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ABSTRACT 

Loss of skeletal muscle mass and function is a hallmark of aging. This phenomenon has 

been related to a dysregulation of mitochondrial function and proteostasis. Calorie 

restriction (CR) has been demonstrated to delay aging and preserve function until late in 

life, particularly in muscle. Recently, we reported the type of dietary fat plays an 

important role in determining lifespan extension with 40% CR in male mice. In these 

conditions, lard fed mice showed an increased longevity compared to mice fed soybean 

or fish oils. In this paper, we analyze the effect of 40% CR on muscle mitochondrial 

mass, autophagy and mitochondrial dynamics markers in mice fed these diets. In CR fed 

animals, lard preserved muscle fibers structure, mitochondrial ultrastructure and 

fission/fusion dynamics and autophagy, not only compared to control animals, but also 

compared with CR mice fed soybean and fish oils as dietary fat. We focus our 

discussion on dietary fatty acid saturation degree as an essential predictor of lifespan 

extension in CR mice. 

 

Keywords: Caloric restriction, Dietary fat, Mitochondria, Mice, Muscles 
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INTRODUCTION 

Aging affects all organs and tissues by inducing a functional decline. In skeletal muscle, 

sarcopenia (a loss of mass and functionality) is a well-recognized hallmark of aging [1]. 

In humans, a decline in muscle mass of 3-10% per decade after the age of 25 has been 

described [2]. Decreased mitochondrial content and function has been considered to 

play an essential role in sarcopenia, however the exact mechanism by which aging 

affects mitochondria and vice-versa in skeletal muscle, is still a matter of debate.  

Calorie restriction (CR; i.e. a reduction in calorie intake without malnutrition) is 

considered the most robust nutritional intervention to delay aging and its deleterious 

consequences [3]. Thus, a reduction in calorie intake of 20–40% of ad libitum fed 

animals not only prevents several diseases related to aging in a wide range of animals 

and humans, but also increases lifespan and/or health span in several species [4,5]. CR 

has been shown to exert a protective effect against sarcopenia in both rodents [6] and 

non-human primates [7]. Despite these results, the mechanisms by which CR operates 

are not completely clear. 

Most mammalian muscles are basically composed of two different types of fibers: slow- 

and fast-twitch [8]. Slow-twitch (red or type I) muscle fibers contract more slowly and 

rely on aerobic metabolism. They contain large amounts of mitochondria and 

myoglobin. Fast-twitch (white or type II) contract more rapidly due to the presence of a 

faster myosin. In general, type II fibers contain fewer mitochondria and myoglobin than 

type I and rely on glycolysis to generate energy. Aging can differentially affect both 

types of fibers. For example, Proctor et al. [9] reported a decrease in size and oxidative 

capacity of white fibers without changes in the red ones. More recently, Nilwik et al. 

[10] observed that the decline in muscle mass during aging was due to the reduction in 

white fibers size, and Sayed et al. [11] have shown differential changes in several 
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structural and ultrastructural parameters in both type of fibers from gastrocnemius 

muscle in aged mice.  

Mitochondrial morphology and location also varies in the different fiber types. In white 

fibers mitochondria are found mainly between the myofibrils. These are referred to as 

intermyofibrillar mitochondria (IMM). In addition, red fibers contain a high number of 

mitochondria located in the subsarcolemmal space (i.e. the portion of sarcoplasma 

located between the plasmalemma and the more external myofibrils) and are called 

subsarcolemmal mitochondria (SSM). Both populations show differences concerning 

their physiology and ultrastructure and respond differentially to aging [11, 12].  

Sarcopenia has been associated with a decline in mitochondrial content and/or function 

resulting from unbalanced processes of fission and fusion and autophagy in aged 

animals. These processes are mediated by different proteins whose precise mechanisms 

of action are now beginning to be understood. Mitochondrial constriction and division 

(fission) is largely mediated by Drp1, while Mfn1 and Mfn2 conjoin the outer 

membranes and OPA1 facilitates the fusion of the inner membrane and cristae 

formation [26]. Autophagy depends on many proteins. Among them, Beclin1 is 

involved in the control of autophagosome formation, while p62 and LC3 are necessary 

for cargo selection and autophagosome maturation [13]. The specific form of selective 

mitochondrial autophagy (mitophagy) is mediated to a great extent by Pink1 and Parkin 

proteins [14]. Most of these processes are decreased or modified in skeletal muscle with 

aging [12-16]. However, the possible effects of CR and dietary fat on these mechanisms 

have not been extensively studied. 

We have shown that dietary fat influences the fatty acid composition of the 

mitochondrial membranes from skeletal muscle in C57BL/6 mice following one month 

of 40% CR, which resulted in changes in several mitochondrial features [17]. Using the 
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same experimental design with longer periods of CR, lard as dietary fat exerted an 

optimal effect on several parameters related to mitochondrial physiology and apoptotic 

signaling in skeletal muscle [18]. More recently, it has been demonstrated that the 

composition of dietary fat modulates longevity of mice fed CR diets [19]. Thus, animals 

fed a 40% CR diet with lard (high in saturated and monounsaturated fatty acids) as the 

primary dietary fat exhibited extended lifespan compared with CR animals consuming 

diets containing either soybean oil (high in n-6 polyunsaturated fatty acids, PUFA) or 

fish oil (high in n-3 PUFAs) as the primary lipid sources [19].  

The aim of this work is to ascertain whether aging influences structural and 

ultrastructural parameters of red fibers from mouse gastrocnemius with special attention 

to mitochondria and autophagy. We also analyzed the impact of aging, CR and dietary 

fat on the expression pattern of several proteins related to mitochondrial physiology 

(mitochondrial complexes), fission and fusion markers (Drp1, Mfn1, Mfn2 and OPA1) 

and auto- and mitophagy related proteins (Beclin1, p62, LC3, Pink1 and Parkin) in hind 

limb skeletal muscle to determine their possible effect on sarcopenia and therefore in 

life and health span in rodents. 

