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de la misma. La restricción calórica sin malnutrición es la intervención no 
genética mejor caracterizada que mejora la longevidad y permite un 
envejecimiento saludable en muchas especies animales. La extensión de la 
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monoinsaturados MUFA n-9), aceite de soja (rica en PUFA n-6) y aceite de 
pescado (rica en PUFA n-3) sobre la ultraestructura y señalización apoptótica 
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estructural de las mitocondrias tanto de hígado como de músculo durante el 
envejecimiento en el ratón. Más aún, el uso de la manteca como fuente grasa 
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In this work it is analyzed the effect of aging and its possible prevention 

by calorie restriction (CR) in liver and skeletal muscle from mice. These organs 

were selected as models of mitotic and post-mitotic tissues, respectively. 

Furthermore, the effect of dietary fat under CR was also investigated. For this 

purpose, animals submitted to CR were separated into three CR groups with 

soybean oil (high in ω−6 polyunsaturated fatty acids), fish oil (with a high 

content of polyunsaturated ω-3 fatty acids) and lard (rich in saturated and 

monounsaturated fatty acids). Soybean oil was the fat source in control ad 

libitum fed animals. After 6 and 18 months of CR, animals were killed and 

different morphological and functional parameters of both organs were studied.  

In liver, our results show that CR induced changes in hepatocyte and 

mitochondrial size, in the volume fraction occupied by mitochondria, and in the 

number of mitochondria per hepatocyte. Also, mean number of mitochondrial 

cristae and lengths were significantly higher in all CR groups compared with 

controls. CR had no remarkable effects on the expression levels of fission (Fis1 

and Drp1) and fusion (Mfn1, Mfn2 and OPA1) protein markers after 18 months 

of CR. However, considerable differences in many of these parameters were 

found when comparing the CR groups. On the other hand, aging, CR and fat 

source are all factors that may influence apoptotic signaling in liver. For this 

reason the combined effect of these factors on a number of apoptosis 

regulators and effectors were studied as well. An age-linked increase in the 

mitochondrial apoptotic pathway was detected with CR, including a decrease in 

Bcl-2/Bax ratio, an enhanced release of cytochrome c to the cytosol and higher 

caspase-9 activity. Apoptotic index (DNA fragmentation) and mean nuclear area 

were increased in aged animals with the exception of calorie-restricted mice fed 

a lard-based fat source.  

In skeletal muscle, 6 and 18 months of CR partially prevented the 

decreased size of red and white fibers observed in aged control mice. At the 

ultrastructural level, mean area of myofibrils and planimetric parameters of 

subsarcolemmal and intermyofibrilar mitochondria also changed during aging 

and in the different groups of CR and similar results were obtained when the 

expression levels of protein related to mitochondrial fission, fusion and function 

(Sirt3 and VDAC) were analyzed.  
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In general, the results show that CR mitigates many of the aging-

mediated structural and functional modifications in liver and skeletal muscle. 

However, differential results were obtained in the CR groups with lard showing 

optimal results for several of the evaluated parameters, supporting the idea that 

dietary fat plays a relevant role in the modulation of CR effects in aged mice.  
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En este trabajo se estudia el efecto del envejecimiento y su posible 

prevención mediante restricción calórica (RC) en hígado y músculo esquelético 

de ratón. Dichos órganos fueron elegidos como modelo de tejidos mitótico y 

postmitótico respectivamente. Asímismo se investigó el efecto de la grasa de la 

dieta. Para ello, los animales sometidos a RC se separaron en tres grupos que 

fueron alimentados con diferentes fuentes de grasa: aceite de soja (rico en 

ácidos grasos poliinsaturados tipo ω−6), aceite de pescado (rico en en ácidos 

grasos poliinsaturados tipo ω−3) y manteca (rica en ácidos grasos saturados y 

monoinsaturados). La fuente de grasa en los animals control alimentados ad 

libitum fue aceite de soja. Tras 6 y 18 meses en dichas condiciones, los 

animales fueron sacrificados y se analizaron diversos parámetros morfológicos 

y funcionales de ambos órganos.  

En hígado, los resultados mostraron que la RC indujo cambios en el 

tamaño de hepatocitos y las mitocondrias así como en el número y la fracción 

de volumen ocupado por mitocondrias en el hepatocito. De igual forma, en 

número medio de crestas mitocondriales y su longitud aumentaron de forma 

considerable en todos los grupos de RC en comparación con los animales 

control. La RC no tuve efectos considerables en los niveles de expresión de 

proteínas relacionadas con la fisión (Fis1 y Drp1) y fusión mitocondrial (Mfn1, 

Mfn2 y OPA1) tras 18 meses de RC. Sin embargo, éstas aparecieron al 

comparar entre sí los distintos grupos de RC. Por otra parte, el envejecimiento, 

la RC y la fuente de grasa son factores que pueden influir en la señalización 

apoptótica en hígado. Por dicha razón se estudió el efecto combinado de esos 

factores sobre diversos reguladores y efectores de la apoptosis, encontrándose 

un incremento dependiente de la edad en la ruta mitocondrial apoptótica en los 

animales sometidos a RC entre los que se incluyen disminución de la relación 

Bcl-2/Bax, aumento de la liberación de citocromo c al citosol e incremento en la 

actividad caspasa-9. El índice apoptótico (fragmentación de DNA) y el área 

media nuclear aumentaron en los animales más envejecidos con la excepción 

de los que fueron alimentados con manteca y en condiciones de RC. 

En músculo esquelético, 6 y 18 meses de RC previnieron en parte la 

disminución del tamaño de fibras rojas y blancas que se había observado en 

los ratones control. A nivel ultraestructural, el área media de las fibrillas y los 
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parámetros planimétricos de mitocondrias subsarcolémicas e intermiofibrilares 

también cambiaron durante el envejecimiento y en los diferentes grupos de RC. 

Dichos cambios también se encontraron cuand se determinaron los niveles de 

proteínas relacionadas con la fisión y fusión mitocondrial así como en otras 

relacionas con su función (Sirt3 y VDAC) 

En general, los resultados muestran que la RC mitiga muchas de las 

modificaciones estructurales y funcionales provocadas por el envejecimiento en 

hígado y músculo esquelético. Sin embargo, los resultados variaron 

dependiendo del tipo de grasa en los grupos de RC, obteniéndose resultados 

óptimos en varios de los parámetros evaluados en animales alimentados con 

manteca como fuente de grasa.  Estos resultados apoyan la idea de que la 

fuente de grasa de la dieta juega un papel relevante en la modulación de los 

efectos de la RC durante el envejecimiento en ratón. 
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AGING 

Aging can be defined as a time-dependent degenerative process caused 

by accumulated damage that leads to cell dysfunction, tissue failure and death 

(Campisi, 2013). In humans, normal aging is associated with changes that 

increase vulnerability to accidents or disease, but aging itself is certainly not a 

disease, and the failure to make this distinction has stalled progress to 

understand aging and advance the field of biogerontology. Unlike disease, 

changes of aging inevitably occur in every organism at a given time and affect 

all species after the age of conception. Aging has recently been given 

heightened attention for its societal impacts in many parts of the world.  

The idea of a genetic programming of aging has been rejected since its 

experimental abolition has not been achieved in any of the animal experimental 

models (Kirkwood, 2005; Hayflick, 2007). On the contrary, it is accepted that 

natural selection has provided tools for the production, maintaining and 

reparation of tissues and systems until the individual reach sexual maturity. 

Then, the different organs and tissues undergo degradation in such a way that 

organism will lose functionality and survival capacity. On the other hand, the 

aging process has a relative impact in nature since extrinsic causes of mortality 

(illness, accidents, predation, etc.) are frequent and only a reduced number of 

individuals reach a maximum longevity under a natural environment according 

its species (Kirkwood, 2005). 

There have been numerous theories to explain the molecular basis of the 

aging process and current researches indicate that several of these theories 

may be straightly interrelated. For example, the so-called “Telomere shortening 

Theory” suggests that the number of division that a cell can undergo is limited 

due to telomeres shortening. The progressive telomere shortening would 

prevent the possible apparition of cancer cells and aging could be the 

consequence of a low turnover of healthy cells. Thus, aging could be a 

collateral consequence of the protection against cancer (Kim et al., 2002). 

Many other theories have been proposed and recently reviewed 

(Medvedev, 1990). Among them, the so-called “The Free Radical Theory of 
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Aging” is by far the more accepted in current literature. This theory states that 

reactive oxygen species (ROS), which are mainly produced at the mitochondria, 

can exert progressive lesions in different types of biomolecules and 

consequently affecting their functionality (Harman, 1956; Harman 1972).  

On the other hand, the so-called “Membrane Theory of Aging”, which is 

straightly related to the previous one, points out the importance of cell lipids 

composition, especially to those found in cell membranes (Pamplona et al., 

2002; Hulbert, 2003). The main characteristics of both theories are detailed 

below. 

Free Radical Theory of Aging. 

This theory was proposed by Denham Harman in 1956 and, according to 

most of the authors, constitutes a wide basis to understand the aging process. 

This theory has been partially confirmed by other studies throughout the years 

and hypothesizes that ROS produced at the mitochondria and other cellular 

organelles induce oxidative attack to different cell components (lipids, proteins 

nucleic acids, etc). The insufficient antioxidant capacity of the cell to cope with 

the possible alterations induced by ROS, results in a progressive loss of cell 

functionality (Harman, 1956). 

Endogenous production of ROS takes place mainly at the mitochondrial 

internal membrane during oxidative phosphorylation to produce ATP. The 

enzymatic complexes I (NADH-coenzyme Q oxidoreductase) and III (coenzyme 

Q-cytochrome c oxidoreductase), which are essential parts of the electron 

transport chain (ETC), are the main sources of ROS and produce superoxide 

anion (O2
-) in a proportion up to 1-2% of the total reduced oxygen. Peroxisomes 

are also sources of ROS and produce hydrogen peroxide (H2O2). Other cell 

processes induce the collateral formation of different radical or non-radical 

forms of ROS (Halliwell, 1999; Chance and Williams, 1956; Barja, 1999). 

The cell possesses different enzymatic antioxidant systems such as 

superoxide dismutase (SOD) to reduce O2
- to H2O2 and catalase which reduces 

this last molecule to H2O. Some other non-enzymatic systems consisting in 

small molecules such as glutathione, α-tocopherol, ubiquinone or coenzyme Q, 
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ascorbic acid and phenolic compounds, and some other antioxidant proteins 

play also a relevant role in ROS detoxification.  

When ROS production/degradation balance shifts to production leading 

to potential damage, a situation of “oxidative stress” is thus generated. Lipid 

peroxidation affects polyunsaturated fatty acids (PUFA) which are more 

susceptible to undergo oxidation by these agents, as an example of oxidative 

stress consequences. The amino acid cysteine is also a well-known target of 

ROS. Under certain circumstances, these reactions produce new compounds 

that can initiate a chain reaction and propagate the oxidative damage. This is 

the case, for example, of hydroxynonenal produced during lipid peroxidation 

(Halliwell, 1999).  

On the other hand, it has been suggested a role for ROS in cell signaling 

playing a relevant role in cell metabolism (Bartosz, 2009). ROS concentration, 

for example, seems to modulate cell proliferation and cell cycle progression in 

such a way that high concentrations of ROS arrest cell cycle and may induce 

cell death. Under other physiological conditions, mild concentrations of ROS 

can regulate cell redox status without any further damage (Bartosz, 2009). 

Aging theories in relation to cell membrane lipid composition. 

Recently it has been hypothesized that membrane oxidative damage 

depends on a great extend on the characteristics of lipids included in the 

membrane, a phenomenon that consequently affects aging and longevity 

(Pamplona et al., 2002). In fact, the more susceptible lipid molecules to ROS 

attack are PUFA, and more specifically those carbon atoms located between 

two double bonds. 

Some comparative studies have shown an interesting correlation 

between maximum longevity (Lmax) and membrane lipids characteristics 

reporting two parameters straightly related to longevity: i. the increased 

production of ROS and ii. the degree of saturation of membrane lipids. The first 

parameter is inversely and the second directly related to longevity (Pamplona et 

al., 2002). Thus, in a study performed comparing eight mammalian species, the 

so-called “Double Bond Index” (DBI) was higher in those animals with lesser 
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maximum longevity. Furthermore, when comparing different vertebrate species 

of birds and mammals of similar body size, birds showed higher longevity and 

lesser DBI (Pamplona et al., 1996). The inverse correlation between DBI and 

Lmax has been demonstrated by analyzing mitochondrial phospholipid 

composition in liver and heart (Portero-Otín et al., 2001; Pamplona et al.,2001; 

Pamplona et al., 2000). Moreover, experimental designs using dietetic 

interventions which included PUFA or monounsaturated fatty acids (MUFA) as 

major lipid components showed that the decline in DBI induced by the dietary 

intervention resulted in decreased lipid peroxidation and protein carbonyl 

groups concentration, among other oxidative damage markers (Herrero et al., 

2001). It has been suggested the existence of an expression protein pattern of 

desaturase enzymes specific for each species as well as a straight regulation of 

deacylation/reacylation cycle as a part of the lipid membrane saturation degree 

homeostasis mechanism (Pamplona et al., 2000). 

CALORIE RESTRICTION 

According to different observations throughout the XX Century (see ref 

20 for a review), a reduced food intake in comparison to usual standards, 

without malnutrition, was considered to have beneficial effects for both health 

and longevity. Thus, a 40% reduction in calorie intake markedly increased 

maximal longevity in rats, a result that has been reproduced in a great variety of 

organism models such as yeasts, nematodes, flies and mammals (Fabrizio and 

Longo, 2001; Braeckman et al., 2006; Bross et al., 2005; Weindruch, 1992). 

Calorie restriction without malnutrition (CR) thus constitutes the most 

robust intervention showing a positive effect in health and life span extension. 

The increase of maximal longevity is proportional to the treatment duration and 

the intensity of restriction. However, a reduction of calorie intake higher than 55-

60% has a negative impact on longevity parameters existing therefore a limit for 

the beneficial effects of CR (Weindruch, 1996; Merry, 2002; Merry, 2004; Pugh 

et al., 1999).  

In an attempt to understand the mechanisms underlying CR and the 

possible beneficial effects on human health, several studies using Rhesus 
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macaques have been also carried out. Although the results show a positive 

impact of CR on the prevention of illness related to aging, the effects on 

longevity extension are contradictory (Colman et al., 2009; Mattison et al., 

2012). 

In general, CR induces substantial changes in many metabolic processes 

with a marked trend to delay aging effects. DNA repair, glucose metabolism 

regulation, immune response, hormone activities, cognitive capacity, muscle 

hypertrophy and protein synthesis rate are included among these changes 

(Weindruch, 1996; Maxwell et al., 1992). Consequently, several diseases 

related to aging such as sarcopenia (muscle mass loss), cardiovascular 

disease, obesity, diabetes or cancer are delayed with CR (Anderson et al., 

2009). Also, CR delay neuron loss in Parkinson and Alzheimer models. In 

relation to cancer, CR has been shown to reduce or delay melanoma, 

hepatoma, lymphoma and mammary gland cancer (Weindruch, 1992; Bagga et 

al., 1995; Kolaja et al., 1996; Wheatley et al., 2008; Xie et al., 2007; Stewart et 

al., 2005). In general terms, CR has been proposed to induce changes in 

apoptosis/proliferation balance in the different tissues in such a way that 

programmed cell death is potentiated in mitotic tissues, therefore offering a 

protective mechanism against the possible appearance of transformed cells.  

The decreased rate of DNA mutation has also been proposed to explain 

the positive effects of CR. Thus, the increased damage and tumors appearance 

in knockout mice for SOD enzyme together with the mutation pattern of the 

gene Hprt (for hypoxanthine phosphoribosyltransferase protein), point out that 

the decrease in ROS-induced oxidative stress in CR conditions may be the 

cause of cancer prevention in those animals (Aidoo et al., 2003; Hart and 

Turturro, 1997). Also, the pronounced decrease in adipose tissue as a 

consequence of CR may contribute to the reduced risk of cancer through the 

regulation of circulating leptin (Dogan et al., 2007; Ablamunits et al., 2006) and 

adiponectin via increased apoptosis (Grossmann et al., 2008).  
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Calorie restriction and reactive oxygen species production 

The effect of CR on ROS production has been extensively analyzed. In a 

recent review, Speakman and Mitchell (2011) propose that CR can act on ROS 

production at three different levels: its generation, detoxification and damage 

reparation. Thus, CR is known to decrease superoxide generation at the 

complex I of the ETC (Sohal et al., 1994; Sohal and Weindruch, 1996; Barja, 

2004). Concerning antioxidant protection, CR abolishes the decrease in 

reduced glutathione and SOD and catalase activities that occurs in liver as a 

consequence of the aging process (Chen and Yu, 1996). Finally, CR increases 

genome stability in the oldest animals by inhibiting the decreases of reparation 

mechanisms that take place otherwise in these animals (Cabelof et al., 2003).  

Calorie restriction and fatty acids unsaturation in cell membranes. 

The inverse relationship between the number of double bonds and 

animal longevity has been described (see above). Interestingly, CR decreases 

the unsaturation degree in membrane fatty acids by increasing the 

accumulation of linoleic (18:2 n-6) and linolenic (18:3 n-3) and lowering long-

chain unsaturated fatty acids concentration (Laganiere and Yu, 1989; Laganiere 

and Yu, 1993). Thus, membranes from animals undergoing CR show higher 

protection against oxidative attack decreasing the deleterious effects of ROS in 

the cell. Although the effect of circulating hormones insulin, T3 and T4 seem to 

play an important role on the regulation of fatty acid elongases and desaturases 

activities (see Merry, 2002),the mechanism by which the fatty acid composition 

of cell membranes changes by CRis only beginning to be understood. In this 

way, a recent lipidomic approach has demonstrated that CR significantly altered 

the hepatic lipidome in male C57BL/6 mice and caused a change in the relative 

abundance of specific triglycerides and phosphatidylethanolamines and 

reduced hepatic 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphatidylcholine 

content, a specific product of phospholipid peroxidation (Jové et al. 2014). Less 

susceptibility of membranes to peroxidation was explained on the basis of a 

redistribution in the type of unsaturation: CR increased monounsaturated fatty 

acids (MUFA) in liver, whereas the levels of PUFA were decreased without any 

observed changes in saturated fatty acids (SFA).  These specific changes may 
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be the result of a metabolic reprogramming leading to lower levels of oxidative 

damage which could contribute to the increased lifespan of CR mice (Jové et al. 

2014). 

Interestingly, the drug atenolol, a β1-blocker that decreases fatty acid 

unsaturation in heart and skeletal muscle mitochondria and changes the lipid 

profile towards that found in long-lived mammals, reverted several age-

associated detrimental alterations in mice but did not extend longevity, possibly 

due to unwanted side effects of the drug (Sánchez-Román et al. 2010; 2014; 

Gómez et al. 2014). These recent observations are in agreement with the 

theories that link fatty acid composition of mitochondrial phospholipids to aging, 

with lipid peroxidation as the mechanism through which fatty acids influence 

lifespan. In addition, mitochondrial phospholipid fatty acids could also influence 

aging by altering the activity of membrane proteins (Innis and Clandinin 1981; 

Daum 1985; Dowhan et al. 2004; Lee 2004; Marsh 2008), membrane 

permeability (Brand et al. 1994; Brookes et al. 1998), ROS production (Ramsey 

et al. 2005; Hagopian et al. 2010) or other membrane-linked processes. 

Membrane n-6 and n-3 fatty acids of 20 carbons in length may also serve as 

precursors for the formation of eicosanoids, which modulate inflammatory 

responses (Calder 2004; 2007; Schmitz and Ecker 2008; Deckelbaum and 

Torrejon 2012). It has been recently demonstrated that chronic, progressive 

low-grade inflammation induced by knockout of the nfkb1 subunit of the 

transcription factor NF-kB induces premature aging in mice (Jurk et al. 2014). 

Thus, membrane phospholipid fatty acids may influence aging by promoting 

oxidative damage, influencing mitochondrial function and modulating 

inflammation. 

Fatty acids and their biological functions 

Fatty acids are molecules composed of a carboxyl group and a 

hydrocarbon chain with a high number of carbons (normally an even number 

comprised between 14 and 22). Usually, fatty acids are found as part of more 

complex molecules, as occurs in biological membranes. Fatty acid 

nomenclature follows the IUPAC rules, however some specific names are 

frequently used as a consequence of their biological functions for the most 
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commons fatty acids. Although carbon #1 contains the carboxyl group, a 

different alternative consist of numbering the carbon atoms from the opposite 

chain extreme: i.e. from the methyl terminal carbon atom, which is consider as 

the carbon “ω” (or “n”). In this way, the third carbon from that extreme should be 

ω-3 (or n-3). This is the nomenclature currently used in biomedical literature. 

Depending on the presence, number and location of double bonds, fatty 

acids can be classified in: 

- Saturated Fatty acids (SFA). These fatty acids do not contain any 

double bond along the chain. Their fusion point are relatively high (70 °C for 

stearic acid) and depends on the chain length (the more carbon atoms the 

higher fusion point). They can be designed using the formula n:8, where “n” 

represents the number of carbons (for example, stearic acid can be designed as 

18:0). 

- Unsaturated fatty Acids. There is at least one double bond in the chain. 

Depending on the number of bonds it is possible to distinguish between 

monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids. Usually, 

unsaturated fatty acids posses a double bond between carbons 9th and 10th. In 

those cases in which more than one bond exist, they normally are located 

between this first bond and the methyl terminal group and showing a methyl 

group (-CH2-) between two double bonds. This nomenclature allows for a rapid 

identification of a fatty acid and its characteristics such as chain length, number 

and location of double bonds, etc. For example, the abbreviated formula 20:5 

ω-3 (or 20:5 n-3) identifies eicosapentaenoic acid, with 5 doubled bounds, being 

the first one located between the carbons ω-3 and ω-4. 

