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muscle mitochondria regardless of age, increased the 
abundance of complexes I, II, and IV in old mice 
and prevented the age-related decrease of complexes 
I, III, IV, and V and the mitofusin MFN-2. ATP was 
significantly decreased by aging, which was pre-
vented by CYB5R3 overexpression. Coenzyme Q 
and the mitochondrial biogenesis markers TFAM and 
NRF-1 were also significantly diminished by aging, 
but CYB5R3 overexpression did not protect against 
these declines. Both aging and CYB5R3 overexpres-
sion upregulated SIRT3 and the mitochondrial fission 
markers FIS1 and DRP-1, although with different out-
comes on mitochondrial ultrastructure: old wild-type 
mice exhibited mitochondrial fragmentation whereas 
CYB5R3 overexpression increased mitochondrial 
size in old transgenic mice concomitant with an 
improvement of autophagic recycling. Interventions 
aimed at stimulating CYB5R3 could represent a valu-
able strategy to counteract the deleterious effects of 
aging in skeletal muscle.

Keywords Aging · Autophagy · Cytochrome b5 
reductase · Mitochondria · Skeletal muscle

Introduction

As a gradual time-dependent decline of the normal 
physiological functions, aging is considered the most 
important risk factor for chronic diseases [1]. The free 

Abstract Cytochrome b5 reductase 3 (CYB5R3) 
overexpression activates respiratory metabolism 
and exerts prolongevity effects in transgenic mice, 
mimicking some of the salutary effects of calorie 
restriction. The aim of our study was to understand 
how CYB5R3 overexpression targets key pathways 
that modulate the rate of aging in skeletal muscle, a 
postmitotic tissue with a greater contribution to rest-
ing energy expenditure. Mitochondrial function, 
autophagy and mitophagy markers were evaluated 
in mouse hind limb skeletal muscles from young-
adult (7 months old) and old (24 months old) males 
of wild-type and CYB5R3-overexpressing geno-
types. Ultrastructure of subsarcolemmal and inter-
myofibrillar mitochondria was studied by electron 
microscopy in red gastrocnemius. CYB5R3, which 
was efficiently overexpressed and targeted to skeletal 
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radical theory of aging postulates that aging is caused 
by an increase in oxidant species production, mainly 
of mitochondrial origin, and a decrease of antioxidant 
defenses [2]. Accordingly, mitochondrial dysfunction 
appears as one of the best characterized hallmarks 
of aging [3], which points towards a key role of this 
organelle in understanding those processes associated 
with the development of senescence.

Post-mitotic tissues, as skeletal muscle, are spe-
cially affected by aging-associated mitochondrial 
dysfunction [4]. Skeletal muscles of most mammals 
contain two basic types of fibers: red fibers (RF, also 
known as type I or slow-twitch), which express myo-
sin heavy chain 1 (MHC I) and have an oxidative 
metabolism, and white fibers (WF, also regarded as 
type II or fast-twitch), which express MHC II iso-
forms and can be further subdivided in type IIA fibers 
(MHC IIA, which are oxidative and are also regarded 
as intermediate fibers), and type IIX and IIB fibers 
(MHC IIX and IIB) which are glycolytic [5]. Aging 
produces alterations in both type I and II fibers, 
although they are affected differently [6]. One of the 
principal effects of aging on skeletal muscle is sarco-
penia, whose onset is related with a decrease in mito-
chondrial content and functionality, highlighting the 
importance of the studies focused on this organelle 
[7].

As highly dynamic organelles, mitochondria 
undergo continuous cycles of fusion and fission to 
maintain a healthy state [8]. The mitofusins 1 and 
2 (MFN-1 and MFN-2) are key proteins mediating 
fusion, whereas DRP-1, FIS1, and mitochondrial fis-
sion factor (MFF) are involved in fission. Damaged 
mitochondria undergo fission to facilitate their degra-
dation and clearance by mitophagy, a selective form 
of autophagy whose principal mechanism proceeds 
through the PINK1/PARKIN pathway [9]. Main-
tenance of a healthy mitochondrial population also 
requires mitochondrial biogenesis, where PGC-1α 
interacts with NRF-1 to activate the expression of 
TFAM, a transcription factor involved in mitochon-
drial genome replication [10]. The sirtuins SIRT1 
and SIRT3 are key components of the machinery that 
regulates mitochondrial biogenesis, antioxidant pro-
tection, and oxidative metabolism in several tissues, 
including skeletal muscle [11].

Nowadays, a great interest is being paid to those 
interventions with a potential to extend maximal 
longevity (lifespan) and/or to promote healthy aging 

(healthspan). Calorie restriction (CR) without mal-
nutrition is the most effective intervention that 
extends both lifespan and healthspan in many model 
organisms [12]. Identification of enzymes mimick-
ing the effects of CR is another area of great interest 
because they constitute potential targets in antiaging 
pharmacological interventions. NADH-cytochrome 
b5 reductase 3 (CYB5R3, EC 1.6.2.2) is a flavopro-
tein that catalyzes electron transfer from NADH to 
cytochrome b5 or to alternative electron acceptors 
including plasma membrane coenzyme Q and several 
exogenous compounds [13]. The membrane-bound 
isoform of CYB5R3 is attached on the cytosolic side 
of the mitochondrial outer membrane, endoplasmic 
reticulum, and plasma membrane; is ubiquitously 
expressed in many tissues; and participates in drug 
metabolism, elongation, and desaturation of fatty 
acids and cholesterol biosynthesis [14]. Acting in 
tandem with the lipophilic electron carrier coenzyme 
Q, CYB5R3 participates in a trans-plasma membrane 
redox system which protects cells against oxidants 
[15].

To gain further insights into the participation 
of CYB5R3 in the regulation of those pathways 
that influence the rate of aging, we generated mice 
overexpressing CYB5R3 (TG mice), which dis-
played enhanced protection against induced cancer, 
increased insulin sensitivity, less oxidative damage, 
and extended longevity [16]. Despite these positive 
effects, to date, no study has been set up to address 
how CYB5R3 overexpression modulates key path-
ways related with longevity in aged mice.

The aim of this work was to study how CYB5R3 
overexpression affects mitochondrial morphology and 
function as well as autophagy in skeletal muscle from 
young-adult and aged TG mice. Our results demon-
strate that, consistent with its prolongevity effects in 
mice, CYB5R3 overexpression protects mitochondria 
from aging-associated biochemical and structural 
alterations and modulates autophagic signaling in 
skeletal muscle.

Methods

Animals and diets

This study was carried out with a cohort of wild-type 
(WT) and CYB5R3-transgenic (TG) male mice in a 



GeroScience 

1 3
Vol.: (0123456789)

C57BL/6 background that was generated as previ-
ously reported [16] (see Supplemental Methods). WT 
and TG mice were further separated in two age groups 
which were designated as Y (stating for young-adult) 
and O (stating for old). All animals had ad  libitum 
access to a standard chow from weaning until they 
reached 3 months of age. Then, they were transferred 
to a purified AIN93M diet and fed for 4 (Y groups) or 
21 (O groups) additional months. Once the animals 
reached the required age (7 or 24 months), they were 
sacrificed by cervical dislocation. Hind limb muscles 
were rapidly dissected, trimmed from fat and connec-
tive tissue, and frozen by immersion in liquid nitrogen 
in a buffered medium containing 10% DMSO as cryo-
protectant. Tissue samples were then stored at − 80 ºC 
for further biochemical analysis. Gastrocnemius sam-
ples were also removed and immediately processed 
for electron microscopy analysis as described below. 
Procedures with experimentation animals were 
authorized by the Consejería de Agricultura, Pesca y 
Desarrollo Rural, Junta de Andalucía (authorization 
code: 20/04/2016/053).

Preparation of tissue extracts

Hind limb skeletal muscle samples from six animals 
per group were homogenized in radioimmunopre-
cipitation assay (RIPA) buffer (50 mM Tris–HCl pH 
8; 150  mM NaCl; 0.5% deoxycholate; 0.1% SDS; 
1% Triton X-100; 1 mM DTT; 1 mM phenylmethyl-
sulfonyl fluoride (PMSF); 10 μg/mL each of chymo-
statin, leupeptin, antipain, and pepstatin A (CLAP); 
and phosphatase inhibitor cocktails 2 and 3 (Sigma-
Aldrich) diluted at 1/100) for 30 s using a high-per-
formance dispersing instrument (Ultra-Turrax T25, 
IKA, Staufen, Germany). Homogenates were then 
centrifuged at 10,000 × g for 15 min at 4 ºC and the 
supernatants stored frozen at – 80 ºC until further 
analysis. Total protein was determined by the Stos-
check modification [17] of the Bradford dye-binding 
method [18].