 

MATERIAL AND METHODS 

Animals and diets 

We used the same cohort of male 10-week-old C57BL/6 mice (Charles River 

Laboratories, Spain) as in our previous publications [18, 19, 35, 36]. Animals were 

separated in four dietary groups: one control and three CR dietary groups that differed 

in lipid sources: lard, soybean oil (also for control group) and fish oil. At the end of the 

corresponding intervention period, the animals were euthanized by cervical dislocation 
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after an 18-h fast to ensure that all animals were studied in a similar metabolic state 

(fasted). Muscle from the hind limb was dissected, washed and trimmed of connective 

tissue and fat, frozen by immersion in liquid nitrogen in a buffered medium containing 

10 % DMSO as cryoprotectant, and then stored at −80 °C for later analysis. Handling of 

animals and all experimental procedures were in accordance with the Pablo de Olavide 

University ethical committee rules, and the 86/609/ EEC directive on the protection of 

animals used for experimental and other scientific purposes. In this work, we have used 

the characters C, L, S and F to identify Control-Soybean oil, CR-Lard, CR-Soybean oil 

and CR-Fish oil-fed animals respectively, followed by 6 or 18 to denote the duration of 

dietary intervention (in months). Detailed procedures regarding animal experimentation 

and diets are described in Supplementary methods. 

Isolation of total homogenate fraction from skeletal muscle  

Hindlimb skeletal muscles from 4-7 animals per group were homogenized at 4 °C in 

ice-cold buffer containing 20 mM Tris–HCl pH 7.6, 40 mM KCl, 0.2 M sucrose, 1 mM 

phenylmethylsulfonyl fluoride, 10 mM EDTA, and 20 µg/µL each chymostatin, 

leupeptin, antipain, and pepstatin A in a Teflon glass tissue homogenizer. A second 

homogenization step was carried out using an electric tissue disrupter (Ultra-Turrax 

T25, IKA, Staufen, Germany) for 30 seconds. The resultant lysate, total homogenate, 

was used for determinations of protein levels. 

Structural and ultrastructural analysis of skeletal muscle fibers, mitochondria and 

autophagic figures 

Samples from deep zones of the gastrocnemius (red gastrocnemius) from 4 to 7 animals 

per diet and CR period were fixed and processed for electron microscopy. Semi-thick 

(0,5-1 µm width) and thin (40-60 nm width) sections were obtained and photographed 
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in a light (Leica) and electron microscope (Jeol Jem 1400) respectively, at the Servicio 

Centralizado de Ayuda a la Investigación (SCAI; Univ. Córdoba, Spain). From this 

material we measured white and red fiber cross-sectional areas (CSA) and different 

parameters including mitochondrial content, subsarcolemmal mitochondria spreading 

below sarcolemma and morphometric characteristics of mitochondria and autophagic 

figures in cross-sectioned red fibers using Image J software (NIH; USA). Detailed 

descriptions of these methods are included in the Supplementary Methods section and 

Supplementary Table 1. 

Measurement of mitochondrial mass and dynamics, autophagy and mitophagy 

markers 

Detailed procedures are described in the Supplementary Methods. As mitochondrial 

mass and function markers, we used monoclonal sera raised against different subunits of 

mitochondrial complexes. For detection of autophagy and mitophagy markers, we used 

monoclonal and polyclonal sera raised against p62, LC3-I/II, Beclin1, Pink1 and Parkin 

at optimized concentrations (see supplementary Table 2). Mitochondrial fusion and 

fission proteins were immunodetected using Mfn1, Mfn2, OPA1, and Drp1 primary 

antibodies at the indicated concentrations (see supplementary Table 2). The 

corresponding secondary IgG antibodies coupled to horseradish peroxidase were used to 

reveal binding sites by enhanced chemiluminescence (Clarity TM ECL, Bio-Rad). 

Images obtained were analyzed using the Image Lab TM Software (Bio-Rad) and 

normalized to Ponceau´s staining as previously validated by our group [20]. To obtain 

an accurate estimation of changes produced by CR per se and by alterations of dietary 

fat in CR animals, the effects of these two dietary manipulations were assessed in 

separate electrophoresis gels and blots carried out under optimized conditions for each 
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case. Thus, these results were also represented in separate plots for CR effects (C vs S) 

and for dietary fat effects in CR animals (L, S and F). 

Statistical analysis 

All values are expressed as mean ± SEM. Variables were tested for normality by using 

D’Agostino–Pearson test. Differences between control and CR groups within a given 

age were assessed by two-tailed Student’s t test. In case data did not pass the normality 

test, the nonparametric two-tailed Mann–Whitney test was used. The effects of dietary 

fat in calorie restricted animals of a given age (6 or 18 months of intervention) were 

assessed by one-way ANOVA followed by post hoc analysis of significant differences 

with Tukey’s test for multiple comparisons. Post hoc analysis of linear trend was also 

performed to investigate putative alterations of tested parameters among CR diets 

ordered as L → S → F, representative of a progressive decrease of n-6/n-3 ratio in high 

unsaturated fatty acids [17]. In case data did not pass the normality test, the 

nonparametric Kruskal–Wallis test was performed followed by post hoc Dunn’s 

multiple comparison test. For all dietary groups, possible differences as a function of 

age were also assessed by either parametric two-tailed Student’s t test or non-parametric 

two-tailed Mann–Whitney test as required. Means were considered statistically different 

when p<0.05. All statistical analyses were performed using GraphPad Prism 5.03 

(GraphPad Software Inc., San Diego, CA, USA). 
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RESULTS 

Skeletal muscle fiber size 

To assess the effect of aging and CR on morphological features of gastrocnemius 

muscle, we determined possible changes in fiber size after dietary interventions. In cross 

sections, red and white fibers appear as polygonal structures and can be distinguished 

after staining of semi thick sections with toluidine blue or p-phenylene-diamine. Using 

either of these techniques, presence of subsarcolemmal mitochondria (SSM) in red 

fibers is revealed by large blue or dark-brown spots detected in peripheral regions of the 

cells confirmed by electron microscopy (see below). More discrete dots were also found 

scattered in internal zones of the fibers and reveal the presence of intermyofibrillar 

mitochondria (IMM; see Supplementary Fig. 1). For the present work, we have 

considered red fibers as those showing large numbers of colored spots below the 

plasmalemma, and white fibers as those lacking these stain deposits.  

The analysis of both fiber types indicated a smaller size of red fibers compared to white 

regardless of the dietary intervention or animal age. In red fibers, aging did not alter 

cross-sectional area (CSA) in controls, but a significant decrease was found in CR (S 

group) mice (Fig. 1A). In white fibers, aging resulted in a significant reduction of CSA 

in both controls (C) and CR groups (Fig. 1B). 