Acylglycerols 

The so-called “acylglycerols” result from the esterification of 1-3 fatty 

acids with a glycerol molecule. Depending on the number of esterified fatty 

acids, there are mono- di- and triacylglycerides (also called triglycerides).  

Triacylglycerides are the main components of the alimentary fat and their 

properties depend on contained fatty acids. Triacylglycerides with a high (more 
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than 50%) content in SFA are solid at room temperature (as occurs for lard) and 

those with a high proportion in unsaturated fatty acids (80% or more) are liquid 

and are named as “oils”. The physical, chemical and dietetic properties of each 

fat depends on a great extent on its proportion of MUFA and PUFA  

Phospholipids 

As acylglycerols, phosphoglycerides bear a glycerol molecule esterified 

with fatty acids. However, one of the terminal carbon atoms of glycerol is linked 

to a phosphate group and the phosphate binds apolar group. Fatty acid length 

range from 16 to 18 carbons and PUFAs are highly frequent in these kind of 

complex lipids. The more frequent polar groups are choline, ethanolamine, 

serine and inositol to give phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylserine and phosphatidylinositol respectively when attached to the 

glycerol-phosphate moiety. Phosphate plus the polar group is also known as 

“polar head” of the phospholipid whereas the two acyl chains of the fatty acids 

constitute the “hydrophobic tails”.Sphingolipids are lipids with a sphingosine-

based backbone, bearing its own hydrocarbon chain, an amine group and two 

hydroxyl groups. The amine group is bonded to a fatty acid of varying length 

and one of the hydroxyl groups may be functionalized to a phosphate and then 

to a choline polar head (in phospholipid sphingomyelins) or to a carbohydrate 

(in non-phospholipid glucolipids). 

Phospholipids are amphipatic molecules with a water-soluble hydrophilic 

portion of the molecule (polar head) and an insoluble hydrophobic moiety 

(acylacids). Phospholipids are embedded within the lipid bilayer in such a way 

that only the hydrophilic portions are in contact with the external or internal 

aqueous environment. Besides their essential role in determining the bilayer 

structure, and therefore in cell membrane organization, phospholipids are also 

are also involved in signal transduction across membranes. 
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MITOCHONDRIAL DYNAMICS 

As stated above the mitochondrion is considered as a major source of 

ROS production during cellular metabolism and has been intimately linked to 

senescence. Therefore, progressive mitochondrial dysfunction is considered a 

hallmark of aging, and impaired mitochondrial function causes an accelerated 

aging phenotype, which is particularly evident in high energy demanding tissues 

such as brain, heart, and skeletal muscle, kidney and liver (González-Freire et 

al., 2015).Pioneering studies in worms, flies and rodents conclusively revealed 

that life span of the model organism was dramatically increased by simply 

restricting the caloric intake. This was attributed to a reduction in mitochondrial 

ROS production and presumably oxidative injury (Biala et al., 2015). 

Mitochondria are highly dynamic organelles that constantly fuse and divide to 

maintain normal cellular functions. When this delicate balance between division 

and fusion is lost, mitochondrial function, metabolism, and signaling are altered 

(Roy et al., 2015). Although many studies have sought to understand the 

dynamic nature of this process over the past several decades, the complete 

molecular mechanisms, physiological function, and connection to human 

diseases remain unclear 

Mitochondrial Fission 

In mammals, mitochondrial fission is mainly controlled by two proteins: 

dynamin-related protein 1 (Drp1) and fission protein 1 (Fis1). Drp1 is a cytosolic 

GTPase protein, whereas Fis1 is localized to the outer mitochondrial membrane 

via a C-terminal domain and is thought to recruit Drp1 to participate in fission. In 

vitro, knockdown of Drp1 blocks fission and results in interconnected 

mitochondrial tubules. On the other hand, perturbations in Fis1 protein content 

results in opposing phenotypes. For example, over-expression of Fis1 

accelerates fission and causes mitochondrial fragmentation. Conversely, 

reduction in Fis1 protein inhibits fission and induces elongation of mitochondrial 

tubule networks. Ultimately, active and viable fission machinery is required to 

promote transmission of the mitochondrial genome during mitochondrial 

replication and also participates in the distribution of the organelle throughout 

the cell (Civitarese and Ravussin, 2008; Stojanovski et al., 2004; Chan 2012). 



 

 

18 

 

Mitochondrial Fusion 

During mitochondrial fusion, two distinct membrane fusion events occur. 

The outer and inner membranes, which delineate a mitochondrion, merge with 

the corresponding membranes on another mitochondrion. These events result 

in mixing of the membranes, the intermembrane space, and the matrix. Both 

membrane fusion events are coordinated and normally occur almost 

simultaneously. Mitochondrial fusion events are highly regulated, because 

fusion involves the recruitment of proteins localized to both the outer and inner 

mitochondrial membranes that act as adaptor proteins to bind mitochondrial 

membranes and ensure integrity of mitochondrial compartments. In mammals, 

the main proteins involved in mitochondrial fusion are mitofusins (Mfn) 1 and 2 

(two isoforms; Mfn1/2) and optic atrophy1 (OPA1). Mice that are deficient in 

either Mfn1 or -2 are embryonically lethal. Importantly, reductions in Mfn2 

protein have been shown to lower cellular respiration and glucose oxidation in 

mammalian fibroblasts. In addition, reductions in Mfn2 protein are observed in 

obesity, both in obese Zucker rats and in obese humans, suggesting that 

reduction in MFN2 expression may partially explain some of the metabolic 

perturbations associated with obesity. Besides its role in fusion, OPA1 has 

several other functions, most notably the remodeling of the inner mitochondrial 

cristae (Civitarese and Ravussin, 2008; Bach et al., 2003; Chan, 2012). 

Mitochondrial dynamics is involved in multiple mitochondrial functions, 

including mtDNA stability, respiratory function, apoptosis, response to cellular 

stress, and mitochondrial degradation. Several human diseases directly involve 

proteins critical for mitochondrial fusion or fission. In terms of fusion, 

heterozygous mutations in OPA1 cause dominant optic atrophy, and 

heterozygous mutations in Mfn2 cause the peripheral neuropathy Charcot-

Marie-Tooth type 2A. In terms of fission, a mutation in Drp1 has been linked to 

neonatal lethality with multisystem failure. 
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LIVER, AGING AND CALORIE RESTRICTION 

The liver is the largest compound gland in mammalians body. It is a 

major metabolic organ, and is important for degrading alcohol and drugs. It 

stores glycogen, secretes glucose, plasma proteins and lipoproteins into the 

blood, and secretes bilirubin (a by-product of hemoglobin), secretory IgA, and 

bile salts (which emulsify fats) as components of bile. It is unusual because it 

has a dual blood supply. Not only it receives arterial blood from the hepatic 

artery (about half of the total blood flow), but also it receives blood from the 

hepatic portal vein, which contains nutrients absorbed from the gastrointestinal 

tract. After passing through the liver, the blood collects and leaves in hepatic 

veins. These major blood vessels enter and leave the liver at the porta hepatis. 

Also emerging from the porta hepatis are the left and right hepatic ducts which 

contain the collected bile, and the efferent lymphatics. The hepatic parenchyma 

consists of cords of hepatocytes arranged in single-cell layer which is separated 

from other hepatic cords by vascular sinusoids. The arrangement and 

organization of liver cell plates is largely determined by the network of vascular 

sinusoids. Although in normal conditions hepatocyte proliferation rate is low, the 

liver shows a relatively high rate of regeneration in different species (Talarmin et 

al., 1999).Some of the structural characteristics of liver parenchyma in the 

mouse are shown in Fig. 1. 
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Fig. 1.- Liver parenchyma from a 6 month-old mouse. Arrows: sinusoidal 

capillaries; arrowheads, hepatocyte nuclei; CV, central vein. Toluidine blue 

staining. (Bar = 40 µm). 

Due to its multiple functions, liver (and more specifically, the hepatocyte) 

has been extensively used as a model to study the effects of CR and aging. 

Probably, the most important change occurring in hepatocyte during aging is the 

remarkable decrease in the number of mitochondria (Sastre et al., 1996; 

Schmucker et al., 1978), an effect that has also been observed in progeroid 

Werner mice (Cogger et al., 2013). Conversely, CR has been reported to induce 

a significant increase in the number of mitochondria per cell (López-Lluch et al., 

2006). Resveratrol, a partial CR mimetic, had the same effect in middle-aged 

mice fed with a high diet (Baur et al., 2006) as well as in senescence-

accelerated mice (Shiozaki et al.,2011). However, little is known about the effect 

of the different dietary fats on these processes in calorie restricted animals. 

Furthermore, changes in hepatocyte mitochondrial mass have been described 

during aging, but the expression pattern of proteins related to mitochondrial 

biogenesis and dynamics has not been extensively analyzed yet. As shown 

below, CR partially prevented mitochondrial ultrastructural and fission/fusion 

alterations due to aging in mice. Furthermore, dietary fat modulated the effect of 

CR depending on the degree of fatty acid unsaturation of the fat source 

included in the diets. 

LIVER APOPTOSIS, DIET AND AGING  

Basic concepts 

Apoptosis (Ker et al., 1972), also regarded as programmed cell death, 

identifies a mechanism of physiological cell disposal that plays a critical role in 

the maintenance of tissue homeostasis (Zhang et al., 2003). The elucidation of 

the signal transduction pathways which regulate apoptosis has led to the 

identification of death signaling molecules. It has also become clear that many 

diseases are characterized by deregulation of apoptotic programs (Peter et al 

a., 1997). 
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The apoptotic process is active and finely regulated. The changes in the 

cell includes cell shrinkage, nuclear fragmentation, chromatin condensation and 

blebbing. Apoptosis produces cell fragments called apoptotic bodies that are 

phagocytosed by immune system cells or by healthy surrounding cells, due to 

the externalization of phosphatidylserine to the plasma membrane external part 

of the apoptotic cell. This alteration constitutes and early identification of the 

apoptotic cells which takes place before the cell contents can spill out onto 

surrounding cells, which otherwise could provoke tissue damage (Majno and 

Joris 1995, Allen et al. 1997). 

Several decades of research have allowed to establish the main 

pathways of apoptosis activation, although new findings elaborate a complex 

map of apoptosis-related interactions. It is thus difficult to establish univocal 

pathways in the programmed cell death. Traditionally, two apoptosis activation 

pathways: the extrinsic and the intrinsic pathways, have been described. In the 

extrinsic pathway, plasma membrane receptors that belong to the superfamily 

of Tumor Necrosis Factor Receptor (TNFR), such as Fas, TRAIL-R1/2 or TNF-

R are stimulated by extracellular ligands (TNF-α, FasL, TRAIL). The receptor 

death domains recruit adaptor proteins needed for the signal transduction of 

survival or death. In the case of Fas (CD95) and receptors for TRAIL, the 

Death-Inducing Signaling Complex (DISC) is created when adaptor proteins like 

Fas-associated protein with death domain (FADD) recruits through Death 

Effector Domain (DED) procaspase-8 and procaspase-10. Both procaspases 

are activated by proteolysis and then are able to activate the effector caspases, 

mainly caspase-3.In the intrinsic pathway, intracellular stimuli can induce the 

activation of proapoptotic proteins that belong to the Bcl-2 family. The balance 

between the proapoptotic (Bax, Bak, Bid and others) and antiapoptotic (Bcl-2, 

Bcl-xL, Mcl-1 and others) members of this family in the outer mitochondrial 

membrane determine the pore formation, and the subsequence release to the 

cytosol of different proteins of the mitochondrial intermembrane space. Among 

these proteins,  cytochrome c is required for the apoptosome formation together 

with Apaf-1 and procaspase-9. The apoptosome allows the activation of 

caspase-9 and subsequently caspase-3 and other effector caspases (-6 and -

7). Concurrently to the caspases-dependent pathway, several mitochondrial 
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factors that include endonuclease G (EndoG) and Apoptosis Inducing Factor 

(AIF) are also released to the cytosol. These two factors trigger a caspase-

independent apoptosis when they translocate to the nucleus and degrade the 

chromatin (Lawen, 2003). 

The ER apoptosis pathway is also being highly investigated (reviewed by 

(Gorman et al., 2012).The ER is able to modulate or induce apoptosis by the 

Inhibitor Apoptosis Proteins (IAPs) or by the action of not very well 

characterized caspases (caspase-12) or caspase that seems to be involved in 

ER (caspase-8). The importance of apoptosis induced by ER stress is being 

studied in neurodegenerative, neoplastic and metabolic diseases. Other 

pathways able to regulate apoptosis have been described, including pathways 

involved in survival and growth. In addition, the ceramide production from 

sphingomyelin, catalyzed by several kinds of enzymes with sphingomyelinase 

activity can induce apoptosis by mechanisms that are not fully understood (Wu 

et al. 2010).  

Diet and apoptosis in aging liver 

Accumulating evidence strongly suggests that dysregulation of apoptosis 

is associated with the aging process (Higami and Shimokawa, 2000). Because 

of its central position in the regulation of mammalian metabolism, liver is one of 

the best models to study the effects of environmental or endogenous variables 

on growth control, apoptosis, and carcinogenesis in vivo (Suh, 2002). Previous 

work with B6C3F1 mice and Fisher 344 rats has documented that both the 

endogenous rate of apoptosis and apoptosis induced by inhibition of protein 

synthesis with cycloheximide are enhanced in hepatocytes of old animals 

(Muskhelishvili et al., 1995; Higami et al., 1996). However, susceptibility to 

genotoxic stress-induced apoptosis is also significantly decreased in 

hepatocytes from old compared to young  rats (Suh, 2002; Suh et al., 2002) and 

apoptotic response of liver to PPARα agonists clofibrate and Wy-14643 is also 

significantly diminished in old rats (Youssef et al., 2003). This indicates that 

environmental variables could modulate liver apoptotic response. The diet is a 

factor that could influence tissue susceptibility to cell death, and liver appears to 
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be particularly sensitive to changes in diet (López-Torres et al., 2002; Quiles et 

al., 2006). 

Most efforts to understand the effect of the diet in aging-related apoptosis 

have been focused on CR. In this way, many studies have documented that CR 

increases hepatic apoptosis, which could be beneficial for the organism 

because it allows for a decrease of spontaneous preneoplasic and neoplasic 

lesions in the liver (Grasl-Kraupp et al., 1994; James and Muskhelishvili, 1994; 

Muskhelishvili et al., 1995; James et al., 1998; Suh, 2002; Tirosh et al., 2003; 

Selman et al., 2003; Miskin et al., 2005). 

Dietary modifications of membrane lipids effectively affects lipid 

composition of membranes and peroxidation levels (Mataix et al., 1998; Quiles 

et al., 2001). Previous studies have demonstrated that, compared with a diet 

based on sunflower oil (very rich in n-6 polyunsaturated fatty acids), a diet 

based on virgin olive oil (very rich in n-9 monounsaturated fatty acids) given 

lifelong to Wistar rats resulted in less oxidative stress in several tissues (Ochoa 

et al., 2003), lower levels of double-strand breaks in peripheral blood 

lymphocytes (Quiles et al., 2004), and the attenuation of aging-related increase 

of a mitochondrial DNA deletion in liver (Quiles et al., 2006). These previous 

studies clearly indicate that the type of dietary fat is an important factor 

modulating oxidative stress in aging (Ochoa et al., 2003; Quiles et al., 2004). 

Moreover, the degree of fatty-acid unsaturation in membrane lipids correlates 

with the maximum longevity (Ochoa et al., 2003; Barja, 2004). 

Interestingly, dietary oil modified significantly the susceptibility of 

hepatocytes to different apoptotic stimuli by altering both pro- and anti-apoptotic 

mediators, which reinforces the importance of the diet in aging studies. 

Specifically, caspase-8/10 activity (as marker of the extrinsic pathway) was not 

affected by either aging or dietary fat, but activities of both caspase-9 (as 

marker of the intrinsic pathway) and caspase-3 (the best characterized 

executioner caspase) were significantly depressed in liver from animals fed on a 

sunflower oil-based diet. These decreases were not observed in animals fed 

with a diet based on virgin olive oil, which also resulted in significantly lower Bcl-

2/Bax ratios. On the other hand, in comparison with sunflower, dietary olive oil 
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decreased oxidative stress in liver from aged rats, resulting in lower levels of 

membrane hydroperoxides and higher coenzyme Q levels in plasma 

membrane. Plasma membrane Mg2+-dependent neutral sphingomyelinase was 

strongly activated in aged rats fed on the sunflower oil diet, but no aging-related 

increase was observed in animals fed on the olive oil diet. In sum, virgin olive oil 

may increase susceptibility of hepatocytes to apoptosis induced through the 

intrinsic pathway under conditions of decreased oxidative stress, which may 

have important implications to understand the potential beneficial effects of that 

edible oil against liver carcinogenesis during aging (Bello et al., 2006). 

 

SKELETAL MUSCLE, AGING AND CALORIE RESTRICTION 

Skeletal muscle is mainly responsible for the movement of the skeleton, 

but is also found in organs such as the globe of the eye and the tongue. It is a 

voluntary muscle, and therefore under conscious control. Skeletal muscle is 

specialized for rapid and forceful contraction of short duration. 

Skeletal muscle cells contain similar components and structures as other 

cells but different terms are used to describe those components and structure in 

skeletal muscle cells. The plasma membrane of skeletal muscle is called the 

sarcolemma; its cytoplasm is known as sarcoplasm; the endoplasmic reticulum 

is called the sarcoplasmic reticulum. 

Each muscle cell is defined by a sarcolemma and contains many nuclei 

along its length. The nuclei are displaced peripherally within a cross section of 

the sarcoplasm while a large number of longitudinal myofibrils, groups of 

arranged contractile proteins, occupy most of the center space. The myofibril 

contains several important histological landmarks: 

The myofibril is composed of alternating bands. The I-bands (isotropic in 

polarized light) appear light in color and the A-bands (anisotropic in polarized 

light) appear dark in color. The alternating pattern of these bands results in the 

striated appearance of skeletal muscle, as shown in Fig. 2. 
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Fig. 2.- Longitudinal section from a 6 month-old mouse gastrocnemius 

muscle showing the characteristic A and I bands along the muscle fibers which 

confer the typical striated appearance to skeletal muscle. Toluidine blue staining 

(Bar = 50 µm).  

Each myofibril can be understood as a series of contractile units called 

sarcomeres that contain two types of filaments: thick filaments, composed of 

myosin, and thin filaments, composed of actin. The individual filaments do not 

change in length during muscle contraction; rather, the thin filaments slide over 

the thick filaments to shorten the sarcomere. The nature of these filaments can 

be understood in the context of the histological landmarks of the myofibril. 

Mitochondria appear in two places in skeletal muscle fibers. A significant 

population of mitochondria is located immediately beneath the cell membrane 

(sarcolemma); these are subsarcolemmal mitochondria and are in a position to 

receive O2 provided by the arterial circulation. Subsarcolemmal mitochondria 

are believed to provide the energy required for maintaining the integrity of the 

sarcolemma since energy-requiring exchanges of ions and metabolites across 

the sarcolemma are most probably supported by subsarcolemmal mitochondria 

activity. Deeper within muscle cells are the intermyofibrillar mitochondria. As the 

name implies, these mitochondria exist among the contractile elements of the 

muscle. Intermyofibrillar mitochondria probably have a higher activity per unit 

mass (specific activity) than subsarcolemmal mitochondria, and they probably 
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play a major role in maintaining the ATP supply for energy transduction during 

contraction. 

Because of their appearance in cross-sections, skeletal muscles can be 

divided into two main muscle fiber types: 

Slow-twitch (type I) muscle fibers contract more slowly and rely on 

aerobic metabolism. They contain large amounts of mitochondria and 

myoglobin, an oxygen-storage molecule. The reddish color of myoglobin is the 

reason why these fibers may be referred to as red fibers. These muscles can 

maintain continuous contraction and are useful in activities such as the 

maintenance of posture. 

Fast-twitch (type II) muscle fibers contract more rapidly due to the 

presence of a faster myosin. Type II fibers can be subdivided into those that 

have large amounts of mitochondria and myoglobin and those that have few 

mitochondria and little myoglobin. The former primarily utilize aerobic respiration 

to generate energy, whereas the latter rely on glycolysis. The lack of myoglobin 

results in a paler color than the slow-twitch muscles, and fast-twitch fibers may 

therefore be referred to as white fibers. These muscles are important for intense 

but sporadic contractions; for example, those that take place in the biceps 

(Picard et al., 2012; Schiaffino and Reggiani, 2011) 

Most muscles contain a mixture of these extreme fiber types. In 

mammals, the fiber types cannot be distinguished based on gross examination, 

but require specific stains or treatments to differentiate the fibers. For example, 

in semi-thick sections (up to 1 µm thick) obtained from epoxy resin embedded 

samples, red and white fibers can be distinguished using p-phenylene-diamine 

staining (Korneliussen, 1972) and under certain circumstances both fibers can 

be discriminated using toluidine blue stain (see Fig 3.). 
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Fig 3.- Cross-sections of gastrocnemius muscle from 6 month-old mice 

stained with p-phenylene-diamine (A) and toluidine blue (B). Red fibers (RF) 

can be distinguished by the accumulated subsarcolemmal mitochondria which 

confer a characteristic dark brown (A) or blue (B) color (arrows). WF = white 

fiber (Bars = 50 µm). 

