serves as a novel
mitochondrial-associated-membrane protein. Based on the
data obtained in this study, we assume that Ahnak1 binds to
the contact sites on the mitochondrial membrane required
for mitochondrial fusion, possibly masking these sites, which
could disturb the mitochondrial fusion process. This is
supported by the fact that the absence of Ahnak1 led to an
increased mitochondrial fusion and thus to enlarged/
elongated mitochondria in both cardiac and skeletal muscle
tissues.
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Conclusions
Exercise as a primary intervention can partially reverse
age-related mitochondrial dysfunction. As demonstrated in
this study, suppression of Ahnak1 can also lead to improved
performance of aging cardiac and skeletal muscles. This ﬁnding could be of considerable importance for the elderly, who,
for various reasons, are unable to be physically active or do
exercise. For decades, studies have concentrated on
drug-based approaches to restore mitochondrial function in
age-related diseases, which have not yet been approved for
release due to accompanying side effects. Because
Ahnak1-deﬁcient mice are viable and fertile into adulthood
and show no cross-abnormalities,10 and because we have
shown that suppression of Ahnak1 even improves mitochondrial function in aging hearts and skeletal muscles, we believe
that down-regulation of Ahnak1 could have preventive and
therapeutic beneﬁts for elderly individuals and improve their
quality of life. Importantly, many studies showed that
age-related cardiac, skeletal muscle, and mitochondrial disorder is a progressive process that begins already in middle age
(long before there is any clear physical impact in the advanced old age), and a crucial point is to know the timing
of age-related changes so that interventions to prevent them
can be initiated before they occur. Taken together, our ﬁndings may have a signiﬁcant impact not only on the understanding of the mechanisms of age-related mitochondrial
dysfunction of cardiac and skeletal muscle but also suggests
an intervention that may increase health span in the elderly.

Data S1. Supporting Information.
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Chain Reaction.
Table S2. All antibodies used in immunoblot analysis.
Figure S1. (A) TD-NMRI analysis revealed that there are no
signiﬁcant differences in body weight, fat and muscle mass
between aged adult Ahnak1-KO and WT littermates of both
sexes at basal level (n = 10–11 mice/group). (B) Heart (left
panels) and TA muscles (right panels) of aged adult
Ahnak1-KO and WT mice of both sexes were isolated,
weighed and correlated to body mass. Heart and TA
masses were similar among all groups (n = 10–11 mice/
group).
Figure S2. Expression of mitochondrial fusion and ﬁssion
markers in the LV of aged adult male and female
Ahnak1-KO and WT mice. (A-E) Real-time quantitative PCR
was used to determine expression levels of fusion and ﬁssion
markers Opa1 (A), Mfn1 (B), Mfn2 (C), Drp1 (D) and Fis1 (E),
respectively, in the LV tissues of aged adult WT and
Ahnak1-KO mice. mRNA content of target genes was normalized to the geometric mean of Hprt and Gapdh. All data are
expressed as means ± SEM, two-way ANOVA followed by
Bonferroni post hoc test. (n = 7–8 hearts/group).
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