Dietary fat differentially affected cross-sectional area (CSA) of both fiber types in CR 

mice. In F groups (i.e., CR mice with fish oil as dietary fat) a similar pattern of 

decreased CSA with aging was found in both fibers (Fig. 1A and 1B), whereas this 

parameter remained unaltered in red fibers in L groups (CR mice with lard as fat 

source). Although CSA of white fibers decreased with aging in all dietary groups, the 

reduction in L was not as pronounced as in the other CR groups. As a result, old mice of 
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L group exhibited significantly higher CSA compared to S (CR animals fed soybean oil 

as dietary fat) and F groups (Fig. 1B). 

Estimation of mitochondrial mass by transmission electron microscopy 

In cross-sections, SSM appear as clusters of mitochondria showing circular or elliptical 

shape, an electron-dense matrix and a high number of cristae. On the other hand, IMM 

appear smaller than SSM but display a more complex and branched morphology (see 

Figs. 2A-2H). Also, it is worth noting the presence of SSM and IMM with altered 

structure (swollen appearance with a low number of mitochondrial cristae and very low 

electron-dense matrix) in all the dietary groups regardless of age (Figs. 2A-2H).  

In control animals, aging did not induce volume density (Vv) changes in SSM. 

However, long-term CR (S18 group) resulted in a significant decrease of this parameter. 

When comparing the different dietary groups, S18 mice showed significantly less 

subsarcolemmal mitochondria Vv compared with L18 (Fig. 1C). Volume density of 

intermyofibrillar mitochondria increased significantly from 6 to 18 months in control 

mice, and this effect was also found in the S group (see Fig. 1D). When comparing CR 

groups, Vv also increased with aging in L, but no change was observed in the F group 

(Fig. 1D). 

Aging, CR, dietary fat and skeletal muscle mitochondrial morphology 

In control animals, aging decreased subsarcolemmal mitochondria (SSM) area (Fig. 

1E). Six months of CR also induced a decreased SSM area in the S group, although a 

recovery was observed after 18 months. Thus, no differences were found in this 

parameter after 18 months of intervention when comparing the C versus S groups (Fig. 

1E). When analyzing the effects of different dietary fats in CR mice, we found a marked 

increase for this parameter in L (lard) group in comparison to age-matched S and F 
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animals. Furthermore, a decreasing linear trend for SSM area was found in both 6 and 

18 months of CR ordered as L > S > F (Fig. 1E). 

Intermyofibrillar mitochondria (IMM) area did not change with aging in control mice 

but substantially increased in the S group (Fig. 1F). When we compared the effect of 

dietary fat within a given age, the most remarkable effect was the increase of IMM area 

in the L group, with a significant decreasing linear trend after 18 months ordered as L18 

> S18 > F18 (Fig. 1F). 

We also studied parameters relevant to mitochondrial subpopulations to investigate 

possible changes in their distribution in red fibers. As depicted in Fig. 1G, the size of 

subsarcolemmal mitochondria (SSM) clusters significantly increased during aging in 

control mice. Although 6 months of CR (S group) also resulted in a significant increase 

in this parameter, no further increase was induced by aging in S group. When studying 

the effect of aging in the different CR groups, the most noticeable effect was the age-

dependent increase of SSM clusters area in L18 compared to the L6 group (Fig. 1G). A 

decreasing linear trend for SMM clusters area was found as L18 > S18 > F18 (Fig. 1G). 

When analyzing the relationship between SSM clusters size and the length of 

sarcolemma associated with them (SSM density), we found significant decreased values 

during aging in controls whereas no change was observed in the S group (Fig. 1H). 

When comparing the groups fed CR diets, no changes were observed in F mice, but a 

significant decrease was found in L18 versus L6 mice (Fig. 1H).  

Ultrastructural analysis of autophagy in skeletal muscle fibers 

Autophagic figures and altered mitochondria were observed in all the experimental 

groups (see Supplementary Fig.2). Volume density (Vv) of these figures in the 

subsarcolemmal space is shown in Fig. 1I. This parameter was dramatically increased 
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with aging in control, but not in CR animals (S group). When comparing CR groups, a 

decreased Vv was found in F6 compared to L6, and a marked increase of Vv with aging 

was observed in CR-mice with fish oil as fat source (F18 group; see Fig. 1I). No 

significant change in Vv was observed with aging in the L group. In the 

intermyofibrillar spaces, Vv of autophagic figures and altered mitochondria increased 

with aging in controls (Fig. 1J) and 6 months of CR (S group) also induced an increase 

in this parameter, although Vv of autophagic figures was again decreased after 18 

months in such a way that no difference was observed between C18 and S18 groups. 

When comparing the different CR-groups, we observed a drastically increased volume 

density (Vv) of autophagy figures in L6 followed by a significant drop in L18. In CR 

animals, the only group that showed age-dependent increase of autophagic figures 

abundance was F, which exhibited a nearly identical pattern to that observed for 

controls (Fig. 1J). 

Mean size of autophagic figures varied depending on their position within the cell (Figs. 

1K and 1L). In subsarcolemmal zones from control mice, this parameter increased with 

age. In 6-month calorie restricted animals (S6 group), autophagic figure size increased 

when compared to controls, but no further change was detected with aging. When 

comparing the different dietary fats in CR-mice, soybean and lard groups (S and L) 

showed no age-related changes, while changes in CR-fish oil group (F) were like those 

observed in controls (Fig. 1K). In the intermyofibrillar zones, we observed a uniform 

pattern of decreasing size of autophagic figures with age in both C and S groups (Fig. 

1L). In CR groups, autophagic figures decreased with age in L and S groups while no 

age-related change was observed in F mice. Of note, the mean size of autophagic figures 

was significantly higher than that of mitochondria with unaltered structure, regardless of 
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their position within the cell (compare values depicted in Figs. 1E and 1F with those in 

1K and 1L). 