In old age there is a progressive chronic loss of muscle mass called 

sarcopenia of aging. In humans sarcopenia is one of the key elements of aging 

that affects quality of life in old age because it is highly correlated with levels of 

physical activity and frailty. The causes of sarcopenia are complex and not fully 

understood but a decline in mitochondrial function and/or mass and increased 

ROS levels have been found to occur in skeletal muscle during senescence 

(Speakman and Mitchell, 2011). 
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CR has a protective effect against sarcopenic muscle loss in both 

rodents (Aspnes et al., 1997) and non-human primates (Colman et al., 2008). 

Thus, in a study where CR was initiated in rats at 17 months of age at either 

35% or 50% of ad libitum intake it was observed that CR, especially in the 

animals restricted at 50%, preserved both the fiber number and fiber type 

composition in the vastus lateralis muscle. Rats on 50% restriction also had 

significantly lower numbers of mtDNA deletion products in two (adductor longus 

and soleus) of the four muscles examined (Aspnes et al., 1997). This is 

consistent with the idea that oxidative stress may play a key role in sarcopenic 

muscle loss and that the protection against sarcopenia in CR animals may in 

part reflect the reduced levels of oxidative stress. 

In two recent studies it has been shown that dietary fat (soybean oil, fish 

oil and lard) influence the fatty acid composition of the mitochondrial 

membranes from skeletal muscle (Chen et al., 2012) and liver (Chen et al., 

2013) in C57BL/6 mice following one month of 40% CR, which resulted in 

changes in several physiological functions of the mitochondria such as 

phospholipid composition, ROS production, proton leak and ETC enzyme 

activities in CR animals (Chen et al., 2012 and 2013). Using the same 

experimental design with longer periods of CR, lard as dietary fat showed to 

have an optimal effect on several parameters related to mitochondrial 

physiology (Chen et al., 2014) and to mitochondrial and plasma membrane 

apoptotic signaling in skeletal muscle (López-Domínguez el al., 2014). Similar 

studies have not been developed in liver yet. 

The purpose of this work is to ascertain whether dietary fat has some 

influence on structural and dynamics parameters of mitochondria from liver and 

skeletal muscle tissues in mice submitted to medium- (6 months) and long-term 

(18 months) periods of 40% CR and the possible effects of the dietary fat on 

mice health span through their possible beneficial effect on these organs 

mitochondrial morphology and dynamics. 
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The aim of this Thesis is to analyze in mice the effects of medium and 

long term (6 and 18 months) calorie restriction (CR) on cell structure and 

mitochondrial ultrastructure and fission/fusion dynamics in liver and skeletal 

muscle, as examples of mitotic and post-mitotic organs respectively. 

Furthermore, to study the effects of dietary fat under CR, animals were 

separated into three CR groups with soybean oil (high in ω−6 polyunsaturated 

fatty acids), fish oil (with a high content of polyunsaturated ω-3 fatty acids) and 

lard (rich in saturated and monounsaturated fatty acids). Soybean oil was the fat 

source in control ad libitum fed animals. This main goal has been separated into 

three specific objectives: 

1.- To analyze possible alterations on hepatocyte morphology, 

mitochondrial mass and ultrastructure as well as mitochondrial fission and 

fusion dynamics induced by aging and CR with the different dietary fats. 

2.- To determine the possible contribution of liver to the apoptotic 

signaling during aging and possible modifications induced by CR and dietary 

fat. 

3.- To study the effect of aging on skeletal muscle from mice fed ad 

libitum and under CR with different dietary fats. In this point the structure of red 

and white muscular fibers were analyzed. Moreover, possible modifications of 

mitochondrial fission and fusion dynamics as well as ultrastructural changes in 

mitochondrial subpopulations of red fibers were also evaluated. 

The works developed to achieve objectives 1) and 2) have been 

published in three articles which are enclosed ahead. The third objective is 

presented here as an article draft which is intended for publication in the next 

future. 
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We analyzed ultrastructural changes and markers of fission/fusion in hepatocyte mitochondria from mice submitted to 
40% calorie restriction (CR) for 6 months versus ad-libitum-fed controls. To study the effects of dietary fat under CR, 
animals were separated into three CR groups with soybean oil (also in controls), fish oil, and lard. CR induced differential 
changes in hepatocyte and mitochondrial size, in the volume fraction occupied by mitochondria, and in the number of 
mitochondria per hepatocyte. The number of cristae per mitochondrion was significantly higher in all CR groups com-
pared with controls. Proteins related to mitochondrial fission (Fis1 and Drp1) increased with CR, but no changes were 
detected in proteins involved in mitochondrial fusion (Mfn1, Mfn2, and OPA1). Although many of these changes could 
be attributed to CR regardless of dietary fat, changing membrane lipid composition by different fat sources did modulate 
the effects of CR on hepatocyte mitochondria.
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IT has been demonstrated in a large number of experi-
mental models that calorie restriction (CR), a reduction 

in the amount of dietary energy intake without malnutri-
tion, is one of the best known experimental interventions, 
which leads to an increase in life extension under laboratory 
conditions (1–3). Although a life-span-extending effect of 
CR in nonhuman primates still remains controversial (1,4), 
it is firmly established that CR prevented cancer, diabe-
tes, hypertension, and other age-related diseases in a wide 
range of animals including nonhuman primates and humans 
(1,4,5). Due to its beneficial effect on health, CR has been 
widely used as a model that could provide insights into the 
delay of the aging process and on the underlying mecha-
nisms of aging.

Currently, the free radical theory of aging (6) is among 
the most accepted theories to explain the positive effects 
of CR on health and life-span extension, and CR has been 
demonstrated to decrease reactive oxygen species (ROS) 
generation and oxidative injury (2). Thus, decreased dam-
age to proteins and DNA (especially mitochondrial DNA) 
has been reported in CR animals (7–10). Moreover, an 

inverse correlation between life span and the degree of 
membrane phospholipid unsaturation has been proposed 
(10,11). The assumption has been made that polyunsatu-
rated fatty acids are more susceptible to peroxidation and 
other modifications that result in the accumulation of oxida-
tive injury in membranes containing these fatty acids. This 
idea is supported by a decreased content of polyunsaturated 
fatty acids in mitochondria isolated from different organs 
after CR (12). As one of the major ROS-producing constitu-
ents of the cell, special attention has been paid to the role 
of the mitochondria on these phenomena, and the proposal 
has been made that a combination of both “mitochondrial” 
and “membrane” theories of aging can explain the life-span 
extension effect of CR (13,14).

As highly dynamic organelles, mitochondria undergo 
continuous changes of morphology that include fusion, 
fission, and biogenesis processes (15). Thus, changes in 
the “mitochondrial cycle” and/or in its morphology and 
physiology have been reported in most tissues studied 
under different experimental conditions, as well as under 
pathological processes and aging (15–18). In this respect, 
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it has been shown in different organs that CR reduces 
mitochondrial ROS generation (7,13,19–23), establishing 
a strong correlation between beneficial effects of CR and 
decreased oxidative damage at the mitochondrial level.

In an attempt to establish the precise role of the unsatu-
ration degree of membrane phospholipids and the effects 
of CR, experiments have been carried out feeding animals 
with diets in which the composition of the dietary fat was 
controlled. Thus, Cha and Jones (24) found that changes in 
rat liver cell membrane phospholipid composition depended 
on the fatty acid saturation degree of dietary fat. However, 
these changes were diluted in animals fed diets with iden-
tical composition but under 25%–30% CR by decreasing 
carbohydrate intake. More recently, we reported changes 
in lipid composition and some physiological parameters 
of skeletal muscle mitochondria isolated from mice fed 
for 1 month with 40% CR diets with different dietary fat 
sources (soybean oil, fish oil, and lard) compared with 
controls fed ad libitum (AL) although few changes were 
detected between different fat sources under CR (25). On 
the other hand, following an identical feeding protocol, we 
found in liver significant differences in mitochondrial mem-
brane composition and several measures of mitochondrial 
function depending on dietary fat under CR (26).

As the primary organ for fat, carbohydrate, and protein 
interconversion between storage and metabolizable forms, 
as well as for its multiplicity of functions (27,28), liver—
more specifically, the hepatocyte—has been extensively 
used as a model to study the effects of CR and aging. The 
purpose of this study was to analyze changes in the ultras-
tructure and markers of mitochondrial fission and fusion in 
hepatocytes from mice submitted to 40% CR for 6 months. 
Furthermore, animals submitted to CR were fed different 
dietary fats to determine whether different degrees of fatty 
acid unsaturation play a role in the protective effects of CR 
on animal health. We used electron microscopy combined 
with planimetric and stereological techniques to achieve 
the first objective and the expression analysis of proteins 
involved in mitochondrial fission and fusion by Western 
immunoblotting to determine possible alterations of mark-
ers of these processes induced by CR and/or dietary fat.

Methods

Animals and Diets
A cohort of 64 ten-week-old male C57BL/6 mice was 

used (Charles River Laboratories, MA). Mice were bred 
and raised in a vivarium at the Centro Andaluz de Biología 
del Desarrollo (Sevilla, Spain) under a 12-h light/dark cycle 
(8:00 am to 8:00 pm) under controlled conditions of tem-
perature (22 ± 3°C) and humidity. The animals were fed an 
AIN-93G diet (Research Diets, NJ). Food intake was meas-
ured during 1 month to determine the average amount of 
food consumed per day. At 3 months of age, animals were 

randomly divided into four different experimental groups: 
AL (95% of average diary intake and using soybean oil as 
the fat source) and CR (60% average diary intake), which 
was further separated into three dietary groups depend-
ing on the fat source included in the diet. Soy diet con-
tained soybean oil as the fat source. This diet is, therefore, 
enriched in linoleic acid. The Fish group was fed with the 
AIN-93G diet but containing fish oil, with a high content 
of polyunsaturated n-3 fatty acids, as the main fat source. 
Finally, the Lard group consisted of mice fed with the same 
diet but containing animal lard (rich in saturated fatty acids) 
as the fat source. We have published the whole composition 
of diets used for feeding each experimental group in recent 
reports (25,26). Filtered and acidified water was available 
AL for all groups, and food was replaced every day between 
8:00 and 9:00 am.

Animals were handled 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. Animals were 
fed for 6 months under these conditions, sacrificed after an 
18-hour fast by cervical dislocation, and quickly dissected 
to obtain liver samples that were used for ultrastructural 
analysis, as well as for cytosolic and mitochondria-enriched 
fractions isolation for studies of fission/fusion markers.

Tissue Processing for Microscopy
Once the organs were removed and quickly washed, they 

were cut in small pieces of about 1 mm3. For each animal, 
we processed about five to six liver pieces taken from the 
different lobules of the organ. About five to seven ani-
mals were processed in every dietary group. Samples were 
fixed in a mixture of 2.5% glutaraldehyde–2% paraform-
aldehyde in sodium cacodylate buffer (0.1 M) for 4 hour 
and then postfixed in 1% osmium tetroxide for 1 hour at 
4°C in the same buffer. After dehydration in an ascendant 
series of ethanol, the pieces were 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 hour. Afterwards samples were transferred 
to pure resin for 24 hour. Blocks were formed in fresh resin 
contained in silicon molds, and the resin was then allowed 
to polymerize for 48 hour at 65°C. After sculpting, blocks 
were sectioned in an Ultracut Reicher ultramicrotome to get 
both semithick (0.5–1 μm width) and ultrathin (40–60 nm 
width) sections for different purposes as follows.

Hepatocyte Size
Semithick sections were mounted on glass slides and 

stained with 1% toluidine blue in a 1% borax aqueous 
solution for 2 minutes. Micrographs were obtained using a 
Leica DME light microscope. On this material, we measured 
planimetric parameters of whole hepatocytes using the 
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ImageJ software (N.I.H.). Cells were selected on the basis 
of showing a central nucleus and a circularity coefficient 
ranging from 0.85 to 1.0. About 1,000 hepatocytes from 
five animals per diet were measured. Final volumes were 
calculated assimilating hepatocyte shape to spheroids (29).

Mitochondrial Ultrastructure and Stereology
Ultrathin sections were mounted on nickel grids. After 

staining in aqueous 4% uranyl acetate and modified Sato’s 
lead citrate (30), the sections were viewed and photographed 
in a Philips CM-10 electron microscope. From this material, 
we obtained low-magnification micrographs (originally at 
×5,800) to evaluate cell sizes (as a reference for further cal-
culations), as well as the number of mitochondria profiles per 
cell. Higher magnification pictures of mitochondria (origi-
nally ×25,000) were used to obtain several ultrastructural 
parameters (area, maximum and minimum diameters, and 
circularity coefficients). These pictures were taken randomly 
from 35 to 40 hepatocytes per experimental group. We also 
measured cristae length on these pictures using planimetric 
techniques. In these cases, mitochondria were selected on 
the basis of showing a well-defined cristal ultrastructure. The 
number of cells, mitochondria, and/or cristae scored in each 
case is included in the corresponding table or figure caption.

In addition to the planimetric measurements, we per-
formed a stereological analysis of the samples in order to 
get information on volumetric parameters of mitochondria. 
Thus, volume density (Vv) and numerical density (Nv) 
values were obtained following a point analysis according 
to previously described methods (31). Briefly, we selected 
20 pictures of hepatocytes and performed a point-counting 
method (31) using a simple square-lattice test system of 
5 mm spacing (equivalent to 0.4 μm), which was applied to 
obtain Vv of mitochondria.

The numerical density of mitochondria (Nv) was obtained 
using the formula

Nv
Na

Vv
=

k

β

3 2

1 2

/

/

where “Na” is the numerical profile density (number of 
mitochondria/μm2 of cell) and k and β the mitochondrial 
size distribution and shape coefficient, respectively. These 
coefficients were calculated using the results of the previ-
ous planimetric measurements in hepatocytes and assimi-
lating mitochondrial shape to regular prolate spheroids 
(31). Planimetric measurements on mitochondria were per-
formed using ImageJ software (N.I.H.).

Total Mitochondrial Mass and Number of Mitochondria 
Per Cell

These parameters were calculated by multiplying Vv and 
Nv by mean hepatocyte volume. For comparisons, standard 
deviations were accumulated.

Isolation of Cytosolic and Mitochondria-Enriched 
Fractions From Liver

Liver samples were homogenized at 4°C in ice-cold isola-
tion buffer containing 5 mM Tris–HCl pH 7.4, 0.225 M man-
nitol, 0.075 M sucrose, 0.5 mM ethylene glycol tetraacetic 
acid, 1 mM phenylmethylsulfonyl fluoride, and 20  μg/μl 
each chymostatin, leupeptin, antipain, and pepstatin with the 
aid of a Teflon-glass tissue homogenizer. Samples were cen-
trifuged at 600g for 5 minutes and the pellet was discarded. 
Additional centrifugation steps were performed until no 
pellet at 600g was observed. The final supernatant was then 
centrifuged for 15 minutes at 6,500g to obtain a mitochon-
drial-enriched fraction. Mitochondria were resuspended in 
200 μl of isolation buffer and stored frozen at −80°C until 
further analysis. Supernatants were centrifuged again at 
80,000g for 45 minutes to separate a cytosolic fraction.

Polyacrylamide Gel Electrophoresis and Western Blot 
Immunodetection of Mitochondrial Fission- and Fusion-
Related Proteins

About 50  μg of mitochondrial protein was denatured 
by heating in sodium dodecyl sulfate (SDS)–dithiothreitol 
loading buffer containing 10% sucrose, 2 mM ethylenedi-
aminetetraacetic acid, 1.5% (w/v) SDS, 20 mM dithiothrei-
tol, 0.01% (w/v) bromophenol blue, and 60 mM Tris–HCl 
pH 6.8; separated by SDS–polyacrylamide gel electro-
phoresis (12.5% acrylamide); and then blotted onto nitro-
cellulose sheets. Blots were stained with Ponceau S for 
visualization of protein lanes. For polypeptide detection, 
we used rabbit polyclonal sera against Fis1, Drp1, Mfn1, 
or Mfn2 (obtained from Santa Cruz Biotech) diluted at a 
range of 1:2000–1:3000. For OPA1 detection, we used a 
goat polyclonal antiserum (Santa Cruz Biotech) at a 1:2000 
dilution. Drp1 was also immunodetected in blots obtained 
after eletrophoretic separation of 50 μg cytosolic protein. 
The corresponding secondary IgG antibodies (diluted from 
1:200 to 1:5000) coupled to horseradish peroxidase (Sigma) 
were used to reveal binding sites by enhanced chemilumi-
nescence (ECL-Plus, GE Healthcare Life Sciences).

Photographic films and Ponceau S-stained blots were 
scanned in a GS-800 calibrated densitometer (Bio-Rad) to 
obtain digital images. Quantification of reaction intensity 
was carried out using Quantity One software (Bio-Rad). Data 
obtained from quantification of stained bands (in arbitrary 
units) were normalized to those of the corresponding lane 
stained with Ponceau S in order to correct any difference in 
protein loading between samples, as previously validated 
by our group (32). In order to have 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 case. Thus, results of protein levels measured by 
Western blotting were also represented in separate plots: 
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one for CR effects (AL-Soy vs CR-Soy) and the other one 
for dietary fat effects in CR animals (CR-Lard, CR-Soy, and 
CR-Fish).

Statistic Analysis
All values are expressed as mean ± SEM. Variables were 

tested for normality by using D’Agostino-Pearson test. 
Differences among diets were assessed by Student’s t test. 
In case data did not pass the normality test, the nonpara-
metric Mann–Whitney test was followed. Post hoc analysis 
of linear trend was also performed to investigate putative 
alterations of tested parameters among CR diets ordered as 
CR-Lard → CR-Soy → CR-Fish, which resulted in a pro-
gressive decrease of n-6/n-3 ratio in phospholipids HUFA 
(25). Means were considered statistically different when p < 
.05. All statistical analyses were performed using Graphpad 
Prism 5.03 (Graphpad Software Inc, San Diego, CA).

Results
Mouse hepatocytes from the different dietary groups 

showed a typical morphology nearly identical to that 
described for these cell types in classical textbooks. 
However, after planimetric measurements of the cells, we 
did find some differences among dietary groups for several 
structural parameters. Although cell shapes remained fairly 
constant, major and minor diameters exhibited some varia-
tions in the different dietary groups, and consequently both 
section area and volume of hepatocytes changed with rela-
tion to the diet. In this way, 6 months of CR induced a slight 
but statistically significant increase of cell size in those ani-
mals fed diets containing soybean and fish oil (CR-Soy and 
CR-Fish groups). However, this increase of mean hepato-
cyte size was abolished when animals were subjected to CR 
with lard as the fat source (CR-Lard group; Table 1).

In spite of these changes, no striking differences 
concerning hepatocyte ultrastructural architecture were 
detected in AL- versus CR-fed animals (see Figure 1A and 
B as examples). Mitochondria occupied a high proportion 
of cells independent of the experimental group (described 
subsequently). Mitochondria could be found in different 
sizes and forms, but most of them exhibited a spherical to 

prolate ellipsoid shape with short cristae perpendicular to 
the longer axis of the organelle (Figure 2A–D). Although 
mitochondria were spread out over the cytoplasm, they 
frequently appeared as clusters of four to eight mitochondrial 
profiles surrounded by different cellular constituents (RER, 
lipid droplets, vesicles, etc.; Figure 2A–D).

Table 1. Hepatocyte Planimetric Parameters Measured in Semithick Sections Stained With Toluidine Blue

AL CR-Lard CR-Soy CR-Fish

Area (µm2) 357.4 ± 3.4* 348.7 ± 3.9* 381.2 ± 4.6 387.0 ± 3.8

Major diameter (µm) 23.9 ± 0.12* 23.6 ± 0.14* 24.8 ± 0.13 25.1 ± 0.13

Minor diameter (µm) 18.6 ± 0.10* 18.4 ± 0.10* 19.2 ± 0.10 19.3 ± 0.09

Circularity 0.89 ± 0.0007 0.89 ± 0.0008 0.89 ± 0.0008 0.89 ± 0.0008

Cell volume (µm3) 4666.8 ± 68.1* 4562.2 ± 81.5* 5113.5 ± 73.8 5200.4 ± 76.4

n 1,200 1,056 1,070 931

Note: Data are mean values ± SE. AL = ad libitum; CR = calorie restriction.
*p < .001 vs RC-Soy and RC-Fish groups. No differences were found when comparing AL with RC-Lard diets or RC-Soy with RC-Fish.

Figure 1. Electron micrographs of hepatocytes from mice submitted to an 
ad libitum diet (A) or to 6 months 40% CR with fish oil as the main fat source 
(B; CR-Fish) showing the general ultrastructure and preservation of the materi-
als used for the quantitative analysis. Mitochondria (arrowheads) were found 
surrounding the nuclei (N). LD, lipid droplet; arrows, rough endoplasmic retic-
ulum. The bars are equal to 2 μm.
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The mere observation of mitochondria under the elec-
tron microscope did not allow the detection of conspicu-
ous ultrastructural changes among different experimental 
groups (compare Figure 1A and B). However, a quantitative 
planimetric analysis of the micrographs did reveal changes 
in several parameters related to mitochondrial morphology 
(Table  2). Thus, we detected changes in both major and 
minor diameters which consequently affected the mean 
section surface and volume of this organelle. We found 
that mitochondria from CR-Lard group showed increased 
section area compared with all other diets. However, this 
parameter remained unaltered in CR-Fish and CR-Soy 
compared with AL group (Table 2). An estimation of mean 
mitochondrial volume using the planimetric results and 
assimilating the mitochondrial shape to prolate spheroids 
yielded the result of an increased mitochondrial volume in 
those animals fed the CR-Lard compared with all other diets 

(Table 2). Finally, CR also induced changes in mitochon-
drial shape, with a decrease of circularity coefficients in all 
CR groups compared with the AL control. However, this 
effect was especially evident for CR-Fish, which displayed 
mitochondria with significantly decreased circularity coef-
ficient compared with the other CR groups (Table 2).