Isolation of mitochondria-enriched fractions

Hind limb skeletal muscles clean of fat and connec-
tive tissue were homogenized during 30 s at 4 ºC in 
ice-cold buffer containing 20 mM Tris–HCl pH 7.6, 
40  mM KCl, 0.2  M sucrose, 1  mM PMSF, 10  mM 
EDTA, 1 mM DTT, 20 μg/μL CLAP, and phosphatase 

inhibitor cocktails 2 and 3 (Sigma-Aldrich) diluted at 
1/100, using an electric tissue disrupter (Ultra-Turrax 
T25, IKA, Staufen, Germany). The homogenates 
were centrifuged at 420 × g for 10  min to eliminate 
cell nuclei and unbroken cells. Supernatants were 
collected and centrifuged at 6,700 × g for 10  min to 
obtain a mitochondria-enriched fraction in the pel-
let. This pellet was resuspended in 100 μl of isolation 
buffer and stored at − 80 ºC.

Electrophoresis and Western blot immunodetection

Electrophoresis and electro-transference to nitrocel-
lulose membranes were performed as described in our 
previous report [19] using the primary antibodies listed 
in Table 1 and secondary antibodies coupled to horse-
radish peroxidase to reveal binding sites by enhanced 
chemiluminescence (ClarityTM Western ECL Blot-
ting Substrates Kit, Bio-Rad). The signal was recorded 
using a ChemiDoc Imaging System (Bio-Rad), and the 
digital images obtained were analyzed using the Image 
LabTM Software (Bio-Rad). Quantification data of 
immunostained bands were normalized to the overall 
image density of the corresponding lane stained with 
Ponceau S.

Determinations of coenzyme Q levels

Lipid extraction from muscle samples and CoQ quan-
tification by HPLC were performed as described 
by Fernández-del-Río et  al. [20] (see Supplemental 
Methods).

ATP determinations

ATP was quantified by using a luciferine/luciferase-
based measurement kit (Molecular Probes). In brief, 
a standard reaction solution was prepared with 
400 µl 20 × reaction buffer, 80 µl 0.1 M DTT, 400 µl 
of 10 mM d-luciferine, 2 µl of 5 mg/ml firefly lucif-
erase, and water to a final volume of 8 ml. Samples of 
RIPA homogenates (3.7 µl) were mixed with 71.25 µl 
of standard reaction solution, and the mixtures were 
then transferred to a 96-well microplate for meas-
urement of ATP bioluminescence using a Varioskan 
LUX microplate luminometer (Thermo Scientific). 
ATP concentrations were calculated from a standard 
curve obtained with known amounts of ATP in stand-
ard reaction solution.



 GeroScience

1 3
Vol:. (1234567890)

Structural and ultrastructural analysis of 
mitochondria

Samples of red gastrocnemius were fixed in alde-
hydes and embedded in epoxy resin following a 
standard protocol for transmission electron micros-
copy. A detailed procedure is included in supplemen-
tary Material and Methods. Micrographs from lon-
gitudinal and transversal sections of skeletal muscle 
were taken randomly at 20,000 × and used for plani-
metric (sectional area) and stereological analyses of 
mitochondria. Stereological analyses were performed 
to calculate numerical profile density (Na), which 
measures the number of mitochondria or autophagic 
figures per µm2 of cell surface, and volume density 
(Vv), defined as the volume of a given subcellular 
structure per volume unit of the cell (expressed in 
µm3/µm3). To this purpose, we followed the point 
counting method of Weibel [21] by superposing the 
pictures with a simple square lattice with 0.4-µm sep-
aration between points. All measurements were per-
formed using ImageJ software (NIH).

Statistical analysis

Data were expressed as mean ± SEM. Normal-
ity of the values was verified using the Kolmogo-
rov–Smirnov normality test. The means were com-
pared by two-tailed Student’s t test, whereas global 
effects of age or genotype were assessed by two-way 
ANOVA. In case data did not pass the normality test, 

the nonparametric two-tailed Mann–Whitney test 
was followed. Statistically significant differences that 
were only evidenced by one-tailed tests were anno-
tated as trends (t) in the corresponding plot. Differ-
ences in mitochondrial size among experimental 
groups were evaluated by frequency distribution 
analysis of at least 1000 mitochondria profiles from 
each group. Size distributions were compared by 
means of the nonparametric Kolmogorov–Smirnov 
test. Significant differences were expressed as fol-
lows: *(p < 0.05), **(p < 0.01), ***(p < 0.001), and 
****(p < 0.0001). All statistical analyses and graph-
ics were performed using GraphPad Prism 8 (Graph-
Pad Software Inc., San Diego, CA).

Results

CYB5R3 overexpression is sustained in old TG mice.

We recently demonstrated that CYB5R3 polypep-
tide levels increase dramatically in skeletal mus-
cle homogenates from young-adult TG mice in 
comparison with their WT counterparts [14]. It 
is however unknown if this pattern is altered by 
aging, and if overexpressed CYB5R3 is efficiently 
targeted to skeletal muscle mitochondria. Thus, we 
measured the amounts of CYB5R3 polypeptide not 
only in whole extracts, but also in enriched mito-
chondrial fractions that had been isolated from hind 
limb skeletal muscle of both WT and TG mice at 
two age points: 7 months (young-adult; Y-WT and 

Table 1  Primary antibodies used in this study. The table shows the concentrations and the commercial references of each antibody. 
(SC Santa Cruz antibodies)

* OxPhos rodent WB antibody cocktail: Complex I subunit NDUFB8 (NADH dehydrogenase (ubiquinone) 1 beta subcomplex 
subunit 8), Complex II subunit SDHB (Succinate dehydrogenase (ubiquinone) iron-sulfur subunit), Complex III subunit UQCRC2 
(Cytochrome b-c1 complex subunit), Complex IV subunit MTCO1 (mitochondrially encoded cytochrome c oxidase I), Complex V 
subunit ATP5A (Complex V alpha subunit)

Primary antibodies Dilution Reference Primary antibodies Dilution Reference

CYB5R3 1:50,000 Proteintech 10,894–1-AP DRP-1 1:500 SC-32898
PINK1 1:1000 SC-33796 FIS1 1:500 SC-98900
PARKIN 1:100 Cell Signaling 2132 MFF 1:1000 Cell Signaling 84,580
P62 1:3000 Sigma AldrichP0067 VDAC 1:1000 SC-98708
LC3 A/B 1:1000 Cell Signaling 4108 NRF-1 1:2000 SC-33771
OxPhos rodent WB 

antibody cocktail*
1:4000 Life technologies 458,099 TFAM 1:1000 SC-2358

MFN-1 1:1000 SC-50330 SIRT-1 1:1000 SC-15404
MFN-2 1:500 SC-50331 SIRT-3 1:1000 SC-99143
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Y-TG groups, respectively) and 24  months (old; 
O-WT and O-TG groups, respectively). As depicted 
in Fig.  1A, an identical pattern of CYB5R3 over-
expression was observed in TG mice regardless of 
age. Moreover, CYB5R3 was similarly enriched 
in mitochondria isolated from TG mice at the two 
age points (Fig.  1B). Since conditions to reveal 
and quantify the levels of CYB5R3 polypeptide in 
samples obtained from TG mice made the protein 
almost undetectable in samples derived from WT 
mice, particularly in the case of total homogen-
ates, we also overexposed these western blots to be 
able to quantify the signals from WT while saturat-
ing those from TG mice and found that aging led to 
an increase of CYB5R3 polypeptide, both in total 
homogenates and in enriched mitochondrial frac-
tions (Supplemental Figs. 1A and B).