Mitochondrial complexes 

In Fig. 3A-3J we show the expression levels of mitochondrial complexes. In controls, 

aging only affected the expression level of complex I, which decreased in old animals 

(Fig. 3A). However, in S groups aging resulted in decreased expression of complex III 

(Fig. 3E). Some changes among CR groups were noted after 6 months of intervention, 

with a general trend towards an increase of some mitochondrial complexes in animals 

fed PUFA-containing diets (S and F groups). Accordingly, complex II increased in F6 

in comparison with L6 (Fig. 3D), complex III increased in both S6 and F6 compared to 

L6 (Fig. 3F), and complex IV increased in F6 compared to S6 (Fig. 3H). However, 18 

months of intervention abated these changes and no significant differences were found 

in these CR mice (see Figs 3B, 3D, 3F, 3H and 3J). 

Autophagy and mitophagy markers 

Aging resulted in increased levels of Beclin1 in control mice (Fig. 4A). The level of this 

protein was not significantly altered in S6 compared with C6 and no further changes 

were noted in S18 (Fig. 4A) nor among the three CR groups fed diets with different 

dietary fat (Fig. 4B), suggesting the existence of sustained levels of Beclin1 with aging 

in CR mice. For LC3-II/LC3-II+I ratio, a marker of autophagic flux, a general increased 

trend with age was found in all dietary groups, although statistical significance was only 

obtained in the case of S and F groups (Figs. 4C and 4D). Finally, p62 dramatically 

increased in controls after 18 months of intervention (Fig. 4E). However, we also found 

an increase of p62 levels when comparing S6 with C6, without any further change in 

S18 (Fig. 4E). The levels of p62 were mostly unchanged when comparing the groups 
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fed CR diets containing different dietary fats, either after 6 or 18 months of 

intervention, with the sole exception being an increase in L18 in comparison with L6 

(Fig. 4F). 

In relation to mitophagy, a trend towards increased Pink1 levels with aging was found 

in control animals, although differences did not reach statistical significance (Fig. 4G), 

and the same was found for S group (Fig. 4H). However, when the three CR dietary 

groups were analyzed it was found that levels of Pink1 increased in L18 compared to 

L6, whereas no change with age was observed in the F groups. Furthermore, when 

comparing the different CR groups at each duration of intervention, the highest levels of 

Pink1 were found in L6 and L18 (Fig. 4H). In the case of Parkin, no effect of age was 

found in the control groups, but levels of this protein were significantly decreased both 

in S6 and S18 groups in comparison with their age-matched controls (Fig. 4I). 

Interestingly, levels of Parkin were affected by dietary fat in CR mice, with CR-lard (L) 

group exhibiting significant age-dependent increase of this protein (Fig. 4J). 

Mitochondrial dynamics markers 

Aging and dietary interventions affected several markers of mitochondrial 

fusion/fission. No changes in Mfn1 levels were observed in control and soybean oil CR 

mice (C and S groups, respectively) and modifying dietary fat in animals fed a CR diet 

did not alter the levels of this protein (Figs. 5A and 5B). Nevertheless, Mfn2 levels 

increased significantly in C18 versus C6 and a similar trend was observed when 

comparing S6 and S18, although in this case differences did not reach statistical 

significance (Fig. 5C). Mfn2 levels were also increased in S6 compared with C6, but no 

differences were observed between S18 and C18. Furthermore, no differences were 

found when comparing the different dietary fats in CR mice, either after 6 or 18 months 

of intervention (Fig. 5D). OPA1 levels were not affected by aging in control mice, and 
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CR significantly increased OPA1 levels in young (S6) but not in old (S18) mice (Fig. 

5E). Although OPA1 levels remained unaltered with aging in S groups, a significant 

increase after 18 months of CR was observed both in L and F groups (Fig. 5F). A linear 

trend was also found in these groups when ordered as L18 > S18 > F18 (Fig. 5F). 

In control animals, aging had no effect on the expression levels of the fission-related 

protein Drp1 although an increase was found in S18 versus C18 groups (Fig. 5G). 

However, no effect of age or dietary fat was found when comparing the CR groups (Fig. 

5H).  

 

DISCUSSION 

Aging, calorie restriction and fiber size 

In different mammalian models, aging results in reduced cross-sectional area (CSA) in 

white fibers without significant changes in red ones [21, 22], a situation that is retarded 

by CR [6, 22, 23]. In accordance with these reports, we found decreased CSA during 

aging in white fibers from control and CR mice regardless the dietary fat. However, in 

animals fed lard as dietary fat (L groups), the reduction in CSA with age was 

considerably less compared to the other CR groups. Aging did not result in decreased 

CSA of red fibers in controls, but markedly decreased CSA in soybean and fish oil fed 

CR mice (S and F groups), an effect that was not observed in CR-lard fed animals (L 

groups), which maintained this parameter at similar values after 6 or 18 months of 

intervention. These results point out lard as a dietary fat that preserves CSA of skeletal 

muscle with aging in CR mice, which agrees with our previous demonstration that lard 

also optimized several parameters related to apoptotic signaling in skeletal muscle [18]. 
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Mitochondrial mass in red fibers 

Impaired mitochondrial energetics and increased mitochondria-mediated apoptosis have 

been found in aged skeletal muscle [1, 24]. Consequently, changes in mitochondrial 

content and/or ultrastructure should be expected to occur in this tissue during aging. 

Regarding mitochondrial mass some reported results have not been uniform. Whereas 

decreased mitochondrial content during aging has been reported in several species [25, 

26], other studies have shown that this parameter varies depending on the muscle being 

examined, as increased mass with aging has been found for some muscles, but 

decreased mass was also found for others [27, 28]. These differences between studies 

have been explained based on heterogeneity in the methods used to assess 

mitochondrial content [24]. It is worth noting that most of the above-mentioned results 

were obtained by physiological and biochemical techniques using whole muscles, 

without reference to fiber type or to mitochondrial subpopulation. Nevertheless, in a 

previous analysis carried out in mice, Finley et al. [29] found that CR induced decreased 

mitochondrial number in white fibers without changes in red fibers. 