In addition to the planimetric analysis on individual 
mitochondria, we also measured the total surface occupied 
by this organelle in relation to the sectioned hepatocyte sur-
face, and the results are included in Figure 3. In this case, 
we detected significant increases in the area ratio occupied 
by mitochondria in all of the CR-fed animals in comparison 
to those fed AL although no statistically significant changes 
were detected when comparing the different CR groups 
among them (Figure 3).

Mitochondrial cristae were also analyzed, and the results 
are summarized in Table 3. We found similar mean cristae 
lengths (ranging from 0.209 to 0.220 μm) when comparing 
all the dietary groups. However, our statistical analysis did 
reveal that cristae were significantly longer in hepatocyte 
mitochondria from CR-Fish compared with all other groups 
(Table  3). Remarkably, the mean number of cristae per 
mitochondrion was significantly increased in all CR groups 
compared with AL controls (Table 3).

Next, we applied stereological methods to obtain infor-
mation on the fraction of cell volume occupied by mito-
chondria (ie, volume density; Vv), and the results are shown 
in Figure 4. In general, cell volume occupied by mitochon-
dria ranged from 14% to 22% depending on the group. As 
observed in Figure 4, all CR groups showed a significant 
increase in this parameter compared with AL-fed animals 
(Figure  4), whereas no differences among the three CR 
groups were observed. The numerical density (ie, number of 
mitochondria per cell volume unit, Nv) was also increased 
in animals under CR regardless of the predominant dietary 
fat source, with no differences among CR groups (Figure 5). 
Our results of the estimation of total volume occupied by 
mitochondria and the total number of mitochondria per 

Figure 2. Ultrastructural details of mitochondria (M) from mice fed ad libi-
tum (A) or subjected to 6  months caloric restriction (CR) with different fat 
sources (B, CR-Soy; C, CR-Fish; and D, CR-Lard). Quantitative changes were 
detected after the exhaustive planimetric study of the samples (see text). N, 
nucleus; LD, lipid droplet; arrows, rough endoplasmic reticulum. The bars are 
equal to 1 μm.

Table 2. Planimetric Parameters of Mitochondria Ultrastructure Measured in Micrographs of Hepatocytes From Animals Fed AL or Subjected 
to CR With Different Fat Sources

AL CR-Lard CR-Soy CR-Fish

Mean mitochondrial section area (µm2) 0.68 ± 0.017 0.81 ± 0.024a 0.67 ± 0.016 0.66 ± 0.015

Major diameter (µm) 1.06 ± 0.012b 1.18 ± 0.020 1.12 ± 0.018 1.13 ± 0.017

Minor diameter (µm) 0.78 ± 0.009c 0.83 ± 0.011d 0.74 ± 0.008 0.72 ± 0.008

Circularity 0.90 ± 0.002e 0.88 ± 0.004 0.87 ± 0.005 0.85 ± 0.005f

Mean mitochondrial volume (µm3) 0.406 ± 0.020 0.512 ± 0.024g 0.361 ± 0.014 0.344 ± 0.012

n 500 394 388 425

Notes: Data are expressed as mean values ± SE. AL = ad libitum; CR = calorie restriction. Mitochondrial volumes were calculated assimilating mitochondrial 
shape to regular prolate spheroids and using the formula vol = 4/3π (major diameter/2) (minor diameter/2)2.

a*** vs AL and CR-Fish and ** vs CR-Soy.
b*** vs CR-Lard and ** vs CR-Fish.
c*** vs CR-Fish and * vs CR-Lard and CR-Soy.
d*** vs CR-Soy and CR-Fish.
e***vs CR-Soy and CR-Fish and ** vs CR-Lard.
f*** vs CR-Lard and * vs CR-Soy.
g*** vs CR-Soy and CR-Fish and ** vs CR-AL.
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cell are shown in Table  4. As observed, both parameters 
increased significantly in all of the CR groups compared 
with the AL group although no differences were found 
when comparing among the different CR groups (Table 4).

In order to establish a possible relationship between the 
ultrastructural changes and the differences in mitochondrial 
mass with fission/fusion processes in this organelle, 
we performed an analysis on the expression of proteins 
related to these events. Unlike Drp1 that resides mostly 
in the cytosol and that is recruited to mitochondria to 
promote fission events, Fis1, Mfn1, Mfn2, and OPA1 are 
mitochondrial intrinsic proteins (17,33–36). Therefore, 
Drp1 was determined in both cytosolic and mitochondria-
enriched fractions, whereas Fis1, Mfn1, Mfn2, and OPA1 
were only determined in the latter. As depicted in Figure 6A 
and B, the levels of Drp1 in cytosol did not show statistically 
significant differences either due to CR (Figure 6A) or due 
to dietary fat under CR conditions (Figure 6B). However, 
when Drp1 expression was evaluated in mitochondria-
enriched fractions, we detected a significant increase in liver 
mitochondria isolated from the CR-Soy group compared 
with its AL counterpart (Figure  6C). In addition, when 
the different CR conditions were compared, a significant 
decrease was found in the CR-Fish group compared with 
CR-Lard. Furthermore, post hoc analysis of linear trend 

among CR diets ordered as CR-Lard, CR-Soy, and CR-Fish 
was statistically significant (Figure 6D).

Interestingly, nearly identical results were obtained when 
the expression levels of the Fis1 protein were compared 
among the different experimental groups. Thus, CR induced 
increased expression levels of Fis1 in relation to the AL-fed 
animals (Figure 6E). Also, when comparing the CR groups, 
we found a significant decreased expression of Fis1 in those 
animals fed the Fish diet compared with Lard-fed animals. 
As indicated for Drp1, a statistical significant linear trend 
of Fis1 expression was found in CR-fed animal ordered as 
Lard, Soy, and Fish (Figure 6F).

Unlike the results obtained for fission proteins, the 
three fusion proteins examined (Mfn1, Mfn2, and OPA1) 
did not exhibit changes when comparing AL- and CR-fed 
animals (Figure 7A, C, and E) or the different CR groups 
(Figure  7B, D, and F). Thus, neither CR nor dietary fat 
seemed to induce changes in the expression levels of the 
evaluated fusion proteins.

Discussion
Life-span extension in animals fed diets in which the 

energy intake has been reduced (ie, caloric restriction, CR) 
has been correlated with a decrease in cell oxidative injury 
which, in turn, affects macromolecular structure and func-
tion (5,37). Furthermore, an inverse relationship between 
maximal life span and the degree of fatty acid unsaturation 
has been observed in interspecies comparisons (10,11), 
and a proposal has been made that CR could act by modu-
lating fatty acid composition in tissue phospholipids (12). 
Because membrane lipid composition depends in part on 
the specific dietary fat (38,39), the possibility exists that 
changing the predominant dietary fat under CR conditions 
could modify the effects of CR on animal physiology and 
aging. In this sense, Mattison et al. (4) have very recently 
pointed out the diet composition as one of the major causes 
to explain the contrasting results on life-span investiga-
tion in rhesus monkeys (1,4). Thus, this study was set to 
evaluate the possible effects of 6-month 40% CR- versus 
AL-fed animals using soybean oil (enriched in n-6 fatty 
acids) as fat source in both diets, as well as to test the 
effect of different dietary fats, such as fish oil (enriched in 

Table 3. Planimetric Analysis of Mitochondrial Cristae From Mice Fed an AL Diet and Submitted to Calorie Restriction With the Different Fat 
Sources (Lard, Soy, and Fish Oil)

AL RC-Lard RC-Soy RC-Fish

Mean cristae length (µm) 0.2195 ± 0.002 0.2099 ± 0.001 0.2100 ± 0.001 0.2204 ± 0.001a

Scored cristae (n) 3,200 2,675 3,375 4,800
Mean number of cristae/mitochondrion 17.05 ± 0.47b 21.42 ± 0.68 20.86 ± 0.62 21.56 ± 0.65
Scored mitochondria (n) 185 246 163 215

Note: AL = ad libitum; CR = calorie restriction.
a*** vs CR-Soy and CR-Lard and * vs AL.
b*** vs all other diets.

Figure 3. Surface occupied by mitochondria in sections of hepatocytes from 
mice maintained on different diets. Data are referred as μm2 of mitochondria 
per μm2 cell. Data represent mean values ± SE. ***p < .001 vs ad-libitum-fed 
animals.
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n-3) and lard (enriched in saturated fatty acids), on liver 
mitochondrial structure, mass, and fission/fusion markers.

In this article, we report changes in relative and absolute 
parameters related to mitochondrial morphology and mor-
phometry in mouse hepatocytes. It is important to mention 
that our quantitative data on hepatocyte and mitochondria 
structure fit well with those reported in classical and more 
recent studies carried out with both mice and rats (29,40–
44). Thus, we are confident that our methodology has been 
applied with accuracy and success.

After 6  months CR, we found a slight but signifi-
cant increase in hepatocyte size in those animals fed the 
CR-Soy in comparison to those fed AL. These changes 
were also observed in mice submitted to the Fish diet, but 
in those animals in which the dietary fat was lard (Lard 
group) the hepatocyte size was similar to that found in 
AL-fed mice. It is well known that body weight decreases 
with CR and so do different organs including liver, but in 
some cases an increased liver size relative to body mass 
has been reported as well (25,26,41). On the other hand, 
liver volume decreases during aging although hepatocyte 
size increases 60% during development and maturation 
and declines during senescence (45), indicating an accom-
modation of cellular size to the different physiological 
status of the animal. Also, Díaz-Muñoz et al. (46) found 

increased hepatocyte size in rats submitted to restricted 
feeding schedules in parallel with decreased body and liver 
weight. In our experiments, we have found differences in 
cell sizes depending on the dietary fat, indicating differ-
ential regulatory mechanisms of hepatic physiology after 
6 months of CR.

Ultrastructural changes in mitochondria have been 
described in rodents submitted to different diets and under 
CR conditions. For example, Kiki et  al. (47) found an 
increase in the number of mitochondria and number of “long 
length” mitochondria in rats submitted to high-fat diets, and 
Eagles and Chapman (27) reported increases of mitochon-
drial size in rats submitted to 10% CR and ketogenic diets 
(high-fat enriched). However, in these articles, no informa-
tion was provided about the actual size neither of mitochon-
dria nor about absolute or relative amounts of mitochondria 
per cell. On the other hand, using electron microscopy and 
morphometric techniques, Meijer and Afzelius (48) had 
previously reported increases of both mean mitochondrial 
area and relative cellular area occupied by mitochondria 
in mice subjected to 15 hour starvation. In that article, the 
authors provided information on actual sizes of mitochon-
dria and, interestingly, our data concerning mitochondrial 
size in AL versus the different CR conditions fit well with 
data reported there.

Figure 4. Changes in Volume density (Vv) of mitochondria in mouse hepat-
ocytes from the different experimental groups. As observed, the volume fraction 
of mitochondria referred to the cellular volume increased under CR compared 
with ad-libitum-fed animals. The highest values were found in CR-Lard groups. 
Data are expressed in μm3 of mitochondria per μm3 of cell ± SE. ***p < .001 
vs ad libitum group.

Figure 5. Numerical density (Nv) of hepatocyte mitochondria from mice 
maintained on different diets. This parameter was increased under CR com-
pared with ad-libitum-fed animals. Data are expressed as number of mitochon-
dria per μm3 of cell ± SE. ***p < .001; **p < .01 vs ad-libitum-fed animals.

Table 4. Mitochondrial Mass (in µm3 Per Cell) and Number of Mitochondria Per Cell in Hepatocytes From AL-Fed Mice and Mice Subjected 
to CR With Different Dietary Fats

AL CR-Lard CR-Soy CR-Fish

Total mitochondrial mass 658.6 ± 28.3* 969.6 ± 72.4 (47%) 1023.4 ± 38.9 (55%) 1011.8 ± 61.5 (53%)
Number of mitochondria per cell 1,334 ± 55* 1,997 ± 174 (49%) 2,127 ± 84 (59%) 1950 ± 157 (46%)

Notes: AL = ad libitum; CR = calorie restriction. Data (mean values) were obtained multiplying each Vv or Nv by its corresponding mean cell volume. The 
relative increase (in %) in relation to AL-fed animals is indicated within parentheses.

*p < .001 vs all the other diets.
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The number and morphology of cristae likely reflect the 
response of the mitochondria to the energy demands of the 
cell (15,49). Our results showed increased cristae length in 
CR-Fish although these changes represented less than 5% 
of variation versus the other experimental groups. However, 
remarkable differences were found in the mean number of 
cristae per mitochondrion. Thus, CR induced a significant 
increase (about 25% as average) of this parameter compared 

with AL-fed mice although dietary fat did not induce 
any additional change. Although some changes in cristae 
number and morphology have been reported under several 
experimental conditions, to our knowledge this is the first 
time that increased number of cristae per mitochondrion 
under CR is reported. Because cristae membrane has 
been suggested to be the preferential site of oxidative 
phosphorylation (50), the increased number found under 

Figure 6. Levels of proteins related to mitochondrial fission Drp1 and Fis1. In cytosolic fractions, Drp1 expression remained unaltered in calorie restricted ani-
mals vs their ad-libitum-fed counterparts (panel A). In this fraction, dietary fat did not induce any additional change in Drp1 (panel B). In mitochondria-enriched 
fractions, both Drp1 and Fis1 protein levels were increased with calorie restriction (CR, *p < .05; see panels C and E). When different CR diets were compared, a 
significant linear trend (#) was observed for levels of Drp1 protein (panel D), giving CR-Lard dietary group the highest value and CR-Fish the lowest one. In addition, 
levels in CR-Fish mice were significantly lower than those in CR-Lard and CR-Soy groups (*p < .05). The same linear trend was observed for Fis1 (panel F), with 
CR-Lard exhibiting again significantly higher protein levels that CR-Fish (*p < .05).
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CR conditions could represent a metabolic adaptation to the 
low-energy state under these conditions.

Changes in mitochondrial mass of hepatocytes from mice 
subjected to CR have been described as well. López-Lluch 
et  al. (23) using different approaches that also included 
electron microscopy reported a significant increase in the 
number of mitochondria per cell in animals fed under 40% 
CR. In our experiments, 6 months of CR produced increases 
in relative mitochondrial mass, measured as volume and 
numerical densities, in mice subjected to CR independent 
of the dietary fat.

The estimation of cell size on each experimental group 
gave us the possibility to calculate absolute parameters such 
as total volume of cell occupied by mitochondria (which can 
be assimilated to mitochondrial mass) and mean number 
of mitochondria per hepatocyte (Table  4). Of note, our 
absolute values were close to those reported previously for 
liver tissue (40,42,43). Our data clearly show a significant 
increase of mean number of mitochondria per cell in animals 
fed under CR, which is in agreement with a previous 
quantitative study (23). Furthermore, the mitochondrial 
mass was independent of the dietary fat, which indicates 

Figure 7. Levels of proteins related to mitochondrial fusion: Mfn1 (A and B), Mfn2 (C and D), and OPA1 (E and F). Protein levels remained unaltered either 
under calorie restriction or due to dietary fat source variations.
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that this cellular modification is independent of level of 
fatty acid unsaturation.

Similar changes to those reported previously were also 
observed in mice fed a diet supplemented with resvera-
trol, a molecule widely used as a partial mimetic of CR; 
see (50,51) for recent reviews. Baur et al. (52) investigated 
the effect of resveratrol in middle-aged mice fed a high 
caloric diet, and they found improved health and survival 
consistent with a shift toward the physiology of mice fed 
a standard diet. Among the changes associated with longer 
life span, an increase in hepatocyte mitochondrial num-
ber was reported (52). In a similar way, hepatocytes from 
senescence-accelerated mice SAMP10 fed diets enriched 
in resveratrol exhibited a significant increase in the mean 
number of mitochondria per cell and a decrease in lipids 
droplets (53).

We have studied possible changes in expression levels of 
mitochondrial fission and fusion proteins with our dietary 
interventions. Drp1 levels did not show changes among die-
tary groups when measured in cytosol, but did increase in 
animals fed under CR, especially in CR-Lard and CR-Soy 
groups when measured in mitochondria-enriched fractions. 
This fact could indicate an increased capacity of mitochon-
dria from CR-fed animals to recruit Drp1 being this phe-
nomenon relatively independent of the dietary fat.

In general, our results on Drp1 and Fis1 are in accordance 
with those reported by Nisoli et al. (54) and López-Lluch 
et al. (23) who showed an increased number of mitochon-
dria together with an increase in parameters related to mito-
chondrial biogenesis in animals submitted to CR, as also 
found in animals fed a resveratrol-supplemented diet (52). 
Because mitochondria cannot be made de novo (55), fission 
is the postulated mechanism for mitochondrial proliferation 
(15). Therefore, in spite of the objection recently reported 
(56,57), our results showing significant increases of Fis1 
and Drp1 expression and the mean number of mitochondria 
per hepatocyte in CR-fed animals clearly support the idea 
of increased mitochondrial biogenesis under CR conditions 
(23,54).

Unlike the results obtained for mitochondrial fission pro-
teins, no changes in the expression level of fusion proteins 
were found in any of our experimental groups. These results 
could be related to the physiological effects of these proteins 
on membrane fusion processes that can result in longer and 
branched mitochondria (33,58). Despite discrete changes 
in some morphometric parameters, the mitochondrial mor-
phology remained basically unaltered in hepatocytes from 
the different dietary groups, and no large or branched mito-
chondria were found in a significant amount.

Fission and fusion protein control the morphology and 
number of mitochondria in the cell, and changes in the equi-
librium between both processes are important in develop-
ment and disease (17,34,35). In this sense, our results are 
compatible with the significant increase of mitochondrial 
mass after 6 months of CR without increasing the number 

of irregular mitochondria. Although the increase in the lev-
els of fission proteins was observed for all three CR groups, 
some changes were detected in their expression levels 
depending on the dietary fat. Thus, we found a decreasing 
trend in levels of fission proteins from the saturated fat–
enriched diet (Lard) toward the n-3 fatty acid–enriched diet 
(Fish), indicating a specific effect of dietary fat on mito-
chondrial fission.

Also, the presence of higher fission factors may indicate 
the adaptation of mitochondria to bioenergetic changes 
induced by CR in hepatocytes. In fact, the removal of dam-
aged mitochondria by mitophagy has been related to the 
prolongevity effect of CR (18,59). CR induces a higher 
amount of low ΔΨm mitochondria in cells (23) prob-
ably indicating a population selected to be eliminated by 
mitophagy, because ΔΨm in daughter mitochondria can 
be different after fission. As an alternative fate, low ΔΨm 
mitochondria can remain in a resting state for further adap-
tation, whereas high ΔΨm siblings can fuse with others or 
grow by incorporation of new proteins (60,61).

Following the assumption that the degree of unsaturation 
affects membrane susceptibility to ROS, different attempts 
have been made to modify membrane composition by die-
tary fat in liver (24,26) and skeletal muscles (25) and thus to 
determine the precise role that specific dietary fats play on 
in the actions of CR. In a previous article focused on liver 
from mice following 1 month of CR with the same dietary 
fat sources used in this study, we found changes in mito-
chondrial phospholipid fatty acids on each experimental 
group that depended on the dietary fat and also differences 
in several mitochondrial processes such as ROS production, 
proton leak, and electron transport chain activities (26). We 
concluded that some effects of CR may be modulated by 
the dietary fat, and according to these results, it is possible 
to assume that dietary fat could modulate the effects of CR 
by inducing changes in membrane fatty acid composition. 
In this sense, our results showing differences in ultrastruc-
ture and fission/fusion markers of hepatocyte mitochon-
dria could also be explained on the basis of changes in 
mitochondrial membrane composition due to the different 
experimental diets. However, further experiments including 
long-term treatments of CR and different dietary fats are 
needed to test this hypothesis.

In summary, 6 months of CR with different dietary fats 
induced changes in mouse hepatocytes which included 
morphometric features of individual mitochondria (such 
as area, volume, and number of cristae) and stereological 
parameters, as well as in proteins involved in mitochondrial 
fission and fusion processes. Dietary fat alterations in animals 
subjected to CR also had important effects on hepatocyte 
size in such a way that the achieved mitochondrial mass 
(total volume occupied by mitochondria and mean number 
of mitochondria per cell) was nearly identical in all the 
CR animals. This could indicate the existence of different 
regulatory mechanisms modulated by dietary fat to reach an 
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optimal mitochondrial mass and physiology in hepatocytes 
from animals fed under CR.
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In this paper we analyzed changes in hepatocyte mitochondrial mass and ultrastructure as well as in mitochon-
drialmarkers of fission/fusion and biogenesis inmice subjected to 40% calorie restriction (CR) for 18 months ver-
sus ad libitum-fed controls. Animals subjected to CRwere separated into three groups with different dietary fats:
soybean oil (also in controls),fish oil and lard. Therefore, the effect of the dietary fat under CRwas studied aswell.
Our results show that CR induced changes in hepatocyte andmitochondrial size, in the volume fraction occupied
bymitochondria, and in the number ofmitochondria per hepatocyte. Also,meannumber ofmitochondrial cristae
and lengths were significantly higher in all CR groups compared with controls. Finally, CR had no remarkable ef-
fects on the expression levels offission and fusion proteinmarkers. However, considerable differences inmany of
these parameterswere foundwhen comparing theCRgroups, supporting the idea that dietary fat plays a relevant
role in the modulation of CR effects in aged mice.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Aging, a nearly universal feature of biological organisms, has been
defined as a time-dependent degenerative process caused by accu-
mulated damage that leads to cellular dysfunction, tissue failures,
and death (Bratic and Larsson, 2013; Campisi, 2013). Although the
mechanisms underlying aging are still unknown, several hallmarks
have been proposed to explain the molecular and physiological
basis of aging (López-Otín et al., 2013). Some of these hallmarks
point out the mitochondria to play an essential role in the aging
process.