CYB5R3 overexpression increases the levels of 
mitochondrial complexes in old mice and counteracts 
their aging-associated decrease

We next studied the impact that age and/or CYB5R3 
overexpression imposed on the levels of electron 
transport chain (ETC) complexes of the inner mito-
chondrial membrane (Fig.  1D–I), and on the outer 
mitochondrial membrane protein VDAC (porin; 
Fig. 1C). By using an antibody cocktail against repre-
sentative subunits of the five ETC complexes, we evi-
denced that aging produced significant decreases in 
complexes IV (Fig. 1G) and V (Fig. 1H) in WT mice, 
and a trend towards a decrease of complexes I and III 
was also observed (Fig.  1D  and F). As reported in 
our previous publication [14], CYB5R3 overexpres-
sion led to an increase of complex II in young-adult 
mice (Fig. 1E). Of note, the impact of CYB5R3 over-
expression was much more pronounced at old age, 
since generalized increases of ETC complexes were 
observed in O-TG in comparison with O-WT group, 
which were statistically significant for complexes I 
(Fig. 1D), II (Fig. 1E), IV (Fig. 1G), and V (Fig. 1H). 
Moreover, the aging-related decrease of complexes I, 
IV, and V was completely abated by CYB5R3 over-
expression (Fig. 1D, G, and H). Unlike the observed 
alterations in the abundance of ETC complexes, no 
changes in VDAC attributable to either age or to 
genotype were found in skeletal muscle homogenates 
(Fig. 1C).

CYB5R3 overexpression prevents the age-related 
decline in ATP, but not in coenzyme Q and 
mitochondrial biogenesis markers

We evidenced a consistent effect of aging decreas-
ing both TFAM and NRF-1 irrespective of geno-
type, the decline being particularly striking for 
NRF-1 (Fig.  2A  and B). We also quantified coen-
zyme Q levels since this electron carrier and anti-
oxidant has been shown to decrease with aging 
specifically in skeletal muscle although not in 
other tissues [22]. In accordance with this previous 
research, we evidenced in our model that aging pro-
duced a decrease of coenzyme  Q9 independently of 
genotype (Fig. 2C), although changes in coenzyme 
 Q10 did not reach statistical significance (Fig. 2D), 
without any modification in the ratio between coen-
zyme Q isoforms (Fig. 2E). Changes in total coen-
zyme Q paralleled those of coenzyme  Q9 (Supple-
mental Fig.  2A), which agrees with this one being 
the predominant coenzyme Q isoform in rodent tis-
sues. However, as also found for TFAM and NRF-
1, CYB5R3 overexpression did not affect these 
age-related declines (see Fig.  2C–E, Supplemental 
Fig. 2A). Interestingly, the content of skeletal mus-
cle ATP was significantly decreased in aged WT 
mice in comparison with young-adult mice of the 
same genotype, and this decrease was prevented by 
CYB5R3 overexpression (Fig. 2F).

SIRT1 and SIRT3 levels are modulated by aging and 
CYB5R3 overexpression

We wanted to study how aging and/or CYB5R3 over-
expression affected expression levels of SIRT1 and 
SIRT3 because these sirtuins play prominent roles in 
the regulation of mitochondrial biogenesis and function 
in skeletal muscle [11]. For SIRT3, we measured both 
the cleaved (mitochondrial) and full-length (nuclear) 
species. Changes of SIRT1 with aging and/or CYB5R3 
overexpression were not striking, but those of mito-
chondrial SIRT3 were more noteworthy. For SIRT1, 
we evidenced a trend towards an increase in O-WT 
compared with Y-WT, and a modest decrease in O-TG 
in comparison with O-WT (Fig.  3A). In the case of 
mitochondrial SIRT3, the most notorious effect was its 
increase with aging in mice of WT genotype (O-WT vs. 
Y-WT). A trend towards an increase due to CYB5R3 
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overexpression was also observed for mitochondrial 
SIRT3 in young-adult mice (Y-TG vs. Y-WT), and its 
levels remained high in O-TG mice, without any dif-
ference when comparing this latter group with O-WT 
(Fig.  3B). Alterations of the full-length SIRT3 were 

similar to those observed for the cleaved isoform, with 
an increase by aging in WT mice (O-WT vs. Y-WT), 
and a trend towards an increase by CYB5R3 overex-
pression in young-adult mice (Y-TG vs. Y-WT) (Sup-
plemental Fig. 2B).

Fig. 1  Expression levels of CYB5R3 polypeptide, VDAC, and 
electron transport chain complexes quantified in skeletal mus-
cle from young/adult and old mice of WT and TG genotypes. 
A, B depict CYB5R3 levels in homogenates and enriched 
mitochondrial fractions respectively. C shows the levels of 
VDAC in homogenates. In A, B, and C, antibody- and Ponceau 
S-stained western blots are included below the graph (a.u. arbi-
trary units). D to H depict the quantification of representative 
subunits of the five ETC complexes, and the corresponding 
antibody- and Ponceau S-stained western blots are shown in 

I. Asterisks or t symbol connecting two bars refer to the sig-
nificance of differences due to CYB5R3 overexpression (WT 
vs. TG) within a given age group. Y symbol (accompanied by 
t or asterisks) above a bar denotes the statistical significance of 
differences between age groups (Y vs. O) within a given geno-
type. “Genotype” denotes a global effect of CYB5R3 overex-
pression independently of age, “Age” indicates a global effect 
of aging regardless genotype, and “I” represents the existence 
of genotype × age interaction. Depicted data are mean ± SEM 
of 6 replicates
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CYB5R3 overexpression upregulates markers of 
mitochondrial fission

We next studied the effect of aging and/or CYB5R3 
overexpression on protein markers of mitochon-
drial dynamics. MFN-1 and MFN-2 (fusion) as well 
as FIS1 and MFF (fission) were measured in whole 
extracts, while the fission-related GTPase DRP-1 
was determined in isolated mitochondria fractions 
because DRP-1 is translocated from the cytosol to 
the mitochondrial outer membrane to produce fis-
sion [23]. In this latter case, data were normalized 
to those of VDAC to correct for variations between 
different mitochondrial preparations. No change due 

to age or genotype was observed for MFN-1 (Sup-
plemental Fig. 3A), but MFN-2 levels showed a sub-
stantial decrease with aging in WT mice (Fig.  4A). 
CYB5R3 overexpression caused a downward trend in 
Y-TG compared with Y-WT, but no further decrease 
was detected in O-TG mice (Fig. 4A). Levels of FIS1 
were significantly increased by aging in WT mice 
(Fig.  4B). Of note, CYB5R3 overexpression also 
produced an increase of FIS1 in Y-TG compared 
with Y-WT, but no further increase was observed in 
O-TG mice (Fig. 4B). Interestingly, changes of MFF 
levels with age and/or genotype resembled those of 
FIS1 (Fig. 4C). Mitochondria-associated DRP-1 also 
increased by aging in WT mice (O-WT vs. Y-WT) 

Fig. 2  Mitochondrial 
biogenesis markers: NRF-1 
(A) and TFAM (B); levels 
of coenzyme  Q9 (C), 
coenzyme  Q10 (D), and 
coenzyme  Q9/Q10 ratio 
(E); and ATP content (F). 
Y symbol (accompanied 
by t or asterisks) above a 
bar denotes the statistical 
significance of differences 
between age groups (Y vs. 
O) within a given genotype. 
Asterisks without a letter 
connecting two bars refer 
to statistically significant 
differences between these 
groups. “Genotype” 
indicates a global effect of 
CYB5R3 overexpression 
independently of age, and 
“Age” indicates a global 
effect of aging regardless 
genotype. Antibody- and 
Ponceau S-stained western 
blots are included below the 
corresponding graph in A 
and B. Data are shown as 
mean ± SEM of 6 replicates 
(a.u. arbitrary units)
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and by CYB5R3 overexpression in young-adult mice 
(Y-TG vs. Y-WT), and again, no further changes due 
to aging were observed in TG mice (O-TG vs. Y-TG) 
(Fig. 4D). Direct measurements of DRP-1 and VDAC 
in our enriched mitochondrial fractions are depicted 
in Supplemental Figs. 3B and C. Taken together, the 
changes in protein markers of mitochondrial dynam-
ics are consistent with a prevalence of fission in 
O-WT and in Y-TG, without a further increase of this 
process in O-TG mice.

CYB5R3 overexpression and aging alters 
mitochondrial morphology and abundance in WFs

The analysis of mitochondrial protein markers reported 
above seems to indicate the existence of adaptations 
that could modulate mitochondrial respiration and 
fusion/fission dynamics with aging and/or CYB5R3 
overexpression. Thus, we carried out a study by trans-
mission electron microscopy to confirm whether 
these alterations were also translated to mitochondrial 
ultrastructure.