Using electron microscopy, we found an increase in the abundance of intermyofibrillar 

mitochondria (IMM) from red fibers during aging in control mice, a result that is in 

contrast with those reported by Leduc-Gaudet et al. [12], who found no changes in 

mitochondrial content in aged mice, although without discrimination between fiber 

types. More recently, Sayed et al [11] found increased IMM content with aging in 

females from the same strain of mice used in our work. Although these latter data are in 

accordance with ours, no mention to fiber type was made in that paper. Of note, our 

results have documented that 6 months of CR induced no changes in subsarcolemmal 

mitochondria (SMM) or IMM content in the S group, but longer periods of CR affected 

mitochondrial content in different ways depending on dietary fat. In general, CR mice 
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showed lower mitochondrial content than controls with L18 mice displaying the highest 

content. As we have shown here, mitochondria with altered structure may be found in 

subsarcolemmal areas and intermyofibrillar regions in all the experimental groups, but 

they were not included in our estimation of mitochondrial mass to focus our study 

towards structurally intact organelles. The significance of these altered structures will be 

discussed below.  

Using mitochondrial complexes as markers of mitochondrial mass, an age-dependent 

decrease was only demonstrated for Complex I, which is basically in line with previous 

reports [12, 14]. When we analyzed the effects of CR (i.e. comparing C vs. S groups), 

the only change concerning mitochondrial complexes was a decrease in Complex III 

after 18 months of intervention. Moreover, although 6 months of CR resulted in several 

changes in the expression levels of mitochondrial complexes depending on the dietary 

fat, including the increase of complexes II, III and IV in mice fed diets enriched in 

PUFA, a longer CR intervention (18 months) abolished these changes.  

Mitochondrial ultrastructure in red fibers 

Aging also influences morphometric parameters of individual mitochondria. Leduc-

Gaudet et al. [12] found increased size of SSM as well as longer and more branched 

IMM in gastrocnemius from aged mice. These results contrast with those reported here 

since we found a slight but statistically significant decrease of sizes in SSM and no 

changes in IMM in control conditions during aging. However, 6 months of CR induced 

changes depending on the dietary fat with significantly increased size in both types of 

mitochondria when lard was used as dietary fat. After 18 months of CR both S18 and 

especially L18 showed larger mitochondria than F18. These results seem to point out a 

specific role of dietary fat on development of mitochondrial size and shape in CR 

conditions. 

Page 17 of 48 Journal of Gerontology: Biological Sciences



18 

 

In skeletal muscle, it has been proposed that paravascular mitochondria (which are 

equivalent to subsarcolemmal) are involved in the generation of proton-motive force 

near the capillaries and are directly connected to a specific type of intermyofibrillar 

mitochondria (IMM) called I-band mitochondria, that use the proton-motive force to 

produce ATP [30]. Here, we show that SSM regions from old control mice are larger 

than those from their CR counterparts. This may be an age-related adaptive change that 

produces the advantage of higher contact surface of SSM clusters with IMM, which 

facilitates the formation of contact between them. In CR mice, only those fed lard as 

dietary fat showed this possible advantage. 

Autophagy, mitophagy, aging and CR 

Results showing impaired autophagy during aging in skeletal muscle have been reported 

[13, 14, 16]. In our ultrastructural study in red fibers, we found typical autophagosomes 

and a relatively high number of altered mitochondria depending on the age and dietary 

intervention. While autophagosomes were mainly located in subsarcolemmal areas, 

altered mitochondria were found throughout the sarcoplasm. In general, these structures 

displayed greater size than non-altered mitochondria and the possibility exists that their 

increased size make them unsuitable to be removed by the autophagosome leading to 

their accumulation inside the fibers, a mechanism previously proposed to explain 

increased mitochondrial size without changes in mitophagy in muscle fibers from 

different mammals [14]. The possibility of an upper size limit for individual 

autophagosomes has been previously suggested [31]. 

In rats, Wohlgemuth et al [16] reported increased Beclin1 expression in older animals 

without changes in the LC3-II to LC3-I ratio, a marker of autophagic flux, consistent 

with the results reported here for control animals. However, other studies in mice [32] 

showed decreased levels of Beclin-1 with no changes in LC3 ratio during aging. 
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Nevertheless, these authors also found significantly increased levels of p62 expression 

(which is associated with a blockade in autophagic activity), suggesting a decrease in 

autophagic flux during aging. Except for Beclin1 changes reported by Joseph et al [32], 

the results taken together are in accordance with our finding for control animals.  

In our samples, 6 or 18 months of CR induced no changes in Beclin1 expression levels 

as occurred in CR rats [16]. Although some changes were detected after 6 months of CR 

for LC3 ratio compared to control mice, longer periods of intervention reverted this 

effect. On the other hand, 18 months of CR resulted in decreased levels of p62 when 

compared to control, suggesting a possible unblocking of the autophagy flux. When 

comparing the different dietary fats, the main detected change was an age-related 

increase of LC3 ratio in mice fed a diet containing fish oil. This result may be related to 

an improvement of the autophagic flux in later age in this dietary group. 

Pink1 and Parkin are directly related to selective mitophagy. In our samples we did not 

found changes in the levels of these proteins during aging in controls, which agrees with 

previous observations in aged mice and monkeys [14]. Recently, it has been reported 

that Pink1 is imported to mitochondria and either targeted to inner mitochondrial 

membranes in “healthy” mitochondria (i.e. those showing a polarized membrane 

potential) to regulate mitochondrial bioenergetics or retained on the outer membrane in 

depolarized organelles [33]. In the latter case, Pink1 can interact with Parkin triggering 

mitophagy [33]. In our samples, 6 months of CR resulted in decreased levels of Parkin 

with no changes in Pink1, especially in mice fed lard as dietary fat and these animals 

showed the highest accumulation of altered intermyofibrillar mitochondria at this time 

point. After 18 months of CR, the highest values of Pink1 and Parkin where found in 

lard group, in which we found increased size of unaltered mitochondrial. These results 
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seem to indicate that the relative amounts of these proteins can determine the function 

of Pink1 and mitochondrial fate. 

Mitochondrial fusion/fission markers  

The analysis of mitochondrial fusion regulation in relation to aging has yielded 

contrasting results with a downregulated pattern found in some cases [15] and no 

changes or even upregulation in others [32]. In a recent study carried out on mice, it has 

been shown that aging does not alter the expression levels of proteins related to 

mitochondrial fission or fusion but an increased Mfn2/Drp1 ratio was found [12]. The 

suggestion was made that these results are compatible with a fusion-fission imbalance 

in favor of enhanced mitochondrial fusion in aged skeletal muscle [12]. Although we 

did not find changes in Mfn1 and/or OPA1 expression levels in aged control mice, our 

results agree with this idea since increased Mfn2 levels were found in these animals. 