Although aging has been traditionally explained on the basis of
the action of free radicals, especially those generated in and acting
on the mitochondria (Harman, 1972), the so-called “mitochondrial
free radical theory of aging” (Miquel et al., 1980) has been

challenged (see for example, Hekimi et al., 2011). However, exces-
sive reactive oxygen species (ROS) production and accumulation
are still considered to be involved in the development of different
pathologies and the aging process (see Barja, 2013 for a recent re-
view). On the other hand, additional alternative pathways, such as
deregulated nutrient sensing, have been recently proposed to ex-
plain the effect of aging on mitochondrial function. (Chung et al.,
2013; López-Otín et al., 2013).

Calorie restriction (CR; i.e. a reduction in calorie intake withoutmal-
nutrition) is a powerful tool for investigating aging (Colman et al., 2009;
Sohal and Weindruch, 1996; Weindruch and Walford, 1988), without
the need for genetic manipulation or pharmacologic treatments. Thus,
the reduction in calorie intake (typically 20–40% of the ad libitum fed
controls) has been repeatedly reported to increase life span and to pre-
vent cancer, diabetes, hypertension and other age-related diseases in a
wide range of animals, including nonhuman primates and humans
(Colman et al., 2009; Mattison et al., 2012; Weindruch and Sohal,
1997). Although the mechanisms by which CR operates are not
completely understood, it is often assumed that the anti-aging action
of CR is based, at least partially, on its ability to suppress oxidative stress
and maintain the cellular redox status to provide optimal cell signaling
properties and normal gene expression (Chung et al., 2013).
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Decreased damage to proteins and DNA (especially mitochondrial
DNA) has been reported in CR animals (Kaneko et al., 1997; Pamplona
et al., 2002; Sohal et al., 1994; Youngman et al., 1992). Another target
of ROS aremembrane phospholipids, especially those containing double
bounds in their hydrophobic tails, and an inverse correlation between
life span and the degree of membrane phospholipid unsaturation has
been proposed (Hulbert, 2003; Pamplona et al., 2002). The assumption
has been made that polyunsaturated fatty acids are more susceptible to
peroxidation and other modifications that result in the accumulation of
oxidative injury in membranes containing these fatty acids. This idea is
supported by a decreased content of long-chain polyunsaturated fatty
acids in mitochondria isolated from different organs after CR (Yu et al.,
2002). As one of the major ROS-producing constituents of the cell, spe-
cial attention has been paid to the role of the mitochondria on these
phenomena, and the proposal has been made that a combination of
both “mitochondrial” and “membrane” theories of aging (Zs.-Nagy,
1978) can explain the life-span extension effect of CR (Bevilacqua
et al., 2004; Hagopian et al., 2005).

Different experiments have been carried out feeding animal diets in
which the composition of the dietary fat was controlled in an attempt
to elucidate the precise role ofmembrane lipid composition onCR effects.
In this sense, we reported changes in lipid composition and some physi-
ological parameters of liver and skeletal muscle mitochondria isolated
from mice fed for 1 month with 40% CR diets with different dietary fat
sources (soybean oil, fish oil, and lard) compared with controls fed ad
libitum (Chen et al., 2012, 2013). More recently, following an identical
feeding protocol we found a significant decrease in skeletal muscle apo-
ptosis inmice following 6 months of CR, and this phenomenonwasmod-
ulated by dietary fat since animals fed with a CR diet containing fish oil
showed an enhanced protection against apoptosis. We hypothesized
that this phenomenon could bemechanistically linked to a protective ac-
tion of CR against sarcopenia with aging (López-Domínguez et al., 2013).

Due to its role as the primary organ for fat, carbohydrate, and protein
interconversion between storage andmetabolizable forms, aswell as for
its multiplicity of functions, liver has been extensively used as a model
to study the effects of CR and aging. Thus, López-Lluch et al. (2006) re-
ported an increase in mitochondrial mass in rats subjected to 40% CR
through enhanced mechanisms of mitochondrial biogenesis. More re-
cently, we have shown changes in hepatocytes from young mice sub-
jected to 6 months of 40% calorie restriction (Khraiwesh et al., 2013).
Under these conditions, we have reported significant increases in both
cell volume fractions occupied bymitochondria aswell as inmeannum-
ber of mitochondria per hepatocyte. These changes were accompanied
by increased number of mitochondrial cristae in CR fed animals. Also,
we detected changes in the expression levels of proteins related to mi-
tochondrial fission (such as Fis1 and Drp1) and fusion (OPA1, Mfn1
and Mfn2). Moreover, in that paper we reported also that different die-
tary fats in CR animals can modulate mitochondrial ultrastructure and
fission/fusionmarker dynamics, highlighting the possible role of dietary
fat in mitochondrial function of hepatocytes from CR animals
(Khraiwesh et al., 2013). In accordance, dietary fat also modulated apo-
ptosis in aging liver (López-Domínguez et al., in press).

In this paperwe studied the effects of 18 months of CR inmature/old
mice (21 months old) on basicmorphological andfission/fusion param-
eters of hepatocyte mitochondria versus their ad libitum (AL) fed con-
trols as well as the effects of different dietary fats (lard, soybean oil
and fish oil) in CR animals. Furthermore, we have also studied protein
expression levels of the master regulator of mitochondrial biogenesis,
peroxisome proliferator activated receptor gamma co-activator 1
alpha (PGC-1α) and one of its major target, the nuclear respiratory fac-
tor 1 (Nrf1). Finally,we also determined lipid peroxidation levels in liver
cell homogenates isolated from the above-mentioned animals. Our re-
sults showed that, in general, CR increased stereological parameters of
mitochondria and induced changes in mitochondrial ultrastructure
and fission/fusion markers as well as in PGC-1α and in Nrf1 protein ex-
pression and lipid peroxidation levels. However, some considerable

differences were found when comparing the different CR groups, indi-
cating a modulatory effect of the dietary fat in regulatingmitochondrial
mass in mature/old mice maintained on long-term CR.

2. Material and methods

2.1. Animals and diets

Male C57BL/6 mice (Charles River Laboratories, Spain) were bred
and raised in a vivarium at the Centro Andaluz de Biología del Desarrollo
(CABD) under a 12 h light/dark cycle (8:00 am–8:00 pm), at 22 ± 3 °C
andunder controlled humidity. The animalswere fedwith a commercial
rodent chow diet (Harlan Teklad #7012, Madison, WI) until they were
3 months old. The mice were then randomly assigned into 4 dietary
groups and fed with a modified AIN-93G semi-purified diet containing
20.3% protein, 63.9% carbohydrate, and 15.8% fat (% total Kcal/d). In
order to prevent obesity during the study, the control group was fed
95% of a pre-determined ad libitum intake (12.5 Kcal). CR dietary
groups were fed 40% less calories, these diets being identical except
for dietary lipid source, whichwas soybean oil (high in n−6 polyunsat-
urated fatty acids, PUFAs, Super Store Industries, Lathrop, CA) for the ad
libitum fedmice and one of the CR groups. The two remaining CR groups
were fed with diets containing fish oil (high in n−3 PUFAs: 18% EPA,
12% DHA, Jedwards International, Inc. Quincy, MA), or lard (high in sat-
urated andmonounsaturated fatty acids,ConAgra Foods, Omaha, NE). To
ensure adequate linoleic acid levels, the CR-Fish diet also contained soy-
bean oil (14% of total fat content). The main properties of fatty acids
present in the three dietary fats are shown in Table 1. For a detailed de-
scription of fatty acid compositions of all diets used in this paper see our
previous publications (Chen et al., 2012, 2013). Allmicewere housed in-
dividually with free access to water. Food was replaced every day be-
tween 8:00 and 9:00 am.

After a dietary intervention period of 18 months, animals were
sacrificed by cervical dislocation following an 18 hour fast and quickly
dissected to obtain liver samples thatwere used for ultrastructural anal-
ysis, as well as for homogenates, cytosolic and mitochondria-enriched
fractions isolated for hydroperoxide determinations and studies of mi-
tochondrial dynamics. All experimental procedures and animal han-
dling were in accordance with the Pablo de Olavide University Ethical
Committee rules, and the 86/609/EEC Directive on the protection of an-
imals used for experimental and other scientific purposes.

2.2. Tissue processing for microscopy

The organs were removed and quickly washed, and then they were
cut in small pieces of about 1mm3. Samples were fixed, dehydrated and
embedded in EMbed 812 epoxy resin as previously described
(Khraiwesh et al., 2013). Blocks were sectioned in an Ultracut Reichert
ultramicrotome to get both semithick (0.5–1 μm width) and ultrathin
(40–60 nm width) sections for different purposes as described in the
following paragraphs. For each animal, we processed and examined
about five to six liver pieces taken from the different lobules of the
organ. About five to seven animals were processed and analyzed in
every dietary group. We mounted and observed a minimum of two
grids taken from different parts of each block.

Table 1
Main properties of fatty acids present in the three dietary fats.

Lard Soybean oil Fish oil

Saturates 40.3% 14.8% 28.3%
Monounsaturated fatty acids (18:1 n−9) 39.2% 21.2% 8.7%
Total n−6 16.0% 55.0% 3.2%
Total n−3 0.7% 8.1% 33.9%
n−6/n−3 24.4 6.8 0.1
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2.3. Hepatocyte size

Semithick sections were mounted on glass slides and stained with
1% toluidine blue in a 1% borax aqueous solution for 2min. Micrographs
were obtained using a Leica DME light microscope and planimetric pa-
rameters of whole hepatocytes were measured using ImageJ software
(N.I.H.). Cells were selected on the basis of showing a central nucleus
and a circularity coefficient ranging from 0.85 to 1.0. About 1100–
1200 hepatocytes from five animals per diet were measured. Final vol-
umes were calculated assimilating hepatocyte shape to spheroids.

2.4. Mitochondrial ultrastructure and stereology

Ultrathin sections were mounted on nickel grids. After staining in
aqueous 4% uranyl acetate and modified Sato's lead citrate (Sato, 1968),
the sections were viewed and photographed in a Philips CM-10 electron
microscope. From these sections, we obtained low-magnification micro-
graphs (originally 5800×) for evaluating cell size as well as the number
of mitochondria per cell section. Higher magnification pictures of mito-
chondria (originally 25,000×) were used to obtain ultrastructural pa-
rameters (area, major and minor diameters, and circularity coefficient).
These pictures were taken randomly from 35 to 40 hepatocytes per ex-
perimental group. We also measured crista length on these pictures
using planimetric techniques. In these cases, mitochondriawere selected
on the basis of showing a well-defined cristal ultrastructure.

Stereological analysis of the samples was carried out in order to get
information on mitochondrial volumetric parameters. Volume density
(Vv) and numerical density (Nv) values were obtained following a
point-counting method analysis according to Weibel (1979). We used
a simple square-lattice test system of 5 mm spacing (equivalent to
0.4 μm),whichwas applied to obtain Vv ofmitochondria. The numerical
density of mitochondria (Nv) was obtained using the formula

Nv ¼ K
β
Na3=2

Vv1=2

where “Na” represents the number of mitochondria per μm2 of cell and
k and β the mitochondrial size distribution and shape coefficient, re-
spectively. These coefficients were calculated using the results of plani-
metric measurements and assimilating mitochondrial shape to regular
prolate spheroids (Weibel, 1979). Planimetric measurements on mito-
chondria were performed using ImageJ software (N.I.H.).

2.5. Total mitochondrial mass and number of mitochondria per cell

These parameters were calculated by multiplying mean Vv and Nv
by mean hepatocyte volume, respectively. For comparisons, standard
deviations were accumulated.

2.6. Preparation of homogenates, cytosolic and mitochondria-enriched
fractions from liver

Livers, without fat or connective tissue, were minced and homoge-
nized at 4 °C in ice-cold isolation buffer containing 5 mM Tris–HCl
pH 7.4, 0.225 M mannitol, 0.075 M sucrose, 0.5 mM ethylene glycol
tetraacetic acid, 1 mM phenylmethylsulfonyl fluoride, and 20 μg/μl
each chymostatin, leupeptin, antipain, and pepstatin with the aid of a
Teflon-glass issue homogenizer. An aliquot from the total homogenate
was re-homogenized using a mechanical tissue disrupter (Ultra-Turrax
T25, IKA; Staufen, Germany) during 30 s and then stored at−80 °C until
further analysis. The remaining homogenate was further processed for
isolation of mitochondria-enriched fractions and cytosols. Briefly, sam-
ples were centrifuged at 600 g for 5 min and the pellet was discarded.
Additional centrifugation steps were performed until no pellet at 600
g was observed. The final supernatant was then centrifuged for 15 min
at 6500 g to obtain a mitochondrial-enriched fraction. Mitochondria

were resuspended in 200 μl of isolation buffer and stored frozen at
−80 °C until further analysis. Supernatants were centrifuged again at
80,000 g for 45 min to separate a cytosolic fraction.

2.7. Polyacrylamide gel electrophoresis and western blot immunodetection
of mitochondrial fission- and fusion-related proteins

Protein (50 μg)was diluted in loading buffer (60mMTris–HCl pH 6.8,
10% sucrose, 2 mM ethylenediaminetetraacetic acid, 1.5% (w/v) SDS,
20 mM dithiothreitol, 0.01% (w/v) bromophenol blue) and denatured
by heating prior to separation by electrophoresis in 4–20% polyacryl-
amide gradient gels. We have used homogenate to analyze PGC-1α and
Nrf1 (nuclear respiratory factor 1) and hydroperoxide levels were deter-
mined in homogenates; mitochondrial fraction to immunodetect Mfn1,
Mfn2, Fis1, Drp1 and Opa1; and cytosolic fraction to measure Drp1. Pro-
teinswere then blotted onto nitrocellulose sheets and Ponceau S staining
was used to visualize protein lanes. Membranes were scanned in a GS-
800 densitometer (Bio-Rad) and quantified using Quantity One software
(Bio Rad), as an internal control of actual protein load. Data normaliza-
tion using Ponceau S staining was previously validated by our group
(Bello et al., 2003). Primary polyclonal antibodies against Opa1
(goat polyclonal antibody), Fis1, Drp1, Mfn1, Mfn2, PGC-1α and Nrf1
(rabbit polyclonal antibody) were obtained from Santa Cruz Biotech
and diluted at a range of 1:1000–1:3000. Secondary anti-IgG antibodies
(Sigma) with horseradish peroxidase activity and enhanced chemilumi-
nescence (ECL-Plus, GE Healthcare Life Sciences) were used to detect
binding sites. CR-Soy and control diets were compared in a first set of
electrophoresis gels and blots, and differences between CR diets (CR-
Lard, CR-Soy and CR-Fish) were assessed in an additional set of gels, to
allowanalysis of a higher number of samples for each case. Consequently,
protein levels are represented in separate graphs.

2.8. Measurement of lipid hydroperoxides

Lipid hydroperoxide levels were determined in liver homogenate
fractions (100 μg protein) according to the method of Jiang et al.
(1991), based on the measurement of hydroperoxide-mediated oxida-
tion of Fe2+ to Fe3+ in the presence of xylenol orange under acidic con-
ditions. Hydroperoxides were determined by direct incubation of
membranes with xylenol orange reagent for 75 min at room tempera-
ture in the dark. Absorbance of Fe3+–xylenol orange complex was re-
corded at 560 nm (extinction coefficient 43 mM−1 cm−1). Linearity of
reaction was tested by constructing a standard plot with tert-butyl hy-
droperoxide. We performed these determinations in samples from ani-
mals fed with experimental diets for 6 and 18 months.

2.9. Statistic analysis

Values were expressed as mean± SEM. D'Agostino–Pearson tests
were performed to determine data normality. The effect of CR was
assessed by Student's t test (CR-Soy group vs AL-Soy group). In
case the data did not pass the normality test, the nonparametric
Mann–Whitney test was followed. The effect of dietary fat under
CR was assessed by one-way ANOVA followed by a post-hoc analysis
(Tukey's test for multiple comparisons) to assess for significant dif-
ferences among groups. Post-hoc analysis of linear trend was also
performed to investigate putative alterations of tested parameters
among CR diets ordered as CR-Lard → CR-Soy → CR-Fish, which re-
sulted in a progressive increase of the n−6/n−3 ratio in phospho-
lipid HUFA (Table 1, see also Chen et al., 2012). In case the data did
not pass the normality test, the nonparametric Kruskal–Wallis
test was followed. Means were considered statistically different
with p b 0.05. All statistical analyses were performed using
Graphpad Prism 5.03 (Graphpad Software Inc., San Diego, CA, USA).
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3. Results

3.1. Hepatocyte size

When examined under the electron microscope, hepatocyte mor-
phology was similar in all four experimental groups and fits well with
classical description in the literature of these cells in old mice (see for
example, Pieri et al., 1980; Schmucker, 1990; Schmucker et al., 1978).
In general, a high proportion of the cell was occupied by a central and
well developed nucleus, and binucleated cells were frequently ob-
served. The surrounding cytoplasm contained a high number of mito-
chondria (see Fig. 1A–D). At higher magnification, mitochondria
displayed a typical ellipsoidal morphology with most of the cristae per-
pendicular to the longer axis of the organelle (Fig. 2A–D). No striking
morphological differences were found in mitochondrial ultrastructure
by examination of the pictureswith the naked eye. However, significant
changes were found when accurate quantitative analyses were applied
(see below).

The planimetric measurement performed on whole hepatocytes
using semithick sections yielded the results displayed in Table 2. In-
creased cell size was found in those animals fed with diets enriched in
fish or soybean oils under calorie restriction (i.e. CR-Soy and CR-Fish)
in comparison to the AL group. However, a significant decrease in this
parameter was found in animals fed with a CR diet enriched in lard
(CR-Lard group) compared to the other CR groups. These results affect-
ed all the parameters used to evaluate cellular size (major andminor di-
ameters as well as cell area and volume). Cell shape also changed in the
different groups (Table 2), and those hepatocytes showing the smallest

sizes (CR-Lard) displayed more spherical shape, and animals from the
CR-Soy showedmore elliptical shape although thiswas only significant-
ly different from the CR-Lard group (see Table 2).

3.2. Ultrastructural analysis of mitochondria and cristae

The results of planimetric analysis performed on individual mito-
chondria from AL and CR fed animals are summarized in Table 3. We
found that CR induced a significant increase in both minor and major
mitochondrial diameters regardless of the fat source and concomitant
increases in mitochondrial section area and mitochondrial volume.
However, some changes were detected when comparing the different
CR groups. In particular, mice from the CR-Lard and CR-Soy groups ex-
hibited larger mitochondria than those from the CR-Fish group.

The number of cristae per mitochondrion, as well as their lengths,
was scored and the results are shown in Table 4. A significant increase
in the mean number of cristae per mitochondrion was observed in all
of the CR animals compared to those fed ad libitum, but no differences
were found among the CR groups. Mean crista length was significantly
decreased in the AL group compared to the CR groups. Mean crista
length also differed significantly among all of the CR groups with CR-
Soy N CR-Lard N CR-Fish.

3.2.1. Stereological analysis of hepatocyte mitochondria
In addition to the planimetric measurements on mitochondria, we

performed a stereological analysis in order to obtain information
about possible changes in the cell volume fraction occupied by mito-
chondria (volume density, Vv) and the number of mitochondria per

Fig. 1. Representative pictures of mice hepatocytes following 18 months under the different diets (A, ad libitum; B, CR-Lard; C, CR-Soy and D, CR-Fish) showing the general ultrastructure
and preservation of the materials used for the quantitative analysis. Mitochondria were found spread out on the cytoplasm and surrounding the nuclei (N). The bars are equal to 10 μm.
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hepatocyte volume unit (numerical density, Nv) and the results are
displayed in Figs. 3 and 4, respectively. In general, mitochondria occu-
pied 10% to 16% of hepatocyte volume. All CR groups showed a signifi-
cant increase in Vv compared with AL-fed animals, whereas no
differences among the three CR groups were observed. Numerical den-
sity also increased in animals under CR regardless of the dietary fat
source. However, differences among the CR groups were observed,
with the CR-Soy showing significantly decreased Nv when compared
to the CR-Fish group (see Fig. 4).

3.3. Mitochondrial mass and number of mitochondria per hepatocyte

Using the data from cellular volumes summarized in Table 2 and Vv
and NV shown in Figs. 3 and 4, it is possible to calculate the actual cell
volume occupied by mitochondria (mitochondrial mass) as well as the
mean number of mitochondria per cell. These data, obtained by multi-
plying eachmeanhepatocyte volumeby itsmean Vv or Nv, respectively,

are shown in Table 5. Mitochondrial mass and number increased under
CR condition, and significant differenceswere also observedwhen com-
paring the different CR groups. Among the three CR groups, the lowest
cell volume occupied by mitochondria was observed in CR-Lard com-
pared with either the CR-Soy or CR-Fish groups; whereas the highest
number of mitochondria per cell was found in the CR-Fish compared
to either the CR-Lard or CR-Soy groups.