In WF cross-sections, we found that CYB5R3 
overexpression led to a remarkable decrease of 
mean mitochondrial size in Y-TG compared with 
Y-WT mice. The size of WF mitochondria also 
decreased in aged WT mice but, interestingly, an 

increase was observed in O-TG in comparison 
with O-WT mice, and a trend towards an increase 
was also detected when comparing O-TG with 
Y-TG animals (Fig. 5A). The effects of aging and/
or CYB5R3 overexpression on mitochondrial size 
were confirmed by the statistical comparison of 
size distributions of all measured mitochondrial 
profiles, which showed that aging augmented 
the abundance of smaller mitochondrial profiles 
at the expenses of the larger ones (Supplemental 
Fig.  4A). Distribution analysis of mitochondrial 
size in WF also confirmed that in Y-TG, the num-
ber of smaller mitochondrial profiles increased at 
the expense of the larger ones in comparison with 
Y-WT mice. However, an opposite effect was 
found in O-TG mice which exhibited an increase 
in the number of larger profiles, not only in com-
parison with O-WT but also when compared with 
Y-TG mice (Supplemental Fig. 4A).

Regarding the stereological parameters related 
with mitochondrial abundance, Na was decreased 
by CYB5R3 overexpression in WF, in both young 
and old mice (Fig.  5B). Mitochondrial Vv was 
also decreased by CYB5R3 overexpression in 
young mice (Fig.  5C), which is in accordance 
with the decreases of mitochondrial size and Na 
in Y-TG specimens (Figs.  4B  and 5A). While 

Fig. 3  Abundance of SIRT1 (A) and cleaved (mitochondrial) 
SIRT3 (B). “Age” indicates a global effect of aging regard-
less genotype. Asterisks without a letter connecting two bars 
refer to statistically significant differences due to CYB5R3 
overexpression (WT vs. TG) within a given age group. Y sym-
bol (accompanied by t) above a bar denotes the statistical sig-
nificance of differences between age groups (Y vs. O) within 

a given genotype. “Age” indicates a global effect of aging 
regardless genotype. “I” represents the existence of geno-
type × age interaction. Antibody- and Ponceau S-stained west-
ern blots are included below the corresponding graph in A and 
B. Data are shown as mean ± SEM of 6 replicates (a.u. arbi-
trary units)
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mitochondrial Vv was also decreased with aging 
in WT mice (Fig.  5C), the strong decrease in 
mitochondrial size was partially compensated 
here by an increase in mitochondrial number, 
which attenuated the diminution of Vv with aging 
in WT (Fig.  5A–C). Interestingly, despite the 
decreased number of mitochondrial profiles with 
aging in TG mice (Fig. 5B), Vv was significantly 
increased in O-TG (Fig.  5C), not only in com-
parison with O-WT but also with Y-TG, which is 
likely due to the significant increase in the size 

of mitochondrial profiles observed in these ani-
mals (Fig.  5A). Representative micrographs of 
WF cross-sections from all experimental groups 
are shown in Fig. 5D.

A similar pattern of changes was observed 
when measurements were carried out in WF lon-
gitudinal sections, although changes with age and/
or CYB5R3 overexpression were generally found 
more attenuated in comparison with the changes 
observed in cross sections (see Supplemental 
Results and Supplemental Fig. 4C-F).

Fig. 4  Expression levels of protein related to mitochondrial 
dynamics. MFN-2 (A), FIS1 (B), MFF (C) and the DRP-1/
VDAC ratio measured in enriched mitochondrial fractions 
(D). Asterisks or t symbol connecting two bars refer to the sig-
nificance of differences due to CYB5R3 overexpression (WT 
vs. TG) within a given age group. Y symbol (accompanied by 

t or asterisks) above a bar denotes the statistical significance 
of differences between age groups (Y vs. O) within a given 
genotype. “Age” indicates a global effect of aging regardless 
genotype. Antibody- and Ponceau S-stained western blots are 
shown in E. Data are shown as mean ± SEM of 6 replicates 
(a.u. = arbitrary units)
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CYB5R3 overexpression protect from aging-related 
alterations of mitochondrial size and abundance in 
RFs

In cross-sections from RF, we found that aging pro-
duced a decrease in the mean size of both subsar-
colemmal mitochondria (SSM) and intermyofibrillar 

mitochondria (IMM) in WT mice (O-WT vs. 
Y-WT), but this aging-dependent decrease was 
blunted by CYB5R3 overexpression in such a way 
that mitochondrial size was significantly higher 
in O-TG compared with O-WT mice (Fig. 6A and 
B). Regarding the mitochondrial stereology in 
RF, we found that Na remained unchanged among 

Fig. 5  Morphometric characteristics of white fibers (WFs) 
mitochondria in cross-sections of gastrocnemius muscle from 
young-adult and old mice: mitochondrial area (A), numeri-
cal profile density (Na) (B), and volume density (Vv) (C). D 
shows representative electron microscopy micrographs of 
each group. Arrows show some examples of intermyofibrillar 

mitochondria. Asterisks connecting two bars refer to the sig-
nificance of differences due to CYB5R3 overexpression (WT 
vs. TG) within a given age group. Y symbol (accompanied by 
t or asterisks) above a bar denotes the statistical significance of 
differences between age groups (Y vs. O) within a given geno-
type. Data are shown as mean ± SEM of 4 animals
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experimental groups (Fig. 6C), but Vv exhibited a 
trend towards a decrease with aging in WT, most 
likely due to the decrease in mitochondrial size, but 
not in TG mice. In consequence, mitochondrial Vv 
in RF was also significantly higher in O-TG than 
in O-WT (Fig.  6D). Statistical comparison of size 
distributions of all measured mitochondrial profiles 
confirmed the effects of aging, which increased the 
abundance of smaller SSM and IMM profiles in 
O-WT compared with Y-WT mice, and of CYB5R3 
overexpression which increased the number of 
larger SSM and IMM profiles in O-TG compared 
with O-WT mice (Supplemental Figs.  5A and B). 
In addition, this analysis uncovered a more subtle 
effect of CYB5R3 overexpression increasing the 
number of smaller mitochondrial profiles in Y-TG 
compared with Y-WT, as we had also encountered 
in WF (see above). Representative micrographs of 
RF cross-sections from all experimental groups are 
shown in Fig. 6E.

Most of the alterations highlighted in cross sec-
tions were also reproduced in longitudinal sections 
(see Supplemental Fig. 6A-G). However, profiles of 
IMM (which were observed smaller with aging in 
cross-sections) showed no aging-related decrease 
when measured in longitudinal sections (Supple-
mental Fig. 6B).

CYB5R3 overexpression modulates autophagy and 
mitophagy markers in skeletal muscle

Next, we investigated well-established markers of 
general macroautophagy, as LC3A/B and p62, and of 
mitophagy, as PINK1 and PARKIN. CYB5R3 over-
expression led to a significant increase of LC3A/B I 
levels in young-adult mice (Fig.  7A), and, although 
LC3A/B II levels were unaffected (Fig.  7B), these 
changes were not translated into a significant modifi-
cation of the LC3A/B II to total LC3A/B ratio (Sup-
plemental Fig.  7A). Of note, aging produced sub-
stantial increases of both LC3A/B I and LC3A/B II 
levels in WT mice, and these increases were blunted 
by CYB5R3 overexpression (Fig. 7A and B). Again, 
these changes took place without significant altera-
tions in the LC3A/B II to total LC3A/B ratio (Supple-
mental Fig. 7A). In the case of p62, our most promi-
nent finding was its substantial decrease in O-TG 
when compared with Y-TG mice (Fig. 7C). Regarding 
the two mitophagy markers analyzed, no differences 

among any of the experimental groups were found 
for PINK1 (Supplemental Fig. 7B), but a significant 
decrease in PARKIN was observed in O-TG group 
compared with O-WT (Fig. 7D).

Discussion

CYB5R3 plays a key role in the regulation of respira-
tory metabolism and aging [15]. To gain new insights 
in this role, we generated TG mice overexpressing 
CYB5R3, which not only exhibited some of the salu-
tary effects seen with CR, but also lived longer than 
their wild-type counterparts [16]. A liver transcrip-
tomic analysis of WT and TG mice highlighted signif-
icant differences in gene sets related to mitochondrial 
function. In addition, Ingenuity Pathway Analysis 
depicted a robust CYB5R3-inducible expression of 
transcripts associated with aerobic respiratory path-
ways (coenzyme Q biosynthesis and oxidative phos-
phorylation) [16]. However, CYB5R3 overexpression 
hindered some of the metabolic adaptations to CR in 
hind limb skeletal muscle, particularly the increases 
of mitochondrial mass and mitochondrial fusion 
(MFN-1) and biogenesis (NRF-1) markers. Interest-
ingly, TG mice on CR did have a clear induction on 
TFAM and mitochondrial complex expression [14].