Furthermore, in a recent paper increased levels of both Mfn1 and Mfn2 were reported in 

mice and monkeys [14]. 

Six months of CR induced increased levels of Mfn2 and OPA1, but no further changes 

were found after longer periods of CR, suggesting an early control of mitochondrial 

fusion in calorie restricted animals. This fact together with the higher expression level 

of at 18 months of CR is probably a part of the regulatory mechanisms of mitochondrial 

fission and fusion dynamics in CR-mice and seems to operate in a different way that in 

control animals.  

Concerning dietary fat in CR-fed mice, the most prominent result was the significative 

increase of OPA1 during aging in lard group (L18). It is known that OPA1 can be found 

in long and short forms depending on its cleavage once imported to the mitochondria. 

The long form is inserted in the inner mitochondrial membrane facing Mfn1 and Mfn2 
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proteins and is involved in outer membrane fusion, while the short form contributes to 

crista junction formation and interacts with several inner membrane components [34]. In 

the present study, only the long form was clearly detected and quantified and, therefore, 

our results should be interpreted based on its interaction with Mfn1 and Mfn2 to 

promote mitochondrial fusion.  

Concluding remarks  

We show that in skeletal muscle from CR mice, dietary fat influences mitochondrial 

mass and ultrastructure and may play a role in processes such as auto- and mitophagy 

and mitochondrial dynamics during aging, with lard showing some advantages 

compared to soybean and fish oil. These results are in accordance with previous papers 

using the same animals as those included here, in which we showed that dietary fat in 

CR mice differentially improved ultrastructural and physiological parameters in liver 

and kidney [35, 36], with lard showing an optimal effect.  

The oldest animals used in this work were 21-months-old reflecting late middle age, and 

sarcopenia is more apparent in advanced ages (28-30 months). Although we would 

hypothesize that all mice would show a decrease in muscle mass and strength with very 

advanced age, a limitation of the present study is that we were not able to determine the 

impact of dietary fats on muscle changes in elderly mice. However, we have shown that 

40% CR extended lifespan in male mice to different degree depending on the dietary 

fat, with lard having the strongest effect on lifespan extension [19]. Moreover, we also 

have recently reported that muscle strength and endurance is either not altered or 

improved in mice consuming mildly restricted high fat or ketogenic diets containing 

lard as the primary dietary fat when compared to a control group consuming a diet with 

soybean oil as the lipid source [37]. These results strongly suggest an interplay between 

diet composition and CR in lifespan outcomes in mice. 
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On the other hand, we have also shown that mitochondrial phospholipid fatty acid 

composition was altered in liver and skeletal muscle from CR mice in a manner that 

reflected the unsaturated fatty acid composition of the diet, with the consequent increase 

of n-3 and n-6 fatty acids in fish and soybean oil fed animals respectively, potentially 

changing several properties of the membranes [17]. Additionally, lard fed animals 

showed a significantly higher proportion of mitochondrial monounsaturated fatty acids 

(especially oleic acid), a result that was accompanied by improved mitochondrial 

functions and ultrastructure [38]. Thus, it is very likely that an increase in 

monounsaturated fatty acids, such as oleic acid, may be involved in the beneficial effect 

of lard as a dietary fat in CR fed animals. However, further studies will be required to 

identify the specific fatty acids which influence muscle mass and function and health 

and lifespan in calorie restricted mice at very advanced age. 
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FIGURE LEGENDS 

Figure 1.-. Morphometric characteristics of muscle fibers, mitochondria and autophagic 

figures from gastrocnemius muscle in control and CR mice after 6 and 18 months of 

intervention with different dietary fats. Panels A and B show cross-sectional area (CSA) 

of red and white fibers, respectively. In B, # denotes a decreased linear trend area 

ordered as L6 > S6 > F6. Panels C and D show Volume density (Vv) of subsarcolemmal 

(SSM) and intermyofibrillar mitochondria (IMM) per cell volume unit. E and F show 

SSM and IMM areas. In E, # denotes a significant decreasing linear trend ordered as L 

> S > F in CR mice after 6 and 18 months of intervention. In panel F, # represents a 

decreasing linear trend (L > S> F) at 18 months of CR. G and H show mean area of 

SSM clusters and SSM cluster size in relation to plasmalemmal length (SSM density), 

respectively. In panel G, # represents a decreasing linear trend in 18-month CR-mice (L 

> S > F). Panels I and J show Vv of autophagic figures (AF) in subsarcolemmal (SSZ) 

and in intermyofibrillar zones (IMZ). Mean area of AF in both zones are depicted in 

panels K and L, respectively. In all graphs, * = p < 0.05; ** = p < 0.01 and *** = p < 

0.001. 

Panel A: a = *** vs S6; b = *** vs S18; c = *** vs S18 and F18. 

Panel B: a = * vs S18; b = * vs S6; c = *** vs S18 and F18; d = *** vs F18. 

Panel C: a = * vs C18 and L18. 

Panel E: a = * vs S6; b = * vs S6 and F6; c = * vs S18 and F18. 

Panel F: a = *** vs S18; b = *** vs S6 and ** vs F6; c = *** vs S18 and F18; d = *** 

vs F6. 

Panel G: a = *** vs S6; b = * vs S18. 

Panel H: a = * vs S18; b = *** vs C6 and * vs L6; c = * vs F18. 

Panel I: a = * vs S6; b = * vs F6. 
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Panel J: a = *** vs S6; b = *** vs S6 and F6; c = *** vs F6. 

Panel K: a = *** vs S6; b = *** vs S18; c = ** vs L6 and *** vs S6. 

Panel L: a = *** vs S6 and * vs F6; b = ** vs L18 and * vs C18; c = ** vs S18. 

 

Figure 2.- Examples of red fibers from mouse gastrocnemius muscle in cross section as 

observed by electron microscopy. Subsarcolemmal mitochondria (SSM, white arrows) 

are located between the plasmalemma (black arrowheads) and myofibrils (white 

asterisks), while intermyofibrillar mitochondria (IMM; black arrows) are found in the 

sarcoplasm between the myofibrils. A, C6; B, L6; C, S6; D, F6; E, C18; F, L18; G, S18 

and H, F18. Mitochondria with altered morphology are marked with black asterisks. 