3.4. Analysis of mitochondrial fission and fusion markers

In addition to the structural and ultrastructural studies, we also per-
formed an analysis on the expression of proteins related to mitochon-
drial fission and fusion. Thus, Fis1, Mfn1, Mfn2, and OPA1, which are
mitochondrial intrinsic proteins, were determined in mitochondria-
enriched fractions while Drp1, which resides mostly in the cytosol
being recruited to mitochondria to promote fission events, was deter-
mined in both cytosolic and mitochondria enriched fractions.

Fig. 2.Ultrastructural features ofmitochondria (M) frommouse hepatocytes fed ad libitum(A)or following 18 month of 40% CRwith different dietary fats (B, CR-Lard; C, CR-Soy andD, CR-
Fish). Quantitative changes were detected after planimetric measurements (see text). N, nucleus; arrows, rough endoplasmic reticulum. The bars are equal to 2 μm.

Table 2
Hepatocyte planimetric parameters measured in semithick sections stained with toluidine blue. Data are mean values ± S.E.

AL CR-Lard CR-Soy CR-Fish

Area (μm2) 409.8 ± 3.8a 358.4 ± 3.2a 463.2 ± 4.1b 443.8 ± 3.9
Major diameter (μm) 26.5 ± 0.14a 24.7 ± 0.12a 28.3 ± 0.15b 27.6 ± 0.14
Minor diameter (μm) 19.4 ± 0.10a 18.2 ± 0.09a 20.5 ± 0.10b 20.1 ± 0.12
Circularity 0.87 ± 0.0015 0.88 ± 0.0012c 0.86 ± 0.0014 0.87 ± 0.0014
Cell volume (μm3) 5546 ± 77.8a 4559 ± 63.6a 6600 ± 87.3b 6226 ± 84.8
n 1128 1237 1126 1111

a p b 0.001 vs all other groups.
b p b 0.05 vs CR-Fish.
c p b 0.01 vs CR-Soy.
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Fig. 5 shows the levels of fission proteins Drp1 and Fis1. In cytosolic
fractions decreased values of Drp1 were found in CR animals compared
to the AL fed controls (Fig. 5A), but no significant differences were de-
tected when comparing the different CR groups (Fig. 5B). However,
the expression level of Drp1 determined inmitochondria-enriched frac-
tions remained unaltered when comparing AL and CR-Soy groups, and
in animals fed with CR diets of different fat composition (Fig. 5C and
D). In the case of Fis1, results were similar to those found for Drp1 in cy-
tosolic fractions, since CR induced a decrease in its expression level, but
no changes were detected among the CR groups (Fig. 5E and F).

On the other hand, fusion protein levels exhibited few changes in the
different experimental groups. Thus, neitherMfn1 nor Mnf2 expression
levels showed significant changeswhen comparingAL versus CR fed an-
imals or when comparing the three CR groups (Fig. 6 A–D). Opa1 ex-
pression levels were also similar in AL compared to CR-soy group (see
Fig. 6E), but a significant increase in this marker was found in animals
fed with a CR diet containing soybean oil compared to the CR-Lard
and CR-Fish groups (see Fig. 6F).

3.5. Analysis of PGC-1α and Nrf1 protein expression

The protein expression levels of PGC-1α were determined in mice
after 6 and 18 months of CR as well as in control ad libitum fed mice,
and the results are displayed in Fig. 7. In AL animals we found a signifi-
cant increase during aging (Fig. 7A) but no changes were induced by CR
in either young ormature/oldmice. In both cases, these levels remained
similar to those found in young control specimens (Fig. 7A). However,
we found a significant increase in PGC-1α during aging in mice fed
with diets containing lard as fat source (Fig. 7B). Similarly to CR-Soy
group, we did not find changes in levels during aging in CR-Fish fed
mice (Fig. 7B). The expression level of Nrf1 protein in the different
groups and ages showed similar results to those displayed for PGC-1α.
Thus, we found an increase during aging in AL mice but no changes in
mice fed with CR-Soy diet (Fig. 8A). However, under CR feeding condi-
tions fish oil and lard had significant impact on this factor since both
fats induced increases in Nrf1 levels when comparing old/mature to
young mice (Fig. 8B).

3.6. Hydroperoxide content

Hydroperoxide levels were analyzed in liver homogenates from
mice after 6 and 18 months of CR and the results are shown in Fig. 9.
No differences were found in young versus old/mature mice fed with
the AL diet, while CR induced significant changes depending on both
age and dietary fat. Thus, aging increased significantly the levels of hy-
droperoxides in CR-Lard group, while no age-related changes were ob-
served in CR-Soy fed animals. However, in CR-Fish fed mice,
hydroperoxide levels significantly decreased after 18 months of CR
when compared to their young counterparts (Fig. 9). Post hoc analysis
of linear trend among CR diets ordered as CR-Lard, CR-Soy and CR-
Fish was statistically significant in young animals, whereas no trend
was found in the old groups (see Fig. 9).

4. Discussion

4.1. Aging and calorie restriction induce changes in hepatocyte size

Due to its multiple functions in the regulation of carbohydrate, lipid
and protein metabolism, as well as its role in detoxification processes,
the liver has been the target organ for many studies related to aging.
Moreover, liver plays a pivotal role in coordinating metabolism in re-
sponse to nutrition so that many of the benefits of calorie restriction
(CR) or other nutritional interventions are probably mediated by direct
effects of diet on hepatic function (Le Couteur et al., 2010). Since many
of these effects are mediated by the hepatocytes, we have focused our
work in this cell type and more specifically on the possible changes of
mitochondria in mice subjected to long-term CR and fed with different
dietary fats.

Although the liver seems to age fairly well in comparison with
other organs (Schmucker, 1998; Schmucker and Sanchez, 2011), its
structure undergoes a series of time-related changes (inflammation,
pseudocapillarization, etc.) that have implications for many diseases
(Cogger et al., 2013; Gregg et al., 2012; Le Couteur et al., 2010).
However, in this work we have only considered hepatocytes show-
ing a typical morphology similar to that described in the literature

Table 3
Mitochondrial planimetric parameters measured in samples from electron microscopy pictures. Data are mean values ± S.E.

AL CR-Lard CR-Soy CR-Fish

Mean mitochondrial section area (μm2) 0.66 ± 0.012a 0.85 ± 0.017b 0.89 ± 0.016c 0.73 ± 0.015
Major diameter (μm) 1.03 ± 0.010a 1.15 ± 0.012c 1.16 ± 0.011c 1.06 ± 0.012
Minor diameter (μm) 0.79 ± 0.008a 0.91 ± 0.011d 0.95 ± 0.009c 0.85 ± 0.010
Circularity 0.93 ± 0.004a 0.95 ± 0.004 0.95 ± 0.002 0.95 ± 0.002
Mean mitochondrial volume (μm3) 0.505 ± 0.014a 0.700 ± 0.020c 0.740 ± 0.019c 0.565 ± 0.018
n 621 404 510 427

a p b 0.001 vs all other groups.
b p b 0.05 vs CR-Soy and p b 0.001 vs CR-Fish.
c p b 0.001 vs CR-Fish.
d p b 0.05 vs CR-Soy and CR-Fish.

Table 4
Morphometric analysis of mitochondrial cristae in hepatocytes from the different dietary groups (mean values ± S.E.).

AL CR-Lard CR-Soy CR-Fish

Mean number of cristae/mitochondrion 14.32 ± 0.225a 20.78 ± 0.389 22.13 ± 0.381 20.89 ± 0.317
Scored mitochondria (n) 621 431 571 453
Mean crista length (μm) 0.2399 ± 0.0010a 0.3113 ± 0.0013b 0.3338 ± 0.0013c 0.2851 ± 0.0012
Scored cristae (n) 9218 9003 12,724 9458

a p b 0.001 vs all other groups.
b p b 0.001 vs CR-Soy and CR-Fish.
c p b 0.001 vs CR-Fish.
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(see for example, Pieri et al., 1980; Schmucker, 1990) and possible
modifications on cell types other than hepatocytes have not been
analyzed. On the other hand, we have recently reported morpholog-
ical changes in hepatocyte andmitochondria ultrastructure in young
animals following feeding protocols identical to those described in
the present study (see Khraiwesh et al., 2013). Therefore, an impor-
tant part of this discussion will be focused on comparisons with
these previous results in terms of aging. A brief summary of the dif-
ferences found in young mice subjected to 6 months of CR and the
results reported in this study is included in Table 6.

The first difference we found in hepatocytes from animals subjected
to CR for 18 months concerned cell size and substantial differenceswere
also detected depending on the dietary fat. Thus, hepatocyte size in-
creased in CR-Soy and CR-Fish groups while a significant decrease was
found in mice fed with a CR-Lard diet. In young animals subjected for
six month to CR, we observed increases in cell size in the groups con-
suming high levels of dietary polyunsaturated fatty acids (CR-Soy and
CR-Fish), while no changes were detected in animals consuming high
levels ofmonounsaturated or saturated fatty acids (CR-Lard)when com-
pared to the AL controls (Table 6; Khraiwesh et al., 2013). Therefore, it is
possible to assume that aging affected hepatocyte size in different ways
depending on dietary fat composition. It is generally accepted that in ro-
dents hepatocyte size increases during development and maturation
and declines during senescence such that hepatocyte size becomes
equivalent in volume in senescent and very young animals
(Schmucker, 2005). In our case, we found cell size increases in all of

the evaluated diets except for the CR-Lard fed animals, suggesting differ-
entmechanisms of cell adaptation to the agingprocess dependingon the
composition of dietary fat. According to these results, and following an
identical experimental procedure, we have recently reported increases
of nuclear area in animals following 18 month CR compared to their re-
spective 6 month counterparts except for the CR-Lard group, in which
nuclear sizes remained unaltered (López-Domínguez et al., in press).

4.2. Mitochondrial ultrastructure

In addition to hepatocyte size, aging and long-term CR induce other
ultrastructural changes in hepatocyte organelles. Increases in polyploid
and binucleate cells as well as in dense bodies and lipofuscin deposits
and decreases in smooth endoplasmic reticulum surface have been fre-
quently reported (see Schmucker, 1998, 2005). In regard to mitochon-
dria, it has been reported that aging results in increased mitochondrial
size (see Le Couteur et al., 2010) and in some cases this increase can
be accompanied by modification of cristal morphology (Sastre et al.,
1996). These changes have been confirmed in mice with different
progeroid syndromes (Cogger et al., 2013; Gregg et al., 2012) strength-
ening the idea of increased mitochondrial size during aging.

In our study, aging and long-term CR affected hepatocyte mitochon-
dria structure in twoways: by inducing changes in individualmitochon-
dria morphology and in the whole mitochondrial population per
hepatocyte. First, we detected changes in planimetric parameters
(area, major and minor diameters) which consequently affected mito-
chondrial volumes. In particular, CR resulted in increasedmitochondrial
number and volume. However, these results also depended on the fat
source since significant differences were found when comparing the
CR groups. In this case, CR-Lard and CR-Soy exhibited larger mitochon-
dria than the CR-Fish group. Also,mitochondrial shape variedwith CR in
such a way that more spherical mitochondria were found in all the CR
groups regardless of dietary fat. Finally, we found substantial increases
in both mean number of cristae per mitochondria and mean crista
lengthwhen comparing CR animals with controls, but once again differ-
ences were found when comparing CR-groups consuming diets differ-
ing in lipid composition. In this case, a sequential increase in cristal
lengthwas foundwith CR-Soy N CR-Lard N CR-Fish N control. These re-
sults contrast with those reported in young mice subjected to 6 month
of CR (Khraiwesh et al., 2013) where increased mitochondria were
found only in the CR-Lard group (see Table 6). Thus, mitochondrial re-
sponse to CR and dietary lipid composition is influenced by age and/or
duration of CR.

Mean number of mitochondrial cristae and crista length increased in
all CR mice compared to AL animals, a phenomenon that we had found
in young animals following 6 months of CR (Khraiwesh et al., 2013).
Since mitochondrial crista is the location of the electron transport
chain and oxidative phosphorylation, the possibility exists that the in-
crease in crista surface could be part of the metabolic adaptation to
the low energy status imposed by CR. In a previous study focused on
young animals fedwith the same experimental diets for 1 monthwe re-
ported that CR decreased ROS production by complex III but did not
markedly alter proton leak and electron transport chain enzyme activi-
ties. Interestingly, these mitochondrial functionswere influenced by di-
etary lipid composition in CR animals (Chen et al., 2013). The structural
changes of hepatocyte mitochondria by CR and dietary fat that we re-
port here could be related with these modifications of mitochondrial
physiology.

4.3. Mitochondrial mass and number of mitochondria per hepatocyte

Taken as a whole, themitochondrial compartment, i.e. the set of mi-
tochondria contained in a hepatocyte, appears to undergo remarkable
changes induced by aging and dietary interventions, including CR. In
some cases these changes appear after a few weeks of the intervention,
denoting a quick adaptation of the mitochondria compartment to the

Fig. 3. Volume density (Vv) of mitochondria in mouse hepatocytes from the different ex-
perimental groups. The cell volume fraction occupied bymitochondria increased under CR
regardless the dietary fat compared with ad libitum-fed animals (AL). Data are expressed
in μm3 of mitochondria per μm3 of cell ± S.E. ***p b .001 vs ad libitum group.

Fig. 4. Changes in numerical density (Nv) of hepatocyte mitochondria from mice
maintained on different diets. This parameter was increased under CR compared
with ad libitum-fed animals. Data are expressed as number of mitochondria per
μm3 of cell ± S.E. ***p b .001; **p b .01 vs AL group.
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conditions induced by these interventions. In spite of some contradicto-
ry data (see Pieri et al., 1980), it is assumed that aging results in a de-
creased number of mitochondria in hepatocytes (Sastre et al., 1996;
Schmucker et al., 1978), an effect that has also been observed in
progeroid Werner mice (Cogger et al., 2013). Conversely, CR has been
reported to induce a significant increase in the number of mitochondria
per cell (López-Lluch et al., 2006). Resveratrol, a partial CRmimetic, had
the same effect in middle-aged mice fed with a high diet (Baur et al.,
2006) as well as in senescence-accelerated mice (Shiozaki et al.,
2011). Consistent with these results, we found significant increases in
mitochondrial mass and in the mean number of mitochondria per

hepatocyte in all CR groups regardless of dietary fat when compared
with AL controls. However, the extent of these increases inmitochondrial
number differed between CR groups with the CR-Soy and CR-Fish groups
showing greater mitochondrial mass than the CR-Lard group.

When comparing the results included here with those reported in
our previous work carried out on mice subjected to 6 months of CR
(Khraiwesh et al., 2013), we found that both mitochondrial mass and
number decreased by 20% in the old versus young control (AL) fed ani-
mals, which is in accordance with the results described above. Also,
when comparing the CR groups between studies some differences
arose. In the CR-Soy group the number of mitochondria per hepatocyte

Table 5
Mitochondrial mass (in μm3 per cell) and mean number of mitochondria per cell in hepatocytes from mice fed ad libitum (AL) or 40% calorie restriction (CR) with different dietary fats
during 18 months. Data are expressed as mean ± S.E. The relative change (in %) in relation to AL-fed animals is indicated within parentheses.

AL CR-Lard CR-Soy CR-Fish

Total mitochondrial mass 556.3 ± 30.5a 638.64 ± 29.6 (14%)a 901.8 ± 38.8 (62%) 1003.0 ± 47.1 (80%)
Number of mitochondria per cell 1053 ± 45b 1641 ± 75 (56%)c 2075 ± 104 (97%)c 2527 ± 116 (132%)

a p b0.001 vs CR-Soy and CR-Fish.
b p b 0.001 vs all other diets.
c p b 0.05 vs CR-Fish.

Fig. 5. Levels of proteins related to mitochondrial fission Drp1 and Fis1. In cytosolic fractions, Drp1 expression decreased (**p b .01) in calorie restricted animals vs their ad-libitum-fed
counterparts (panel A). In this fraction, dietary fat did not induce any additional change in Drp1 (panel B). In mitochondria-enriched fractions, Drp1 protein levels remained unaltered
with calorie restriction regardless of the dietary fat (C andD). Fis1 expression level decreased (*p b .05) under calorie restriction (panel E) but no changeswere detectedwhen the different
CR diets were compared among them (panel F).

84 H. Khraiwesh et al. / Experimental Gerontology 56 (2014) 77–88

image of Fig.�5


remained fairly constant with age while a decrease (about 18%) was
found in the CR-Lard group and an increase of 30% was observed in
the CR-Fish animals (Table 6). These results indicate that the dietary
fat plays a role in the morphological accommodation of mitochondrial
compartment to the temporal and physiological conditions imposed
by CR.

4.4. Mitochondrial dynamics markers, aging and calorie restriction

Mitochondrial biogenesis and metabolism are a complex and highly
regulated process operating through PGC-1α dependent nuclear respi-
ratory factors such as Nrf1 (López-Lluch et al., 2006). Although some
studies have showed increased expression of mRNA of PGC-1α and
Nrf1 and protein (Nisoli et al., 2005) following CR, others have found
no effect of CR in these markers of mitochondrial biogenesis. In our
study we have detected increases of both factors in old animals from
AL group. However, under CR conditions increased levels of PGC-1α
were only found in the CR-Lard group following 18 months of CR. Sim-
ilarly, expression levels of Nrf1 increased in AL old animals. Neverthe-
less, long-term calorie restriction resulted in increased Nrf1 levels in
both CR-Lard and CR-Fish groups.

Mitochondria are highly dynamic organelles that undergo continu-
ous fission and fusion processes. Fis1 and Drp1 mediate mitochondrial
fission, while Mfn1, Mfn2 and OPA1 are implicated in fusion. The

equilibrium between both phenomena defines mitochondrial ultra-
structure and abundance in the different cell types and under the di-
verse physiological conditions (see Chan, 2012 for a recent review). In
our experimentswe have found relatively stable expression levels offis-
sion and fusion proteins when comparing AL with CR groups. However,
Fis1 expression levels decreased in CR-Soy versus AL while no changes
related to dietary fat were found in the CR groups. With regard to the
mitochondrial fusion-related proteins, we detected decreased levels of
OPA1 expression in the CR groups containing Lard or Fish as dietary
fat when compared to the CR-Soy group, but no differences were
found when comparing AL controls with the CR-Soy group.

In hepatocytes, calorie restriction has been reported to increase mi-
tochondrial biogenesis, and the same result was obtained in high calorie
fed animals supplemented with resveratrol compared to their corre-
sponding controls (Baur et al., 2006; López-Lluch et al., 2006). Although
we have found a substantial increase in mitochondrial mass after
18 months of CR with different dietary fats, no differences in the levels
of protein expression related to mitochondrial fission were detected.
Furthermore, a decrease in Fis1 expression was found in the CR-Soy
group. In a similar way, we did not find striking changes in the expres-
sion level of proteins related to mitochondrial fusion except for OPA1
which significantly increased in the CR-Soy compared to the other CR
groups. In addition to its role in mitochondrial internal membrane fu-
sion,OPA1plays an important role inmorphology and remodeling crista

Fig. 6. Levels of proteins related to mitochondrial fusion: Mfn1 (A and B), Mfn2 (C and D), and OPA1 (E and F). Mfn1 and Mnf2 protein levels remained unaltered either under
calorie restriction or due to dietary fat source variations (panels A–D). OPA1 levels remained unchanged when comparing AL versus CR fed animals, but a significant increase
was found (**p b .01) when comparing CR-Soy with the other dietary fats.
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structure (see Chan, 2012) and interestingly, CR-Soy fed animals
showed the highest number and longest cristae compared to all other
groups. This is in accordance with the results of Gomes et al. (2011)
who reported increased mitochondrial size and crista number in differ-
ent cell types upon starvation.

In general, the expression levels of proteins related tomitochondrial
fission and fusion as well as PGC-1α and Nrf1 were higher or remained
unaltered when compared with the corresponding young animal coun-
terparts after 6 months of CR (Khraiwesh et al., 2013). This result is
compatible with CR opposing age-related decreases in mitochondrial
biogenesis. Furthermore, the studies highlight dietary fat as a crucial
factor in the regulation of mitochondria structure and abundance in he-
patocytes under CR conditions.

4.5. Hydroperoxide levels, aging and calorie restriction

The results included in this paper show no age-related changes of
hydroperoxide levels in AL group. However, CR induced several changes
in this parameter. Thus, in animals fed for 6 months under CR we found
a sequential increase of hydroperoxide levels in the three dietary groups
ordered as Lard–Soy–Fish, these levels being significantly higher in CR-
Fish when compared to CR-Lard. However, after 18 months of CR we
found increased values only in CR-Lard group, remaining unaltered in
AL and CR-Soy groups. Interestingly, a decrease of hydroperoxide levels
was found in old animals from CR-Fish group. Recently, we have report-
ed that the transgenic mice fat-1, which are capable to synthesizing
n−3 fatty acids, decrease the rate of mitochondrial hydrogen peroxide
generation, providing a defense mechanism against oxidative stress by
limiting ROSproduction (Hagopian et al., 2010). Thus, the possibility ex-
ists that under calorie restriction, animal fed diets enriched in n−3 fatty
acids which are prone to oxidative damage (such as those from CR-Fish
group), could develop a similar defense mechanism by reducing ROS
production without additional hydroperoxide accumulation after

18 months of CR. These results indicate a possible mechanism of adap-
tation of animals to diets containing a high proportion of fatty acid sus-
ceptible to peroxidation and oxidative stress.

A relationship between mitochondrial dynamics and cell adaptation
to nutrient availability has been suggested, such that different mecha-
nisms may operate in nutrient excess or under starvation in order to

Fig. 7. Levels of protein expression of PGC-1α measured after 6 and 18 in AL and CR-Soy
groups (A) and in the different CR animals (B). In AL mice an increased value was found
in older animals (*p b 0.05 vs 6 months). Under calorie restriction age only induced signif-
icant increase in CR-Lard group (*p b 0.05 vs 6 months).