CYB5R3 was highly overexpressed in skeletal 
muscle homogenates from TG mice, in agreement 
with our previous studies focused on young-adult ani-
mals [14, 16]. Moreover, we show here for the first 
time that aging does not modify this overexpression 
pattern, and overexpressed CYB5R3 is efficiently 
targeted to skeletal muscle mitochondria. This tissue 
thus emerges as a suitable model to study the direct 
effects of CYB5R3 overexpression. Endogenous 
CYB5R3 was significantly upregulated by aging, 
which agrees with the results reported for human 
skeletal muscle [24], although levels of the endog-
enous polypeptide that were reached in old WT mice 
were still extremely low in comparison with those of 
TG mice.

Mitochondrial dysfunction is one of the hallmarks 
of aging [3], while the optimization of mitochondrial 
function is related with decreased oxidative stress 
and extended longevity [25]. Representative protein 
markers of mitochondrial complexes I, III, IV, and 
V decreased with aging in skeletal muscle from WT 
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mice. In accordance, mitochondrial DNA copy num-
ber and the levels of mitochondrially encoded tran-
scripts of cytochrome c oxidase I and III were signifi-
cantly reduced in gastrocnemius of aged male Fischer 
344 rats [26], and a decrease of complex IV has been 
described for aged human skeletal muscle [27]. The 
age-related decrease of complex I also agrees with 
previous research from our group [19] and others 
[6]. However, in our previous studies, we did not 
observe the aging-related decreases of complexes III, 
IV, and V we have shown here, which is likely due 
to differences in study design in terms of age (21 vs. 
24 months), diet (AIN-93G vs. AIN93-M), and feed-
ing pattern (5% of dietary restriction in the control 
group vs. ad libitum intake in this study).

CYB5R3 overexpression profoundly affected the 
abundance of ETC complexes, and the increase of 
complex II in young-adult TG mice also agrees with 
our previous report [14]. We now show that the most 
striking effects of CYB5R3 overexpression on ETC 
complexes are however observed in old TG mice, 
which exhibited significant increases of complexes 
I, II, and IV. Furthermore, CYB5R3 overexpression 
abated the aging-related decreases of complexes I, III, 
IV, and V, indicating a protective effect against aging-
related mitochondrial dysfunction [16]. Of note, over-
expression of the skeletal muscle- and heart-enriched 
lncRNA, LINC00116, which encodes the highly con-
served microprotein Mitoregulin (Mtln), promotes a 
switch from glycolysis to respiration, and enhances 
respiratory efficiency and optimizes mitochondrial 
metabolism through a mechanism that relies on its 
interaction with CYB5R3, which is required to pro-
vide a favorable lipidic environment that preserves 
the interaction of respiratory complex I into super-
complexes [28].

Increased abundance of ETC complexes could 
be due both to alterations in mitochondrial mem-
brane composition and to changes in mitochondrial 
abundance. To distinguish between these two pos-
sibilities, we measured the levels of VDAC, a well-
established biochemical marker of mitochondrial 
abundance [29]. Mitochondrial mass is known to 
decrease during aging [30], but we found no changes 
in the levels of VDAC that could be attributable 
to either age or to genotype. Nevertheless, main-
tenance of VDAC with aging has been also docu-
mented in skeletal muscle of rhesus monkeys [31]. 
Therefore, the increases of ETC markers we observe 
in O-TG mice are apparently not due to changes in 
mitochondrial abundance, but more likely to intrin-
sic alterations in the composition of mitochondrial 
membranes. Likewise, Mtln overexpression also 
enhances respiratory efficiency by bolstering protein 
complex assembly and/or stability independent of 
alterations in mitochondrial mass [32].

Mitochondrial biogenesis declines with aging, and 
previous studies have demonstrated that TFAM and 
NRF-1 protein levels decrease in liver from aged rats 
[33]. Our results have shown that the same is applica-
ble to mouse skeletal muscle although these changes 
were not prevented by CYB5R3 overexpression. 
Likewise, the levels of PGC-1α/β, a master regulator 
of mitochondrial biogenesis, were found unchanged 
in liver from adult TG mice in comparison with their 
WT counterparts [16]. On the other hand, CYB5R3 
activity sensitizes soluble endothelial guanylate 
cyclase (sGC) to NO in vascular smooth muscle cells 
by reducing its heme iron, and CYB5R3 has been rec-
ognized as a critical regulator of cGMP production 
in endothelial cells [34]. cGMP can regulate mito-
chondrial biogenesis in various cell types and tissues, 
including mouse gastrocnemius through increased 
expression of PGC-1α, NRF-1, and TFAM [35, 36]. 
Since CYB5R3 overexpression does not alter the 
abundance of PGC-1α polypeptide in liver [16], nor 
prevent the aging-dependent decline of NRF-1 or 
TFAM in skeletal muscle (this work), it remains for 
further investigation to elucidate if the CYB5R3/sGC 
axis plays a role in regulating the function of skeletal 
muscle mitochondria along aging through mecha-
nisms independent from mitochondrial biogenesis.

While some studies have indicated that coenzyme 
Q declines in most of the organs during aging, the 
changes observed in skeletal muscle coenzyme Q 

Fig. 6  Morphometric characteristics of red fibers (RF) mito-
chondria in cross sections of gastrocnemius muscle from 
young-adult and old mice: subsarcolemmal mitochondria 
(SSM) area (A), intermyofibrillar mitochondria (IMM) area 
(B), numerical profile density (Na) (C), and volume density 
(Vv) (D). Representative electron microscopy micrographs 
of each group are shown in E. Arrows show subsarcolemmal 
(white) and intermyofibrillar (black) mitochondria. Asterisks 
connecting two bars refer to the significance of differences 
due to CYB5R3 overexpression (WT vs. TG) within a given 
age group. Y symbol (accompanied by asterisks) above a bar 
denotes the statistical significance of differences between age 
groups (Y vs. O) within a given genotype. Data are shown as 
mean ± SEM of 4 animals

◂
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with advancing age have not been uniform. A pre-
vious study reported no changes in coenzyme Q 
levels in whole gastrocnemius homogenates from 
old in comparison with young mice, although a CR 
intervention based on every-other-day feeding pro-
cedure and physical exercise was able to increase 
skeletal muscle coenzyme Q levels in old but not in 
young mice [37]. However, in another work focused 
on mitochondria isolated from mouse heart, skeletal 
muscle, kidney, and brain, it was found that coen-
zyme Q content declined with age specifically in the 
skeletal muscle, while CR increased coenzyme  Q9 in 
skeletal muscle mitochondria [22]. In our model, we 
found that aging produced a decrease in skeletal mus-
cle coenzyme Q levels (particularly coenzyme  Q9), 

which was not affected by CYB5R3 overexpression. 
Our previous study focused on liver from adult TG 
mice also reported that hepatic coenzyme  Q9 levels 
are not affected by CYB5R3 overexpression [16].

While the aging-related decline of mitochon-
drial biogenesis markers and coenzyme Q was not 
prevented in TG mice, CYB5R3 overexpression 
did avoid the decrease in mitochondrial complexes 
observed in aged WT mice (see above), which could 
contribute to maintain the functionality of this orga-
nelle with advanced age. ATP content and produc-
tion have been reported to decline with aging in rat 
gastrocnemius [38] and in human quadriceps [39]. 
We thus measured ATP content in skeletal muscle 
samples from our experimental groups and found a 

Fig. 7  Expression levels of autophagy-related proteins in skel-
etal muscle of young-adult and old mice of WT and TG geno-
types: LC3 A/B I (A) and LC3 A/B II (B), P62 (C), PARKIN 
(D). Asterisks connecting two bars refer to the significance 
of differences due to CYB5R3 overexpression (WT vs. TG) 
within a given age group. Y symbol (accompanied by asterisks 
or t symbol) above a bar denotes the statistical significance of 
differences between age groups (Y vs. O) within a given geno-

type. “Genotype” indicates a global effect of CYB5R3 over-
expression regardless age, “Age” indicates a global effect of 
aging independently of genotype, and “I” represents the exist-
ence of genotype × age interaction. Antibody- and Ponceau 
S-stained western blots are included below the corresponding 
graph (a.u. arbitrary units). Data are shown as mean ± SEM of 
6 replicates
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significant reduction with aging in hind limb skel-
etal muscle from WT mice, which is in accordance 
with these previous investigations. Remarkably, the 
decline of ATP content with aging was prevented in 
TG mice. We reported previously that CYB5R3 over-
expression produced a 2.5-fold increase of ATP lev-
els in liver from adult TG mice [16]. Since CR has 
revealed to be ineffective in protecting against the 
aging-related decline of ATP in skeletal muscle [38], 
our findings reinforce the idea that CYB5R3 overex-
pression exhibits antiaging effects that can proceed 
through mechanisms that divert, at least partially, 
from those of CR [14, 16].