The bars are equal to 2 µm.  

 

Figure 3.- Expression levels of mitochondrial complexes measured by western blots 

from hind limb homogenates. A and B, Complex I; C and D, Complex II; E and F, 

Complex III; G and H, Complex IV and I and J, Complex V.  

Panel A: a = * vs S6. 

Panel D: a = * vs F6. 

Panel E: a = *** vs S18. 

Panel F: a = * vs S6 and F6. 

Panel H: a = * vs F6. 

 

Figure 4.- Expression levels of protein related to autophagy in control and CR-mice 

after 6 or 18 months of intervention. A and B, Beclin1; C and D, LC3-II/LC3-I+LC3-II 

ratio and E and F, p62. Protein expression levels of mitophagy markers are depicted in 

panels G and H (Pink1) and in I and J (Parkin).  
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Panel C: a = * vs S6. 

Panel D: a = * vs F18. 

Panel E: a = * vs S6; b = *** vs S18. 

Panel H: a = ** vs S6 and * vs F6; b = ** vs S18 and * vs F18. 

Panel I: a = * vs S18. 

Panel J: a = * vs S6. 

 

Figure 5.- Expression levels of proteins related to mitochondrial fusion Mfn1 (A and B), 

Mfn2 (C and D), and OPA1 (E and F) and fission Drp1 (G and H) after 6 or 18 months 

of CR with the different fat sources. In F, # denotes a linear trend in 18 month-CR mice 

ordered as L18 > S18 > F18. 

Panels C and E: a = * vs S6. 

Panel F: a = * vs F18. 

Panel G: a = ** vs S18. 
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SUPPLEMENTARY METHODS 

Animals and experimental diets 

A cohort of 64 male 10-week-old C57BL/6 mice was used (Charles River Laboratories, Spain). 

Mice were bred and raised in a vivarium at the Centro Andaluz de Biología del Desarrollo 

(CABD, Sevilla, Spain) under a 12-h light/dark cycle (8:00 a.m.–8:00 p.m.) and controlled 

temperature (22±3 °C) and humidity. After habituation to a commercial rodent chow diet 

(Harlan Teklad #7012, Madison, WI) for 14 days, the mice were randomly assigned into the 

four dietary groups and fed a modified AIN-93G purified diet.  

The control group was fed 95% of a pre-determined ad libitum intake (12.5 kcal) to prevent 

excessive weight gain during the study. Three CR dietary groups were maintained on 60 % of 

the daily allowance of the ad libitum intake (8.6 kcal). The diets contained (percent of total 

kilocalories per day) 20.3 % protein, 63.9 % carbohydrate, and 15.8 % fat. The dietary fat for 

the control group was soybean oil, which is the fat source used in AIN-93G diets because it 

meets requirements for n-6 and n-3 essential fatty acids without the need to include additional 

fatty acids in the diet (Reeves et al., 1993). Dietary fats for the three CR groups were soybean 

oil (high in n-6 PUFAs, Super Store Industries, Lathrop, CA), fish oil (high in n-3 PUFAs: 18 % 

EPA, 12 % DHA, Jedwards International, Inc. Quincy, MA), or lard (high in saturated and 

monounsaturated fatty acids, ConAgra Foods, Omaha, NE). To ensure adequate linoleic acid 

levels, the CR-fish group was supplemented with soybean oil. Fatty acid composition of dietary 

lipids and complete diet composition have been detailed in a previous publication (Chen et al., 

2012). All mice were housed individually and were fed the experimental diets for 6 or 18 

months. Filtered and acidified water was available ad libitum for all groups and food was 

replaced every day between 8:00 and 9:00 a.m. 

Structural and ultrastructural analysis of skeletal muscle fibers 

Samples from deep zones of the gastrocnemius (red gastrocnemius) muscle from 4 to 7 

animals per diet and CR period were fixed in a mixture of 2.5 % glutaraldehyde–2 % 

paraformaldehyde in 0.1 M sodium cacodylate buffer pH 7.2 for 12-24 h and post fixed in 1 % 

osmium tetroxide for 1 h at 4 °C in the same buffer. The pieces were dehydrated, transferred 

to propylene oxide and sequentially infiltrated in EMbed 812 resin. We used the sequence 

propylene oxide–resin 2:1, 1:1, and 1:2 throughout 24 h (8 h each). Afterwards, samples were 

transferred to pure resin for 24 h. Then, blocks were formed in silicon molds with fresh resin 

for 48 h at 65 °C. We placed the samples into the molds to obtain cross sections of the tissues. 

After trimming, blocks were sectioned in an Ultracut Reicher ultramicrotome and semi-thick 

sections (0.5-μm thick) were mounted on glass slides. To differentiate red from white fibers, 

semi-thick sections were stained either with an aqueous solution of 1 % toluidine blue in 1 % 

borax, or with a drop of 1% p-phenylene-diamine dissolved in a mixture containing equal parts 

of methanol and isopropanol for 1-10 minutes. In this case, the sections were rinsed in the 

methanol/isopropanol mixture, and then mounted under cover glasses (Korneliussen, 1972). 

From this material we obtained micrographs using a Leica DME light photomicroscope (see 

some examples in Supplementary Figs. 1A and 1B). Cross sectional area (CSA) and circularity 

coefficients of red and white fibers were obtained using the ImageJ software (NIH; USA). Only 

those micrographs showing unequivocal transversal sections of muscle fibers were considered 

in this work. 
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Ultrastructural quantitative analysis of mitochondria 

Using the same resin blocks we obtained thin sections (40-70 nm thick) that were mounted on 

nickel grids. After staining in aqueous 4% uranyl acetate and modified Sato's lead citrate (Sato, 

1968), the sections were examined and photographed in a Philips CM-10 or in a Jeol JEM 1400 

electron microscope at the Servicio Centralizado de Apoyo a la Investigación (SCAI; University 

of Córdoba; Spain). Pictures of cross-sectioned RF were taken from both peripheral and 

internal zones of the cells for different purposes as follows. 

1) Determination of mitochondrial mass in RF by means of stereological analysis. For this 

purpose, we used the point counting method of Weibel (1979) by superposing the pictures 

with a simple square lattice with 0.4 µm separation between points. This procedure was 

applied to quantify volume density (Vv; i.e. the volume fraction of cell occupied by 

mitochondria) of subsarcolemmal and intermyofibrillar mitochondria (SSM and IMM, 

respectively). 