Fig. 8. Levels of protein expression of Nfr1 measured in mice fed ad libitum (AL) and fol-
lowing 6 and 18 months of calorie restriction with soybean oil as dietary fat (CR-Soy;
A). The effects of the different dietary fats under 6 and 18 months of CR are represented
in B. In ad libitum fed animals (A), aging induced a significant increase of this parameter
(p b 0.05 vs 6 months). Under CR (B), both Lard and Fish induced significant increases
compared to their respective 6 months of restricted counterparts (*p b 0.05 vs 6 months
of CR-Lard; **p b 0.01 vs 6 months of CR-Fish).

Fig. 9.Determination of hydroperoxide levels in liver homogenates frommice following 6
or 18 months of calorie restriction with different dietary fats. After 6 months no differ-
ences were found when comparing AL controls with the different CR groups. However,
when different CRdietswere compared, a significant linear trend (#)was observed, giving
CR-Lard dietary group the lowest value and CR-Fish the highest one. Hydroperoxide levels
remained unaltered in all the dietary group, but some differences were found when com-
paring mice fed for 6 or 18 months with CR-Lard and CR-Fish diets (***p b 0.001).
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achieve a more efficient mitochondrial population (Liesa and Shirihai,
2013). In our case, long-term CR induces differential increases in the he-
patocyte mitochondrial population and the possibility exists that mito-
chondrial fission/fusion machinery could be subjected to different
control mechanisms depending on the dietary fat. Alterations in fatty
acid composition of mitochondrial phospholipids induced by the exper-
imental diets (Chen et al., 2012, 2013) could also play a role in themet-
abolic adaptation of this organelle. This possibility needs to be further
investigated in future studies.

5. Conclusions

The results included in this paper show significant changes in
both hepatocyte size and mitochondrial ultrastructure in hepato-
cytes from mature/old mice following long-term calorie restriction.
Furthermore, we have found significant changes in mitochondrial
biogenesis and metabolism regulators PGC-1α and Nrf1 as well as
in protein related to mitochondrial fission and fusion. The extent of
these changes depended on dietary fat composition. Thus, the re-
sults of this study indicate that dietary fat composition plays a cru-
cial role in the fine tuning of the mitochondria and hepatocyte
relationship. Furthermore, dietary fat composition should be taken
into consideration when designing diets to optimize the mitochon-
drial changes induced by CR.
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Table 6
Age-related changes highlighted by comparing the results obtained in animals subjected
to 18 months of CR with different dietary fats (this paper) with those obtained in young
animals fed with the same experimental diets for 6 months (Khraiwesh et al., 2013). Up-
ward arrows denote increases, downward arrows indicate decreases and n.s. means no
significant change. Percentage of change is also indicated.

AL-Soy CR-Lard CR-Soy CR-Fish

Hepatocyte volume ↑19%⁎⁎⁎ n.s. ↑29⁎⁎⁎ ↑19%⁎⁎⁎
Mitochondrial volume ↑24%⁎⁎⁎ ↑36%⁎⁎⁎ ↑100%⁎⁎⁎ ↑64%⁎⁎⁎
Number of cristae per mitochondrion ↓16%⁎⁎⁎ n.s. n.s. n.s.
Crista length ↑11%⁎⁎⁎ ↑48%⁎⁎⁎ ↑57%⁎⁎⁎ ↑28%⁎⁎⁎
Mitochondrial mass ↓15%⁎ ↓34%⁎ ↓12%⁎ n.s.
Number of mitochondria per hepatocyte ↓21%⁎⁎⁎ n.s. n.s. ↑29%⁎⁎⁎
Drp1 ↑70%⁎⁎ ↑60%⁎⁎ n.s. ↑60%⁎
Fis1 ↑40%⁎ n.s. n.s. n.s.
Mfn1 ↑150%⁎⁎ n.s. n.s. ↑250%⁎⁎
Mfn2 n.s. n.s. n.s. n.s.
OPA1 ↑50%⁎ n.s. ↑45%⁎ n.s.

⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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Dietary Fat and Aging Modulate Apoptotic Signaling  
in Liver of Calorie-Restricted Mice
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Imbalance between proliferation and cell death accounts for several age-linked diseases. Aging, calorie restriction (CR), 
and fat source are all factors that may influence apoptotic signaling in liver, an organ that plays a central metabolic role 
in the organism. Here, we have studied the combined effect of these factors on a number of apoptosis regulators and 
effectors. For this purpose, animals were fed diets containing different fat sources (lard, soybean oil, or fish oil) under 
CR for 6 or 18 months. An age-linked increase in the mitochondrial apoptotic pathway was detected with CR, including 
a decrease in Bcl-2/Bax ratio, an enhanced release of cytochrome c to the cytosol and higher caspase-9 activity. However, 
these changes were not fully transmitted to the effectors apoptosis-inducing factor and caspase-3. CR (which abated 
aging-related inflammatory responses) and dietary fat altered the activities of caspases-8, -9, and -3. Apoptotic index 
(DNA fragmentation) and mean nuclear area were increased in aged animals with the exception of calorie-restricted 
mice fed a lard-based fat source. These results suggest possible protective changes in hepatic homeostasis with aging in 
the calorie-restricted lard group.
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AGE-RELATED diseases, including neurodegenerative 
disorders and cancer, for which aging is considered the 

most important risk factor (1), are the clinical expression 
of the age-linked loss of function in tissues. The mecha-
nisms underlying such loss of tissue function are not yet 
fully explained. The free radical theory of aging suggests 
that reactive oxygen species, resulting from either enzy-
matic or nonenzymatic processes, cause cumulative oxida-
tive damage in biomolecules (2). Reactive oxygen species 
may cause DNA oxidation and induce apoptosis. Imbalance 
between proapoptotic and antiapoptotic proteins belonging 
to the Bcl-2 family determines cellular fate. Mitochondrial 
permeabilization, which allows cytochrome c to enter the 
cytosol, triggers a caspases cascade. Activation of final 
effectors is followed by DNA fragmentation and organelle 
dismantling (3). Apoptosis can also be initiated by extracel-
lular ligands (4,5).

A correct balance between proliferation and death is 
required to regulate homeostasis, and the role of apoptosis 
appears to be tissue specific. Although excessive cell death 

can lead to dysfunction in postmitotic organs (6), defective 
apoptosis prevents removal of damaged cells in proliferative 
organs, potentially resulting in neoplastic, autoimmune, or 
viral disease (7). A variety of apoptosis-avoiding strategies 
have been identified in tumors (8,9), and resistance to apop-
tosis has been highlighted as one of the basic attributes of 
neoplastic cells (10).

The liver plays a central role in energy metabolism, gly-
cogen storage, and detoxification. Hepatocytes have a high 
proliferative potential, despite their low division rate under 
normal conditions (11). It has been reported that apop-
totic cell death in the liver increases with age both in rats 
(12) and mice (13), although the underlying mechanisms 
remain controversial. Despite this, a decline in the apop-
totic response to genotoxic stress has also been observed 
in liver from aged rats (14), indicating that multiple factors 
may influence hepatic apoptotic signaling during aging. 
The liver is highly exposed and particularly sensitive to 
environmental factors, including infections, alcohol, and 
diet (15).
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Calorie restriction (CR) without malnutrition extends 
mean and maximum life span in rodents and is known to 
delay the onset of age-related diseases (16). Although the 
underlying mechanisms have not been fully elucidated, a 
decrease in oxidative stress likely contributes to CR effects 
(17,18). Additionally, CR delays the incidence of hepatocel-
lular carcinoma in mice (19) and increases levels of sponta-
neous apoptosis in preneoplastic foci and hepatoma-prone 
strains (13,20,21), which however do not correlate with an 
increase in caspase activity, suggesting the implication of 
alternative mechanisms (22).

CR lowers long-chain polyunsaturated fatty acid content 
in mitochondrial membranes (23). Saturated fatty acids are 
less prone to oxidation, and fatty acid unsaturation level 
negatively correlates with maximum life span in mammals 
(24). Hence, alterations in tissue phospholipid fatty acid 
composition have been suggested as a mechanism of CR 
action (25). Moreover, changes in membrane composition 
may not only exert a passive role as a target for reactive 
oxygen species but also modulate important membrane 
processes such as proton leak (26–28). Dietary fat source 
alterations also modulate apoptotic signaling. We previ-
ously demonstrated that a diet containing olive oil pre-
vented in Wistar rats the age-dependent decrease of hepatic 
caspase-3, -8, and -9 that was otherwise observed with diets 
containing sunflower oil (29). Additionally, a CR diet con-
taining fish oil decreased proapoptotic signaling in both 
mitochondrial and plasma membranes from skeletal muscle 
of young mice (30).

The aim of this work was to determine the extent to which 
CR, fat source variations, and aging interact to modulate 
liver apoptotic signaling in mice.

Methods

Animals, Diets, and Liver Samples
Male C57BL/6J mice (Charles River Laboratories, 

Spain) were fed a commercial rodent chow diet (Harlan 
Teklad #7012, Madison, WI) until they were 3 months old 
and then randomly assigned into four dietary groups fed a 
modified AIN-93G semipurified diet containing 20.3% pro-
tein, 63.9% carbohydrate, and 15.8% fat (% total kcal/d). 
Control group was fed 95% of a predetermined ad-libitum 
intake (12.5 kcal) to prevent obesity, whereas CR dietary 
groups were fed 40% less calories. All diets were identical 
except for dietary lipid source, which was soybean oil (high 
in n-6 polyunsaturated fatty acids, Super Store Industries, 
Lathrop, CA) for the Control-Soy fed mice and one of the 
CR groups. The two remaining CR groups were fed diets 
containing fish oil (high in n-3 polyunsaturated fatty acids: 
18% eicosapentaenoic acid, 12% docosahexaenoic acid, 
Jedwards International, Inc., Quincy, MA) or lard (high in 
saturated and monounsaturated fatty acids, ConAgra Foods, 
Omaha, NE). To insure adequate linoleic acid levels, the 

CR-fish diet  also contained soybean oil (14% of total fat 
content). Fatty acid compositions of all diets have been pre-
viously reported (28). After a dietary intervention period of 
6 or 18 months, animals were sacrificed by cervical dislo-
cation and liver samples were stored frozen at −80°C for 
later analysis. The age of animals at the end of intervention 
period was 9 or 21  months. All experimental procedures 
and animal handling were in accordance with the Pablo de 
Olavide University Ethical Committee rules and the 86/609/
EEC Directive. Liver mitochondrial and cytosolic fractions 
were obtained by homogenization and differential centrifu-
gation and then stored at −80°C (Supplementary Methods).

Caspase Activities
Proteolytic activity of caspases-8, -9, and -3 was determined 

using fluorogenic 7-amino-4-methylcoumarin -conjugated 
substrate peptides. Noncaspase proteolytic activity was 
substrated by developing parallel assays in the presence 
of the corresponding inhibitory peptides (Supplementary 
Methods). Activities were then expressed as arbitrary units/
mg protein.

Quantification of DNA Fragmentation (Apoptotic Index)
DNA fragmentation was measured by ELISA quantifi-

cation of cytosolic mono- and oligonucleosomes (Roche 
Diagnostics, Mannheim, Germany). Absorbance was deter-
mined at 405 nm using a Flex Station 3 (Molecular Devices, 
Sunnyvale, CA) and data were presented as arbitrary optical 
density units/mg cytosolic protein.

polyacrylamide Gel Electrophoresis and Western Blot 
Immunodetection

Samples of about 50  μg protein were denatured, sepa-
rated by sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (12.5% acrylamide), and transferred to 
nitrocellulose membranes. Bcl-2 polypeptide was measured 
in whole homogenates, whereas Bax was measured both 
in homogenates and in mitochondria-enriched fractions. 
Homogenate Bcl-2 and mitochondrial Bax data were used 
to calculate Bcl-2/Bax ratio. X-linked inhibitor of apopto-
sis protein (XIAP) was measured in whole homogenates. 
Apoptosis-inducing factor (AIF) and cytochrome c levels 
were measured in mitochondria-enriched fractions and in 
cytosols. Actin staining was used to reveal equal protein 
loading in electrophoretic separations of whole homogen-
ates and cytosols. Immunostaining was carried out with cor-
responding primary antibodies (Santa Cruz Biotechnology 
or Sigma, Supplementary Table  1). Horseradish perox-
idase–conjugated secondary antibodies (Sigma and BD 
Biosciences Pharmingen) were used to reveal binding sites 
by enhanced chemiluminescence (ECL-Plus, GE Healthcare 
Life Sciences). Quantification of Ponceau S-stained lanes 
was used for normalization of protein load (31). Changes 
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produced by CR per se were studied by comparing Control-
Soy and CR-Soy groups, whereas the effects of dietary fat 
under CR were studied by comparing CR-Lard, CR-Soy, 
and CR-Fish groups. These two classes of studies were per-
formed in separate electrophoresis gels and blots, which 
were optimized for each case (Supplementary Methods).

Light Microscopy
Pieces of liver tissue were aldehyde fixed and embed-

ded in EMbed 812 resin following standard protocols 
(Supplementary Methods). Semithick (0.5–1  μm width) 
sections were stained with toluidine blue. Micrographs 
were taken with a Leica DME light microscope using a 
40× objective. Because the increase of nuclear size is a 
well-known marker of aging liver (32), we carried out a 
planimetric study of nuclear size using the ImageJ software 
(NIH). About 1,000 nuclei from five animals per diet were 
measured.

Statistical Analysis
Values are means ± SEM. D’Agostino–Pearson tests 

were performed to determine normality. The effect of CR 
was assessed by Student’s t test (CR-Soy group vs Control-
Soy group). In case data did not pass the normality test, the 
Mann–Whitney test was followed. The effect of dietary fat 
under CR was assessed by one-way analysis of variance fol-
lowed by a post hoc analysis (Tukey’s test for multiple com-
parisons) to assess for significant differences among groups. 
Post hoc analysis of linear trend was also performed to 
investigate putative alterations of tested parameters among 
CR diets ordered as CR-Lard → CR-Soy → CR-Fish, 
which resulted in a progressive increase of the n-6/n-3 ratio 
in phospholipid highly unsaturated fatty acids (28). In case 
data did not pass the normality test, the Kruskal–Wallis test 
was followed. Means were considered statistically different 
with p < .05. All statistical analyses were performed using 
Graphpad Prism 5.03 (Graphpad Software Inc., San Diego, 
CA).

Results

Bcl-2, Bax, and Bcl-2/Bax Ratio
Aging produced a significant decrease of Bcl-2 levels in 

liver homogenates from Control-Soy and CR-Soy groups 
(Figure 1A, Supplementary Figure 1A).  Bax was not altered 
significantly with age when measured in homogenates 
(Figure 1C, Supplementary Figure 1A), but it was increased 
significantly in old animals from CR-Soy group when 
measured in mitochondria-enriched fractions (Figure  1E, 
Supplementary Figure  1E). Whereas age-related changes 
of Bcl-2 levels were not affected by CR (Figure  1A), 
reduction of calories did produce a decrease of Bax lev-
els in liver homogenates that was statistically significant 

for young mice (Figure  1C). The aging-related decrease 
in Bcl-2 levels we observed in the CR-Soy group was not 
reproduced in the CR-Lard and CR-Fish groups (Figure 1B, 
Supplementary Figure 1B). We did not observe significant 
differences when comparing the three CR dietary groups 
within a given age, except for Bcl-2 levels in old animals, 
which were significantly higher in the CR-Lard compared 
with CR-Soy group (Figure 1B). Interestingly, changing fat 
source under CR produced a different pattern of Bax lev-
els alterations with age in liver homogenates (Figure 1D): 
The lack of age-related changes we previously observed for 
the CR-Soy group was not maintained in the CR-Fish mice, 
in which a significant increase of Bax levels was observed 
for old animals. Bax also tended to increase with age in 
the CR-Lard group, although results did not reach statis-
tical significance (p =  .09). Nevertheless, when measured 
in mitochondria-enriched fractions, it was clearly observed 
that aging produced a significant increase of mitochondria-
associated Bax in all CR groups (Figure 1F, Supplementary 
Figure 1F).

Aging produced a significant decrease of Bcl-2/Bax ratio 
in membranes, both in the Control-Soy and CR-Soy groups. 
Conversely, CR produced a significant increase of Bcl-2/
Bax ratio in young and old animals (Figure 1G), and this 
effect was maintained in all CR groups (Figure 1H). When 
studying the effect of dietary fat under CR conditions, we 
found that Bcl2/Bax ratio was lower in CR-Soy in compari-
son with CR-Lard and CR-Fish groups (Figure 1H).

Cytochrome c and AIF Release and Accumulation in the 
Cytosol

Aging produced a dramatic increase of cytosolic 
cytochrome c in Control-Soy and CR-Soy groups, but no 
differences were found between the two dietary groups 
(Figure  2A, Supplementary Figure  1C). This age-related 
change was also observed in CR-Lard and CR-Fish groups 
(Figure 2B, Supplementary Figure 1D), being particularly 
evident in CR-Lard group (10-fold increase). Furthermore, 
levels of cytosolic cytochrome c were significantly elevated 
in the old CR-Lard group compared with the old CR-Fish 
group, but no significant differences were observed between 
the remaining groups (Figure 2B).

AIF release and accumulation to the cytosol did not 
change with age in the Control-Soy group and was even 
significantly decreased in old animals of the CR-Soy 
group (Figure  2C, Supplementary Figure  1C) with a 
similar trend being observed in the CR-Fish group, 
although differences were not statistically significant. 
No age-related changes in AIF release and accumula-
tion to the cytosol were observed in the CR-Lard group. 
Finally, levels of AIF in the liver cytosolic fractions were 
significantly higher in CR-Lard than in the CR-Soy or 
CR-Fish groups in old but not in young mice (Figure 2D, 
Supplementary Figure 1D). 
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Figure 1. Bcl-2 and Bax levels in liver total homogenates (Panels A–D), Bax levels in mitochondria-enriched fractions (Panels E and F), and membrane Bcl-2/
Bax ratio (Panels G and H) after 6 or 18 months of dietary intervention (the age of animals at the end of intervention period was 9 and 21 months, respectively). Data 
are mean ± SEM; n = 4 per group. Significant differences between 6 and 18 months for the same diet are denoted with asterisks (*p < .05, **p < .01, ***p < .001); 
†p < .05 vs CR-Soy for the same age. AU = arbitrary units; CR = calorie restriction.
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Figure 2. Levels of cytochrome c and AIF in cytosolic and in mitochondria-enriched fractions. (Panels A and B) Cytosolic cytochrome c. (Panels C and D) 
Cytosolic AIF. (Panels E and F) mitochondrial cytochrome c. (Panels G and H) mitochondrial AIF. Animals were subjected to 6 or 18 months of dietary intervention 
(the age of animals at the end of intervention period was 9 and 21 months, respectively). Data are mean ± SEM; n = 3–4 per group. Significant differences between 6 and 
18 months for the same diet are denoted with asterisks (*p < .05, **p < .01, ***p < .001); †p < .05 vs CR-Soy for the same age group; ‡p < .05 vs CR-Fish for the same 
age group; §p < .05 for a linear trend within the three CR diets in the same age group. AIF = apoptosis-inducing factor; AU = arbitrary units; CR = calorie restriction.
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Interestingly, changes of cytochrome c levels with aging 
in mitochondria-enriched fractions were opposite to those 
in cytosols, with a significant decrease being observed 
in old animals from all dietary groups (Figure  2E and F, 
Supplementary Figure 1E and F). On the contrary, no sig-
nificant alterations with age were found in the case of AIF, 
excepting for a decrease in the CR-Lard group (Figure 2G 
and H, Supplementary Figure 1E and F).

Caspases Activities
In contrast with the decrease of Bcl-2/Bax ratio and the 

release and accumulation of proapoptotic cytochrome c to 
the cytosol with aging in the Control-Soy group, the activi-
ties of caspases related to the mitochondrial pathway did 
not increase in old animals. On the contrary, caspase-9 
activity tended to decrease and the effector caspase-3 was 
significantly decreased with aging in this group (Figure 3B 
and C). Caspase-8 was also decreased in old animals 
(Figure 3A), which adds support for a general decrease of 
hepatic caspases activities with age in Control-Soy group.

CR resulted in significant decreases in hepatic activi-
ties of caspases-8, -9, and -3 in young mice, but no sig-
nificant alterations by CR were observed in old animals 
(Figure 3A–C). Interestingly, when studying the effect of 
aging in the CR-Soy group, we found that the age-depend-
ent change in the activities of the two regulatory caspases 
we previously found in the Control-Soy group was reversed 
in the CR-Soy group, where activities of both caspase-8 and 
caspase-9 increased significantly with age (Figure 3A and 
B). However, results obtained for the effector, caspase-3, 
in the CR-Soy group were in contrast to those obtained for 
the regulatory caspases-8 and -9 because the activity of cas-
pase-3 also decreased with aging in CR mice (Figure 3C).

The patterns obtained as a function of dietary fat were very 
similar for caspase-8 and caspase-9. Activities increased sig-
nificantly with age in the three dietary groups and a slight yet 
significant trend among the three diets ordered as CR-Lard 
→ CR-Soy → CR-Fish was observed, with maximal cas-
pase-8 activity found in the CR-Lard group and minimal 
activity found in CR-Fish. This linear trend was statistically 
significant for both young and old animals in the case of cas-
pase-9, although in the case of caspase-8 statistical signifi-
cance was only maintained for young animals. Additionally, 
when considering the activities of young animals, the activi-
ties of caspase-8 and -9 in the CR-Fish group were sig-
nificantly decreased compared with both the CR-Lard and 
CR-Soy groups (Figure 3A and B). Finally, the aging-related 
decrease of caspase-3 in the CR-Soy group was not main-
tained in CR-Lard and CR-Fish groups (Figure 3C).