Salutary effects of CYB5R3 on metabolism and in 
the regulation of several pathways that are associated 
with healthy aging have been explained partially on 
the increase in NADH oxidation by CYB5R3 activ-
ity, which is linked to the activation of the sirtuin 
family of  NAD+-dependent histone deacetylases 
[16]. Among the seven sirtuins that are expressed 
in mammals, SIRT1 and SIRT3 emerge as key ele-
ments regulating mitochondrial function in skeletal 
muscle [11]. The levels of SIRT-1 tended to increase 
with aging in WT mice, whereas CYB5R3 overex-
pression provoked a moderate decrease of SIRT-1 
in aged mice. SIRT1 levels have been also reported 
to increase with aging in rats, while exercise train-
ing significantly increased its relative activity [40]. 
The activity of SIRT-1 decreases in skeletal muscle 
from aged mice due to a lower content of intracel-
lular  NAD+, which impairs muscle performance 
in response to exercise [41]. Interestingly, whereas 
SIRT-1 promotes proliferation of myoblast pre-
cursors, it delays their maturation into myotubes, 
which suggests an overall negative impact on mus-
cle repair [42]. It remains for further investigation if 
the changes in SIRT-1 expression levels with aging 
and/or CYB5R3 overexpression we have reported 
here might unveil a previously unrecognized role for 
CYB5R3 in skeletal muscle repair.

SIRT-3 plays a prominent role in the regulation 
of mitochondrial function by controlling the acety-
lation state of many mitochondrial proteins, and its 
expression is highly enriched in metabolic tissues 
as skeletal muscle, particularly in oxidative type 
I muscles [43, 44]. In our model, the abundance of 
the cleaved (mitochondrial) isoform of SIRT-3 was 
significantly increased in hind-limb skeletal muscle 
from aged WT mice, and a trend towards an increase 

due to CYB5R3 overexpression was also observed 
in young-adult mice, followed by the stabilization 
of SIRT-3 abundance in old TG mice. Whereas an 
increase of SIRT-3 in Y-TG mice agrees with the out-
come of other antiaging interventions as CR [43, 44], 
our results with aged mice are apparently in contrast 
with the reported decrease of SIRT3 protein levels 
in quadriceps from 26- vs. 6-month-old mice fed a 
standard diet [45], and the decrease also in quadriceps 
(vastus lateralis) from healthy older (59–76  years 
old) vs. healthy young (18–30  years old) volunteers 
[46]. It is however important to consider that SIRT-3 
levels are strongly dependent on the type of skeletal 
muscle under study and are also under strong regula-
tion in this tissue by diet and exercise, being dramati-
cally increased after exercise training, fasting, and CR 
while decreased by high fat feeding [44, 46]. Since 
O-WT mice were characterized by a generalized 
decrease of mitochondrial complexes, coenzyme Q, 
and mitochondrial biogenesis markers, we can argue 
that increased SIRT-3 levels could represent a com-
pensatory response as an attempt to preserve mito-
chondrial functionality with aging under our experi-
mental conditions.

Fusion and fission processes are necessary to 
maintain healthy mitochondria in skeletal muscle 
with aging [8]. We thus focused our studies towards 
elucidating the effect of aging and/or CYB5R3 over-
expression on mitochondrial dynamics markers, 
and these analyses were combined with the study 
of mitochondrial morphology by electron micros-
copy. In WT mice, aging produced a substantial 
decrease of MFN-2 that was accompanied by a gen-
eralized increase of fission markers. It is striking that 
CYB5R3 overexpression resulted in similar changes 
in young/adult TG mice, although no further altera-
tions were produced with aging. Our results fully 
agree with the previous demonstration that MFN-2 
levels decrease with aging in mouse skeletal mus-
cle, leading to mitochondrial dysfunction and the 
accumulation of damaged mitochondria. Moreover, 
MFN-2 ablation generates a gene signature linked to 
aging, characterized by inhibition of mitophagy and 
impairment of mitochondrial quality, which contrib-
utes to exacerbate age-related mitochondrial dys-
function [47]. A lack of MFN-2 decrease with aging 
in TG mice reinforces the importance of CYB5R3 
expression to prevent aging-associated mitochon-
drial dysfunction in skeletal muscle. We also reported 
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that MFN-2 is increased in hind limb skeletal mus-
cle from CR mice [19]. However, previous research 
focused on elucidating MFN-2 changes with aging in 
human skeletal muscle has yielded conflicting results. 
Whereas some studies have reported a decrease of 
MFN-2 with aging in human skeletal muscle [27, 48], 
and its levels were restored by exercise [48], others 
have reported either similar [49–51] or even higher 
MFN-2 protein content in aged human skeletal mus-
cles [52], pointing out to the existence of species-spe-
cific mechanisms that determine how MFN-2 levels 
are altered with aging. Mitochondria-bound DRP-1 
also increased significantly in TG mice, which agrees 
with our previous demonstration of higher DRP-1 
expression levels in mice fed long-term CR [19].

Aging differentially affects mitochondrial size, 
depending on the muscle type: whereas soleus (a red, 
oxidative muscle) displayed fragmented SSM and 
IMM with aging, and this change was attenuated by 
CR, white gastrocnemius (a glycolytic muscle) con-
tained enlarged SSM and more complex/branched 
IMM mitochondria with aging, and CR only had a 
marginal effect [53].

Both aging and CYB5R3 overexpression led to 
increases of fission markers in hind limb skeletal mus-
cle following a pattern that, interestingly, resembled 
closely the changes that had been observed for cleaved 
SIRT-3. However, aging and CYB5R3 overexpression 
had different outcomes on mitochondrial morphol-
ogy and abundance. In cross sections of WF from red 
gastrocnemius, we found that the increase of fission 
markers associated with aging was accompanied by 
decreased mitochondrial size and augmented mito-
chondrial number in WT mice. In RF, aging also led 
to decreased size of both SSM and IMM, indicating 
a prevalence of mitochondrial fragmentation. These 
findings agree with the changes observed in soleus 
[53]. In contrast, mitochondrial content in white gas-
trocnemius was found unchanged by aging [6, 53].

CYB5R3 overexpression also increased the abun-
dance of fission markers and decreased mitochondrial 
size in WF from young/adult TG mice. However, 
unlike what it was found with aging, mitochondrial 
abundance (estimated from both Na and Vv) sig-
nificantly decreased in skeletal muscle form TG 
mice, suggesting that fission is accompanied here by 
enhanced organelle clearance. With advancing age, 
we found that the number of mitochondria (Na) did 
not change in TG mice, but their size was increased 

significantly leading also to higher Vv values. In RF, 
increased size of SSM and IMM was also observed in 
O-TG in comparison with O-WT, which also resulted 
in higher Vv. A lower mitochondrial content accom-
panied by increased size of the organelle has been 
also observed in red gastrocnemius from mice fed 
under CR [19], indicating that these alterations could 
represent common features of oxidative muscles in 
mice subjected to these antiaging interventions. On 
the other hand, it is noteworthy that ultrastructural 
changes with age and/or CYB5R3 overexpression 
were generally found more attenuated in longitudinal 
sections, when compared with the changes observed 
in cross sections, suggesting that aging and CYB5R3 
overexpression might produce subtle alterations in 
mitochondrial shape.