2) Analysis of planimetric parameters (area and circularity coefficients) of SSM and IMM (using 

ImageJ, NIH, USA). 

3) Planimetric analysis of SSM clusters using ImageJ. In these cases, if nuclei were present, 

their area was excluded. Also, we obtained the SSM cluster area relative to the sarcolemma 

length visible in the image. In this case, we used the methods described by Callahan et al. 

(2014). 

Ultrastructural quantitative analysis of autophagy and mitophagy figures 

Using the same micrographs obtained from the electron microscope, we evaluated the 

frequency of autophagosomes and autolysosomes using stereological and planimetric 

techniques. In most of the cases, we observed mitochondria with altered structure (swollen 

morphology, low electron-dense matrix and reduced number of cristae; see below) not 

surrounded by membrane. Since these mitochondria are likely targeted to autophagy, they 

also were included in our study. Basically, we applied the above-mentioned method of Weibel 

(1979) to obtain Vv of autophagic figures. Using planimetry (ImageJ) we also determined the 

section area of these figures. Supplementary Table 1 includes information about the number 

of samples evaluated to obtain the parameters measured in this work. 

Polyacrylamide Gel Electrophoresis and Western Blot Immunodetection  

About 50 μg of total homogenate protein was denatured by heating in sodium dodecyl sulfate 

(SDS)–dithiothreitol loading buffer containing 10% sucrose, 2 mM ethylenediaminetetraacetic 

acid, 1.5% (w/v) SDS, 20 mM dithiothreitol, 0.01% (w/v) bromophenol blue, and 60 mM Tris–

HCl pH 6.8; separated by SDS–PAGE in TGX 4-20% polyacrilamyde polyacrylamide gradient gels 

(Bio-Rad) and then blotted onto nitrocellulose sheets using the Trans-Blot Turbo Transfer 

System (Bio-Rad). Blots were stained with Ponceau S for visualization of protein lanes, and the 

images were digitalized using a ChemiDOC TM Imaging System (Bio-Rad). For membrane 

proteins (mitochondrial complexes), sample heating was limited to 45 °C for 15 minutes to 

avoid aggregation. In these cases, loading buffer also contained CLAP (5 mg/ml) and PMSF (100 

mM) in a proportion 18:1:1. 
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SUPPLEMENTARY FIGURE LEGENDS 

Supplementary Figure 1.- Cross sections of mouse gastrocnemius muscle showing red and 

white fibers stained with toluidine blue (A and B) or with p-phenylene-diamine (C and D) as 

examples of material used in this work. With both techniques, clustered subsarcolemmal 

mitochondria can be observed as blue or brown spots at the cell periphery (white arrows). 

Intermyofibrillar mitochondria are revealed as small colored-dots spread out on the 

sarcoplasm (A = C6; B = S6; C = S18 and D = L18). 

Supplementary Figure 2.- Autophagosomes (arrow heads) in skeletal muscle from control after 

18 months of dietary intervention (A) or in 18 months CR mice (B, L18 and C, F18). These 

structures were found mainly in subsarcolemmal spaces. In D we show some mitochondria 

with altered structure in subsarcolemmal regions and in intermyofibrillar areas (black arrows). 

Some examples of mitochondria showing unaltered ultrastructure are also perceptible (white 

arrows). N, nucleus. Bars equal to 2 µm. 

Supplementary Figure 3.- Loading controls (Ponceau S) of the western blots appearing in 

Figure 3 as indicated below each panel. 

Supplementary Figure 4.- Loading controls (Ponceau S) of the western blots appearing in 

Figure 4 as indicated below each panel.  

Supplementary Figure 5.- Loading controls (Ponceau S) of the western blots appearing in 

Figure 5 as indicated below each panel. 
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Supplementary Table 1.- Number of animals, fibers, SSM and IMM scored in this work (RF, red 

fibers; WF, white fibers; LM, light microscopy; TEM, transmission electron microscopy; AF SSZ, 

autophagic figures in subsarcolemmal zones; AF IMZ, autophagic figures in intermyofibrillar 

zones). 

 

 

 

 C6 L6 S6 F6 C18 L18 S18 F18 

Animals 4 5 6 5 7 7 7 7 

RF (LM) 88 164 240 135 >500 >500 >500 >500 

WF (LM) 161 181 303 119 >700 >700 >700 >1500 

RF (TEM) 42 41 48 47 55 55 55 55 

SSM (TEM) 811 >1000 120 >1000 >2500 >2500 >2500 >2200 

IMM (TEM) 268 275 370 255 >2500 1802 1659 1950 

AF SSZ (TEM) 40 84 45 45 36 56 39 68 

AF IMZ (TEM) 80 221 407 245 327 214 86 241 
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Supplementary Table 2.- Relation of primary and secondary antibodies used in this work. 

Dilutions and provider references al also included (SC, Santa Cruz Biotech; Cell Sig; Cell 

Signaling, Inc). 

 

Primary 

antibody 
Dilution Reference 

Secondary 

antibody 
Dilution Reference 

p62 1:500 SC-25575 
Rabbit anti 

IgG 
1:3000 SC-2004 

LC3 1:1000 Cell Sig-4108 
Rabbit anti 

IgG 
1:2000 SC-2004 

Beclin1 1:500 SC-10086 Goat anti-IgG 1:2000 Sigma A-5420 

Pink1 1:1000 SC-33796 
Rabbit anti 

IgG 
1:2000 SC-2004 

OPA1 1:2000 SC-30573 Goat anti-IgG 1:2000 Sigma A-5420 

Drp1 1:1000 Sc-32898 
Rabbit anti 

IgG 
1:2000 SC-2004 

Mfn1 1:1000 SC-50330 
Rabbit anti 

IgG 
1:2000 SC-2004 

Mfn2 1:1000 SC-50331 
Rabbit anti 

IgG 
1:2000 SC-2004 

Anti Rt/ms 

total OXPHOS 

complex kit 

1:2000 Novex 458099 
Mouse Anti-

IgG 
1:2000 Sigma A-9044 

β-Actin 1:2000 SC-A2066 
Rabbit anti 

IgG 
1:2000 SC-2004 
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