A higher mitochondrial size in old TG mice cannot 
be explained by a predominance of fusion vs. fission 
because of the decrease of fusion (MFN-2) and the 
coordinated increases of all fission markers (DRP-1, 
FIS1, and MFF). Nevertheless, mitochondrial fission 
facilitates the degradation of damaged mitochondrial 
by autophagy [54]. The maintenance of a proper 
levels of autophagy is crucial to remove damaged 
organelles, and results showing impaired autophagy 
during aging in skeletal muscle have been reported 
[55]. The ratio between LC3 I and II, a marker of 
autophagic flux, has been reported to not change with 
aging [19], which agrees with our results. However, 
we evidenced a dramatic increase of LC3 A/B I and 
II levels in old WT mice, which could represent their 
accumulation due to an impairment of autophagy 
caused by aging [56]. Of note, the levels of LC3 A/B 
I and II decreased dramatically in old mice overex-
pressing CYB5R3, which also exhibited decreased 
levels of p62 and PARKIN. Since increased p62 has 
been related with reduced autophagic flux during 
aging in skeletal muscle [19], these changes are com-
patible with the enhanced consumption of these pro-
teins. We also found decreased p62 in mice fed CR 
for 18  months, suggesting a possible unblocking of 
the autophagy flux [19], as we have encountered in 
old mice overexpressing CYB5R3. Higher autophagic 
rates in these animals could explain why the activa-
tion of mitochondrial fission results in a reduction 
in the size of the organelle without augmentation of 
number, and the improvement of autophagic recy-
cling could lead to the preservation of mitochondria 
with a higher cross-sectional area.
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In summary, we show here that CYB5R3 overexpres-
sion is not impaired by aging in skeletal muscle from 
transgenic mice. Whereas its overexpression does not 
prevent the decrease in mitochondrial biogenesis mark-
ers or coenzyme Q with aging, it prevents mitochondrial 
dysfunction and the decline in autophagy markers. It is 
important to consider that the studies reported here were 
conducted on male mice. Given the role of sex in deter-
mining the outcome of antiaging interventions, as CR 
[57], future studies on female mice are warranted to dem-
onstrate that interventions aimed to increase CYB5R3 
activity represent a valuable strategy to counteract the 
deleterious effects of aging on skeletal muscle.

Acknowledgements The authors are indebted to the person-
nel from the Servicio Centralizado de Apoyo a la Investigación 
(SCAI; University of Córdoba) for technical support with the 
transmission electron microscope, and from the Servicio de 
Animales de Experimentación (SAEX; Universidad de Cór-
doba) for technical support.

Author contribution JMV, MIB, and RdC conceived and 
designed the project; RdC developed the transgenic line of 
CYB5R3-overexpressing mice; SRL was responsible of rais-
ing, maintaining, and genotyping the colony of mice; SLB 
and JAGR performed the experimental determinations and 
conducted the data analysis; JAGR, MIB, and RdC provided 
valuable advice; JMV and RdC provided the resources and the 
funding. SLB and JMV wrote the original manuscript draft; all 
the authors edited and reviewed the manuscript.

Funding Open Access funding provided by Universidad de 
Córdoba / CBUA thanks to the CRUE-CSIC agreement with 
Springer Nature. Work in JMV laboratory was supported by 
the Spanish Ministerio de Ciencia, Innovación y Universi-
dades (MCIU)/Agencia Estatal de Investigación (AEI) grant 
RTI2018-100695-B-I00, Spanish Ministerio de Economía y 
Competitividad grant BFU2015-64630-R, Spanish Junta de 
Andalucía grants P18-RT-4264, 1263735-R and BIO-276, the 
Fondo Europeo de Desarrollo Regional (FEDER) from the 
European Union, and Universidad de Córdoba. SLB was sup-
ported by FPU fellowships from the Spanish Ministerio de 
Educación, Cultura y Deporte (reference FPU16/04347). SRL 
held a FPI predoctoral contract funded by MINECO (refer-
ence BES-2016–078229). RdC is supported by the Intramural 
Research Program of the National Institute on Aging of the 
National Institutes of Health.

Data availability The data that support the findings of this 
study are available from the corresponding author upon reason-
able request.

Declarations 

Ethics approval All animals were cared for in accordance 
with the University of Córdoba policy for animal welfare, 

which complies with current European, Spanish and Andalusian 
regulations and is in accordance with the Guide for the Care 
and Use of Laboratory Animals published by the US National 
Institutes of Health and the 1964 Declaration of Helsinki and 
its later amendments. This study was approved by the bioethics 
committee of the University of Córdoba and authorized by the 
Consejería de Agricultura, Pesca y Desarrollo Rural, Junta de 
Andalucía (authorization code: 20/04/2016/053).

Conflict of interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Boengler K, et al. Mitochondria and ageing: role in heart, 
skeletal muscle and adipose tissue. J Cachexia Sarcopenia 
Muscle. 2017;8(3):349–69.

 2. Barja G. Updating the mitochondrial free radical theory of 
aging: an integrated view, key aspects, and confounding 
concepts. Antioxid Redox Signal. 2013;19(12):1420–45.

 3. Lopez-Otin C, et  al. The hallmarks of aging. Cell. 
2013;153(6):1194–217.

 4. Wallace DC. A mitochondrial paradigm of metabolic and 
degenerative diseases, aging, and cancer: a dawn for evo-
lutionary medicine. Annu Rev Genet. 2005;39:359–407.

 5. Barateau A, et  al. Distinct fiber type signature in mouse 
muscles expressing a mutant lamin a responsible for con-
genital muscular dystrophy in a patient. Cells. 2017. 6(2).

 6. Leduc-Gaudet JP, et  al. Mitochondrial morphology is 
altered in atrophied skeletal muscle of aged mice. Onco-
target. 2015;6(20):17923–37.

 7. Leduc-Gaudet JP, et  al. Mitochondrial dynamics and 
mitophagy in skeletal muscle health and aging. Int J Mol 
Sci. 2021. 22(15).

 8. Hood DA, et  al. Maintenance of skeletal muscle mito-
chondria in health, exercise, and aging. Annu Rev Physiol. 
2019;81:19–41.

 9. Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat 
Rev Mol Cell Biol. 2011;12(1):9–14.

 10. Mesquita PHC, et al. Acute and chronic effects of resist-
ance training on skeletal muscle markers of mitochon-
drial remodeling in older adults. Physiol Rep. 2020;8(15): 
e14526.

http://creativecommons.org/licenses/by/4.0/


 GeroScience

1 3
Vol:. (1234567890)

 11. White AT, Schenk S. NAD(+)/NADH and skeletal mus-
cle mitochondrial adaptations to exercise. Am J Physiol 
Endocrinol Metab. 2012;303(3):E308–21.

 12. Sohal RS, Weindruch R. Oxidative stress, caloric restric-
tion, and aging. Science. 1996;273(5271):59–63.

 13. de Cabo R, et al. CYB5R3: a key player in aerobic metab-
olism and aging? Aging (Albany NY). 2009;2(1):63–8.

 14. Rodriguez-Lopez S, et  al. Mitochondrial adaptations 
in liver and skeletal muscle to pro-longevity nutritional 
and genetic interventions: the crosstalk between calorie 
restriction and CYB5R3 overexpression in transgenic 
mice. Geroscience. 2020;42(3):977–94.

 15. Navas P, Villalba JM, de Cabo R. The importance of 
plasma membrane coenzyme Q in aging and stress 
responses. Mitochondrion. 2007;7(Suppl):S34-40.

 16. Martin-Montalvo A, et  al. Cytochrome b5 reductase 
and the control of lipid metabolism and healthspan. NPJ 
Aging Mech Dis. 2016;2:16006.

 17. Stoscheck CM. Quantitation of protein. Methods Enzy-
mol. 1990;182:50–68.

 18. Bradford MM. A rapid and sensitive method for the 
quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal Biochem. 
1976;72:248–54.

 19. Gutierrez-Casado E, et  al. The impact of aging, calorie 
restriction and dietary fat on autophagy markers and mito-
chondrial ultrastructure and dynamics in mouse skeletal 
muscle. J Gerontol A Biol Sci Med Sci. 2019;74(6):760–9.

 20. Fernández-Del-Río L, et  al. Kaempferol increases levels 
of coenzyme Q in kidney cells and serves as a biosynthetic 
ring precursor. Free Radic Biol Med. 2017;110:176–87.

 21. Weibel ER, Stereological methods. London. New York: 
Academic Press; 1979.

 22. Lass A, Kwong L, Sohal RS. Mitochondrial coenzyme Q 
content and aging. BioFactors. 1999;9(2–4):199–205.

 23. Wai T, Langer T. Mitochondrial dynamics and metabolic 
regulation. Trends Endocrinol Metab. 2016;27(2):105–17.

 24. Ubaida-Mohien C, et  al. Discovery proteomics in aging 
human skeletal muscle finds change in spliceosome, 
immunity, proteostasis and mitochondria. Elife. 2019. 8.

 25. Martin-Montalvo A, de Cabo R. Mitochondrial metabolic 
reprogramming induced by calorie restriction. Antioxid 
Redox Signal. 2013;19(3):310–20.

 26. Barazzoni R, Short KR, Nair KS. Effects of aging on 
mitochondrial DNA copy number and cytochrome c oxi-
dase gene expression in rat skeletal muscle, liver, and 
heart. J Biol Chem. 2000;275(5):3343–7.

 27. Crane JD, et  al. The effect of aging on human skel-
etal muscle mitochondrial and intramyocellular 
lipid ultrastructure. J Gerontol A Biol Sci Med Sci. 
2010;65(2):119–28.

 28. Chugunova A, et  al. LINC00116 codes for a mitochon-
drial peptide linking respiration and lipid metabolism. 
Proc Natl Acad Sci U S A. 2019;116(11):4940–5.

 29. Grünewald A, et  al. Quantitative quadruple-label immu-
nofluorescence of mitochondrial and cytoplasmic proteins 
in single neurons from human midbrain tissue. J Neurosci 
Methods. 2014;232(100):143–9.

 30. Picca A, et  al. Mitochondrial dysfunction and aging: 
insights from the analysis of extracellular vesicles. Int J 
Mol Sci. 2019. 20(4).

 31. Pugh TD, et al. A shift in energy metabolism anticipates 
the onset of sarcopenia in rhesus monkeys. Aging Cell. 
2013;12(4):672–81.

 32. Stein CS, et al. Mitoregulin: a lncRNA-encoded micropro-
tein that supports mitochondrial supercomplexes and res-
piratory efficiency. Cell Rep. 2018;23(13):3710-3720.e8.

 33. Picca A, et  al. Aging and calorie restriction oppositely 
affect mitochondrial biogenesis through TFAM binding at 
both origins of mitochondrial DNA replication in rat liver. 
PLoS ONE. 2013;8(9): e74644.

 34. Rahaman MM, et  al. Cytochrome b5 reductase 3 modu-
lates soluble guanylate cyclase redox state and cGMP 
signaling. Circ Res. 2017;121(2):137–48.

 35. Nisoli E, et  al. Mitochondrial biogenesis by NO yields 
functionally active mitochondria in mammals. Proc Natl 
Acad Sci U S A. 2004;101(47):16507–12.

 36. Nisoli E, et  al. Mitochondrial biogenesis in mam-
mals: the role of endogenous nitric oxide. Science. 
2003;299(5608):896–9.

 37. Rodríguez-Bies E, Navas P, López-Lluch G. Age-
dependent effect of every-other-day feeding and aero-
bic exercise in ubiquinone levels and related antioxidant 
activities in mice muscle. J Gerontol A Biol Sci Med Sci. 
2015;70(1):33–43.

 38. Drew B, et al. Effects of aging and caloric restriction on 
mitochondrial energy production in gastrocnemius mus-
cle and heart. Am J Physiol Regul Integr Comp Physiol. 
2003;284(2):R474–80.

 39. Conley KE, Jubrias SA, Esselman PC. Oxidative capac-
ity and ageing in human muscle. J Physiol. 2000;526(Pt 
1):203–10.

 40. LaRocca TJ, Seals DR, Pierce GL. Leukocyte telomere 
length is preserved with aging in endurance exercise-
trained adults and related to maximal aerobic capacity. 
Mech Ageing Dev. 2010;131(2):165–7.

 41. Mohamed JS, et al. Dysregulation of SIRT-1 in aging mice 
increases skeletal muscle fatigue by a PARP-1-dependent 
mechanism. Aging (Albany NY). 2014;6(10):820–34.

 42. Pardo PS, Boriek AM. The physiological roles of Sirt1 in 
skeletal muscle. Aging (Albany NY). 2011;3(4):430–7.

 43. Fernandez-Marcos PJ, et al. Muscle or liver-specific Sirt3 
deficiency induces hyperacetylation of mitochondrial pro-
teins without affecting global metabolic homeostasis. Sci 
Rep. 2012;2:425.

 44. Palacios OM, et  al. Diet and exercise signals regulate 
SIRT3 and activate AMPK and PGC-1alpha in skeletal 
muscle. Aging (Albany NY). 2009;1(9):771–83.

 45. Moreno-Ulloa A, et  al. Recovery of indicators of mito-
chondrial biogenesis, oxidative stress, and aging with 
(-)-epicatechin in senile mice. J Gerontol A Biol Sci Med 
Sci. 2015;70(11):1370–8.

 46. Lanza IR, et al. Endurance exercise as a countermeasure 
for aging. Diabetes. 2008;57(11):2933–42.

 47. Sebastian D, et al. Mfn2 deficiency links age-related sar-
copenia and impaired autophagy to activation of an adap-
tive mitophagy pathway. EMBO J. 2016;35(15):1677–93.

 48. Tezze C, et  al. Age-associated loss of OPA1 in muscle 
impacts muscle mass, metabolic homeostasis, systemic 
inflammation, and epithelial senescence. Cell Metab. 
2017;25(6):1374-1389.e6.



GeroScience 

1 3
Vol.: (0123456789)

 49. Distefano G, et  al. Chronological age does not influ-
ence ex-vivo mitochondrial respiration and quality con-
trol in skeletal muscle. J Gerontol A Biol Sci Med Sci. 
2017;72(4):535–42.

 50. Joseph AM, et al. The impact of aging on mitochondrial 
function and biogenesis pathways in skeletal muscle of 
sedentary high- and low-functioning elderly individuals. 
Aging Cell. 2012;11(5):801–9.

 51. Konopka AR, et  al. Markers of human skeletal muscle 
mitochondrial biogenesis and quality control: effects of 
age and aerobic exercise training. J Gerontol A Biol Sci 
Med Sci. 2014;69(4):371–8.

 52. Wyckelsma VL, et  al. Preservation of skeletal mus-
cle mitochondrial content in older adults: relationship 
between mitochondria, fibre type and high-intensity exer-
cise training. J Physiol. 2017;595(11):3345–59.

 53. Faitg J, et  al. Effects of aging and caloric restriction on 
fiber type composition, mitochondrial morphology and 
dynamics in rat oxidative and glycolytic muscles. Front 
Physiol. 2019;10:420.

 54. Twig G, Hyde B, Shirihai OS. Mitochondrial fusion, fis-
sion and autophagy as a quality control axis: the bioener-
getic view. Biochim Biophys Acta. 2008;1777(9):1092–7.

 55. Picard M, et  al. Alterations in intrinsic mitochondrial 
function with aging are fiber type-specific and do not 
explain differential atrophy between muscles. Aging Cell. 
2011;10(6):1047–55.

 56. Klionsky DJ, et al. Guidelines for the use and interpreta-
tion of assays for monitoring autophagy (4th edition)(1). 
Autophagy. 2021;17(1):1–382.

 57. Mitchell SJ, et  al. Effects of sex, strain, and energy 
intake on hallmarks of aging in mice. Cell Metab. 
2016;23(6):1093–112.

Publisher’s note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	CYB5R3 overexpression preserves skeletal muscle mitochondria and autophagic signaling in aged transgenic mice
	Abstract 
	Introduction
	Methods
	Animals and diets
	Preparation of tissue extracts
	Isolation of mitochondria-enriched fractions
	Electrophoresis and Western blot immunodetection
	Determinations of coenzyme Q levels
	ATP determinations
	Structural and ultrastructural analysis of mitochondria
	Statistical analysis

	Results
	CYB5R3 overexpression is sustained in old TG mice.
	CYB5R3 overexpression increases the levels of mitochondrial complexes in old mice and counteracts their aging-associated decrease
	CYB5R3 overexpression prevents the age-related decline in ATP, but not in coenzyme Q and mitochondrial biogenesis markers
	SIRT1 and SIRT3 levels are modulated by aging and CYB5R3 overexpression
	CYB5R3 overexpression upregulates markers of mitochondrial fission
	CYB5R3 overexpression and aging alters mitochondrial morphology and abundance in WFs
	CYB5R3 overexpression protect from aging-related alterations of mitochondrial size and abundance in RFs
	CYB5R3 overexpression modulates autophagy and mitophagy markers in skeletal muscle

	Discussion
	Acknowledgements 
	References