XIAp Levels
XIAP was dramatically increased in aged animals from the 

Control-Soy group (Figure 4A, Supplementary Figure 1A). 

Although an increase in XIAP levels with aging was also 
found in the CR-Soy group, the extent of this increase was 
considerably attenuated by CR in old animals. As a result, 
XIAP was significantly lower in the old CR-Soy than in the 
old Control-Soy group (Figure 4A). Aging-related changes 
in animals fed under CR with different fat source were simi-
lar for all the three CR groups, although the aging-related 
increase did not reach statistical significance in the case of 
the CR-Fish group (Figure 4B, Supplementary Figure 1B).

Chromatin Fragmentation
Chromatin fragmentation was dramatically increased 

with aging in the Control-Soy group and this increase was 
also observed in the CR-Soy group. Interestingly, when 
comparing the three CR diets, we observed that aging-
related increase of mono- and oligonucleosomes was main-
tained in the CR-Fish group, but completely abolished in 
the CR-Lard group (Figure 5A).

Hepatic Histology and Mean Nuclear Area of 
Hepatocytes

Hepatic tissue did not show evident signs of dam-
age in young mice fed any of the experimental diets. The 
only conspicuous modification that was associated to one 
experimental diet was the occurrence of abundant intra-
cellular lipid inclusions in hepatocytes of the Control-Soy 
group (Supplementary Figure 2A). These inclusions were 
not present in any of the three CR groups (Supplementary 
Figure 2B–D).

Microscopic structure of liver tissue was altered by diet 
in old animals. Hepatocytes did not show large lipid inclu-
sions. Remarkably, multiple inflammation foci containing 
abundant leukocytes, which were found mainly in close 
proximity with blood vessels, were observed in the old 
Control-Soy group (Supplementary Figure 3A). The occur-
rence of inflammation foci was abated in all CR groups 
(Supplementary Figure  3B–D). Nuclear size increased 
significantly with aging in the Control-Soy group, and this 
change was attenuated by CR both in young and in old ani-
mals. Of note, as previously observed for chromatin frag-
mentation, the increase of nuclear size with aging was also 
observed in CR-Fish but was completely abolished in the 
CR-Lard group (Figure 5B; see also Supplementary Figures 
2 and 3).

Discussion
An increase of apoptotic rate with aging has been doc-

umented in liver and other tissues (12,13,33). However, 
a decrease in the hepatic apoptotic response to genotoxic 
stress has been also reported (34). The decrease of Bcl-2/
Bax ratio and cytochrome c content in mitochondria, con-
comitant with the increase of cytosolic cytochrome c and 
chromatin fragmentation with aging under most of our 
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experimental conditions, support this age-related increase 
in apoptosis. However, the influence of CR and dietary fat 
source in apoptotic signaling depicts a complex pattern 
in which variations of upstream regulators are not always 
effectively transmitted to final effectors.

Previous studies reported no significant changes of Bcl-
2, Bax, or Bcl-xL expression levels with aging or CR in rat 
liver (35), and another article reported that Mcl-1 expres-
sion level increased with age but was not altered by CR in 
mouse liver (36). Our results indicate a strong regulation 

Figure 3. Activity of caspase-8 (Panel A), caspase-9 (Panel B), and caspase-3 (Panel C) in cytosolic fractions of liver after 6 or 18 months of dietary intervention 
(the age of animals at the end of intervention period was 9 and 21 months, respectively). Data are mean ± SEM; n = 4 per group. Significant differences between 6 
and 18 months for the same diet are denoted with asterisks (*p < .05, **p < .01, ***p < .001); †p < .05 vs CR-Soy for the same age group; ‡p < .05 vs CR-Fish for the 
same age group; §p < .05 for a linear trend within the three CR diets in the same age group. AU = arbitrary units; CR = calorie restriction.
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of Bcl-2 and Bax protein levels, resulting in a general age-
dependent decrease of Bcl-2/Bax ratio, regardless of energy 
intake and dietary fat. Interestingly, the underlying mecha-
nisms appear to be dependent on dietary fat source, because 
only mice fed soybean oil–containing diets exhibited an 

age-related decrease of Bcl-2 levels, whereas mitochon-
drial Bax levels increased with age in all CR groups. The 
ability of dietary fat or specific fatty acids to control apop-
totic signaling through the regulation of Bcl-2 family pro-
teins abundance has been studied previously. A short-term 

Figure 4. XIAP levels in total homogenates of liver after 6 and 18 months of dietary interventions (the age of animals at the end of intervention period was 9 and 
21 months, respectively). Data are mean ± SEM; n = 4 per group. Significant differences between 6 and 18 months for the same diet are denoted with asterisks (*p < 
.05, **p < .01); †p < .05 vs CR-Soy for the same age group. AU = arbitrary units; CR = calorie restriction; XIAP = X-linked inhibitor of apoptosis protein.

Figure 5. (Panel A) Presence of chromatin fragments in liver cytosolic fractions after 6 or 18 months of dietary intervention (the age of animals at the end of inter-
vention period was 9 and 21 months, respectively). (Panel B) Mean nuclear area of hepatocytes after 6 or 18 months of dietary intervention. Data are mean ± SEM; 
n = 4 per group. Significant differences between 6 and 18 months for the same diet are denoted with asterisks (*p < .05, **p < .01, ***p < .001); †p < .05 vs CR-Soy 
for the same age group; ‡p < .05 vs CR-Fish for the same age group; §p < .05 for a linear trend within the three CR diets in the same age group. CR = calorie restriction.
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treatment with docosahexaenoic acid decreased Bcl-2 and 
increased Bax protein levels in colon cancer cell lines (37), 
whereas olive oil (high in n-9 monounsaturated fatty acids) 
had the same effect in aged rat liver when compared with 
a sunflower oil–based diet (29). These studies may indicate 
regulation at a posttranscriptional level, although further 
research is needed.

Zhang and colleagues (38) reported a decrease of cyto-
solic cytochrome c levels in old rats, allegedly due to its 
rapid degradation once released to the cytosol, which is in 
contrast with our observations. The dramatic age-dependent 
increase of hepatic cytochrome c release and accumulation 
to the cytosol we show here is however in accordance with 
another report documenting a 10-fold increase of cytosolic 
cytochrome c in old rats (39), which is also consistent with 
the significant decrease of Bcl-2/Bax ratio in old mice.

Several studies have described an age-linked increase of 
caspase activities in liver and other mitotic organs (38,40–
43). However, we detected lower hepatic caspases-8 and -3 
activities, and caspase-9 activity also tended to decrease, in 
aged mice from the Control-Soy group, which is apparently 
in contrast with these previous reports and with our own 
observations about upstream and downstream components 
of the apoptotic signaling pathway. However, a decrease in 
hepatic caspases activities with aging in Control-Soy group 
is indeed in agreement with our previous results obtained 
from Wistar rats fed diets containing sunflower oil as the 
predominant fat source. Interestingly, this age-dependent 
decrease was abolished when animals were fed a diet con-
taining olive oil (29). Because sunflower and soybean oils 
share a very similar fatty acid composition characterized by 
a high content in n-6 polyunsaturated fatty acids (44), these 
observations suggest an influence of the edible oils on regu-
lation of caspase activities with aging.

An increase in inflammatory responses as a result of 
the consumption of n-6 fatty acid–enriched diets has been 
widely described (45,46), and the use of corn oil as the pre-
dominant fat source causes activation of the nuclear factor-
κB in hepatic Kupffer cells (47). Inflammatory responses 
mediated by nuclear factor-κB include the upregulation of 
prosurvival proteins, such as XIAP (48), which potently 
inhibits effector caspases (-3 and -7) and regulatory cas-
pase-9 (4,49,50). Expression of c-Flip, a caspase-8 inhib-
iting protein, is also enhanced by nuclear factor-κB (51). 
Thus, proinflammatory conditions elicited by n-6 fatty 
acids–enriched diets may account for the dramatic increase 
in XIAP expression we detect in old animals from the 
Control-Soy group and also for the decrease in caspase 
activities. The uncoupling between the mitochondrial path-
way (decrease of Bcl-2/Bax ratio and release and accumu-
lation of cytochrome c toward the cytosol) and caspases 
activities is a likely consequence of this mechanism.

Despite representing a prosurvival expression profile, the 
blockage of apoptotic pathways can result in the induction 
of necrotic cell death as a result of inflammation-related 

cell damage. Inflammatory processes in the liver are often 
associated with necrosis, which cannot be properly distin-
guished from apoptosis when determining the extent of 
chromatin fragmentation in tissue samples. Histological 
liver sections from old animals of the Control-Soy group 
showed leukocyte infiltration, which is consistent with age-
dependent chronic hepatic inflammation in this group. It is 
thus likely that the high values of chromatin degradation 
in liver from Control-Soy old mice represent a combined 
estimation of apoptosis and necrosis.

When we consider the three groups fed under CR, altera-
tions of Bcl-2/Bax ratio, cytochrome c release and accumu-
lation, and caspase-8 activity are consistent with enhanced 
hepatic proapoptotic signaling with advanced age. CR is 
known to prevent age-linked chronic inflammation, reduc-
ing tumor necrosis factor-α circulating levels and nuclear 
factor-κB expression and activation (52,53). Of note, 
hepatic XIAP levels were significantly lower in mice fed 
under CR for 18 months when compared with their Control-
Soy counterparts. An increase in caspases-8 and -9 activi-
ties with aging was detected in animals from the CR-Soy 
group, whereas mice from the Control-Soy group exhibited 
the inverse trend. In accordance, hepatic leukocyte infiltra-
tion in old mice was abated in the three CR groups. Besides 
a general age-related increase of caspase-8 and -9 activities, 
subtle changes due to dietary fat source were also observed 
in the CR groups because activities of regulatory caspases 
were higher in CR-Lard group and lowest in CR-Fish group, 
both in young and old animals.

Our data indicate an age-induced increase of chromatin 
fragmentation. Interestingly, the CR-Lard diet abolished 
this increase, although this does not fit with alterations of 
the studied effector proteins. In fact, caspase-3 activity was 
enhanced and the upstream caspase-9 activity remained 
unaltered with aging in this group. Cytosolic levels of AIF 
tended to decrease with age in all the CR diets with the 
exception of CR-Lard. AIF release occurs downstream of 
cytochrome c release and has been suggested to be a cas-
pase-dependent process (54). Consequently, the divergent 
patterns of cytosolic AIF and cytochrome c release and 
accumulation could be mediated by mechanisms involving 
mitochondrial outer membrane sequential permeabiliza-
tion. DNA fragmentation can also be mediated by external 
agents, namely Kupffer and stellate cells, which engulf the 
remaining apoptotic bodies after hepatocyte apoptosis (55).

Interestingly, age- and diet-related alterations in hepat-
ocyte mean nuclear area were in accordance with DNA 
fragmentation data. Hepatocytes from old animals fed 
CR diets, with the exception of CR-Lard, exhibited an 
increase in nuclear size compared with their young coun-
terparts. Nuclear size is directly related to polyploidy, a 
common feature among hepatocytes, which increases with 
aging (56). High ploidy levels have been previously asso-
ciated to cell senescence and increased apoptosis (57,58), 
although the physiological significance of this process is 
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not fully understood (56). Oxidative stress contributes to 
polyploidization in the adult liver (59,60). The possibility 
exists that saturated and monounsaturated fatty acids con-
tained in the CR-Lard diet may have influenced the ploidy 
levels through generation of a less prooxidant environment 
with aging.

Regardless of the mechanism underlying the apparent lack 
of enhanced apoptosis in old CR-Lard mice, its biological 
significance needs to be carefully considered. Unrestrained 
proliferative stimuli may generate neoplastic disease in tis-
sues lacking an adequate regulation of programmed cell 
death. Nevertheless, excessive apoptosis has been recently 
proven to be a source of hepatocarcinogenesis in mice with 
organ-specific deletions of genes codifying antiapoptotic 
Bcl-2-related proteins, and development of hepatocellular 
carcinoma was prevented in Mcl-1−/− Bak−/− double knock-
out strains (61,62). Similarly, a relation between hepato-
cellular carcinoma and polyploidization is currently under 
debate, although polyploidy and carcinogenesis have been 
previously linked in other tissues (56).

Although the lack of an age-dependent increase of 
nuclear size would be consistent with improved liver main-
tenance with aging, further studies will be required to 
elucidate whether lower levels of hepatic apoptotic DNA 
fragmentation in old mice from the CR-Lard group are actu-
ally related with protective changes in hepatic homeostasis. 
Pathophysiological data, together with life-span studies, are 
expected to enhance our understanding about how differ-
ent fat sources affect hepatocytes function and population 
dynamics.
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Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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SUMMARY  

 

Calorie restriction (CR) without malnutrition improves survival and delays 

the onset of age-associated diseases and disorders. In relation to skeletal 

muscle, aging induces sarcopenia (i.e. a loss in muscle mass and function), a 

phenomenon that has been proved to be significantly delayed by CR. Aging 

also induces changes in muscle fiber size as well as ultrastructural changes in 

subsarcolemmal and intermyofibrilar mitochondria. Furthermore, alterations of 

mitochondrial fission and fusion markers have been described during aging. 

Recently it has been reported in mice that dietary fat plays an important role in 

determining lifespan extension with 40% CR. In these conditions, animals fed 

lard as dietary fat showed an increased longevity compared with mice fed 

soybean or fish oils. In this paper, we study the effect of these dietary fats on 

structural and physiological parameters of skeletal muscle from mice 

maintained on 40% CR for 6 and 18 months. Our results show that CR 

improves several of the evaluated parameter referred to gastrocnemius muscle 

in comparison to control fed animals. These parameter included muscle fiber 

cross-sectional area, myofibrils area, ultrastructural planimetric parameter of 

subsarcolemmal and intermyofibrilar mitochondria, expression levels of fission 

(Drp1) and fusion (Mfn1, Mfn2 and OPA1) protein markers as well as Sirt3 and 

VDAC as mitochondrial function markers. However, differential results were 

obtained depending on the dietary fat with lard showing improved preservation 

of several of these parameters with aging when compared to the other CR diet 

groups. These results indicate that dietary fat modulates skeletal muscle 

structure and function in CR mice and plays an essential role in the 

determination of health span in rodents. 

 

 

Running title: Skeletal muscle aging, calorie restriction and dietary fat 

Keywords: Aging, calorie restriction, dietary fat, muscle fibers, 

mitochondrial ultrastructure and fission/fusion marker, skeletal muscle 
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INTRODUCTION 

 

The nearly universal feature of biological organism known as aging has 

been defined as a time-dependent degenerative process caused by 

accumulated damage that leads to cellular dysfunction, tissue failures, and 

death (Campisi, 2013). The aging process affects all organs and/or tissues by 

inducing a decline in their functions. In skeletal muscle, the so-called 

sarcopenia (i.e. a loss of muscular mass) is a hallmark of aging (see Johnson et 

al., 2013 for a recent review). In fact, in humans it has been described a decline 

in muscular mass that ranges 3-10% per decade after the age of 25 with 

significant impair in mobility, locomotion and quality of life (Nair, 2005). 

Currently, numerous researches are focused in the study or aging and possible 

treatments or experimental procedures to delay or alleviate the effects of 

sarcopenia.  

Although sarcopenia can be observed through its multiple effects on 

mammal organisms, a decline in mitochondrial content or function has been 

considered to play an essential role in this process. However, the exact 

mechanism by which skeletal muscle aging affects mitochondria and vice-versa, 

is still a matter of debate (see Johnson et al., 2013). Although aging, and 

therefore sarcopenia, has been explained on the basis of the action of free 

radicals, especially those generated in and acting on the mitochondria (Harman, 

1972), the so-called “mitochondrial free radical theory of aging” (Miquel et al., 

1980) has been challenged (see for example, Hekimi et al., 2011). However, 

excessive reactive oxygen species (ROS) production and accumulation are still 

considered to be involved in the development of different pathologies and the 

aging process (see Barja, 2013).  

To cope with the detrimental effects of aging, several strategies have 

been developed. In the case of skeletal muscle these include genetic 

manipulation, pharmacological approaches, exercise training, etc (see Finley et 

al., 2012; Lagouge et al., 2006; Jeong et al., 2015; Rodríguez-Bies et al., 2010; 

Corsetti et al., 2008). However, calorie restriction (CR; i.e. a reduction in calorie 

uptake without malnutrition) is considered the most robust environmental 

intervention so far (Speakman and Mitchell, 2011; Fontana and Partridge, 
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2015). Thus, a reduction in calorie intake of about 20–40% of the control fed 

animals has been reported not only to prevent several diseases related to aging 

(cancer, diabetes, hypertension, etc) in a wide range of animals including 

nonhuman primates and humans, but also to increase life span in several 

species (Colman et al., 2009; Mattison et al., 2012). In relation to skeletal 

muscle, CR has been shown to exert a protective effect against sarcopenic 

muscle loss in both rodents (Aspnes et al., 1997) and non-human primates 

(Colman et al., 2008). Thus, in old rats it was observed that CR preserved both 

the fiber number and fiber type composition in the vastus lateralis muscle. Also, 

these animals had significantly lower numbers of mtDNA deletion products in 

two (adductor longus and soleus) of the four muscles examined in comparison 

with the ad libitum fed counterparts (Aspnes et al., 1997). 

In spite of the results described above, the mechanisms by which CR 

operates are not completely understood although it is often assumed that the 

anti-aging action of CR is partially based on its ability to suppress oxidative 

stress and maintain the cellular redox status to provide optimal cell signaling 

processes and normal gene expression (Chung et al., 2013). Also, CR has 

been proposed to induce biogenesis of efficient mitochondria (López-Lluch et 

al., 2008). 

In two recent studies it has been shown that dietary fat (soybean oil, fish 

oil and lard) influence the fatty acid composition of the mitochondrial 

membranes from skeletal muscle (Chen et al., 2012) and liver (Chen et al., 

2013) in C57BL/6 mice following one month of 40% CR, which resulted in 

changes in several physiological functions of the mitochondria such as 

phospholipid composition, ROS production, proton leak and ETC enzyme 

activities in CR animals (Chen et al., 2012 and 2013). Using the same 

experimental design with longer periods of CR, lard as dietary fat showed to 

have an optimal effect on several parameters related to mitochondrial 

physiology (Chen et al., 2014) and to mitochondrial and plasma membrane 

apoptotic signaling in skeletal muscle (López-Domínguez el al., 2013). More 

recently, it has been confirmed that the composition of dietary fat modulates 

longevity of mice fed CR diets (López-Domínguez et al., 2015). Thus, animals 

fed a 40% CR diet with lard (high in saturated and monounsaturated fatty acids) 
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as the primary dietary fat had extended lifespan compared to CR animals 

consuming diets with either soybean oil (high in n-6 polyunsaturated fatty acids) 

or fish oil (high in n-3 PUFAs) as the primary lipid sources (López-Domínguez et 

al., 2015). Although these results were in accordance with the proposed idea of 

a inverse correlation between the degree of membrane phospholipid 

unsaturation and lifespan (Hulbert, 2003; Pamplona et al., 2002), with PUFAs 

being more susceptible to peroxidation and other modifications which result in 

the accumulation of oxidative injury in membranes containing these fatty acids, 

the influence of dietary fat composition on physiological function and health 

span are not known.  

The aim of this work is to ascertain whether dietary fat has some 

influence on structural and dynamics parameters of mitochondria from skeletal 

muscle tissues in mice submitted to medium- (6 months) and long-term (18 

months) periods of 40% CR and the possible effects of the dietary fat on mice 

health span through their possible beneficial effect on these organs 

mitochondrial morphology and dynamics. 

 

MATERIAL AND METHODS 

 

Animals and 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.) under controlled conditions of 

temperature (22±3 °C) and humidity. After habituati on to a commercial rodent 

chow diet (Harlan Teklad #7012, Madison, WI) for 14 days, the mice were 

randomly assigned into four dietary groups and were fed a modified AIN-93G 

purified diet. The control group was fed 95 % of a pre-determined ad libitum 

intake (12.5 kcal). This slight restriction in food intake was initiated to prevent 

excessive weight gain during the study. The three CR dietary groups were 

maintained on 60 % of the daily allowance of the ad libitum intake (8.6 kcal), 

and these diets were identical except for dietary lipid sources. 
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The diets (percent total kilo calories per day) contained 20.3 % protein, 

63.9 % carbohydrate, and 15.8 % fat. The dietary fat for the control group was 

soybean oil. 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 

insure adequate linoleic acid levels, the CR-fish group was supplemented with 

soybean oil. Fatty acid composition of dietary lipids has been detailed in 

previous publications of our group (Chen et al., 2012 and 2013). All mice were 

housed individually and were fed the control or CR 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. At the end of the 6 or 18 

months intervention period, the animals were sacrificed by cervical dislocation 

after an 18-h fast. Muscle from the hindlimb was rapidly 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. In this work we have use d the characters C, L, S and 

F to identify control, lard, soybean oil and fish oil-fed animals respectively, 

followed by 6 or 18, which are the dietary intervention periods (in months).  

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. 

 

Isolation of cytosolic fractions from skeletal muscle  

Hindlimb skeletal muscles 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. 

Samples were centrifuged at 350×g for 10 min to discard cell debris and nuclei, 

and the supernatant was centrifuged at 80,000×g for 45 min to separate a 

cytosolic and a crude membrane fraction. Cytosolic fractions were stored frozen 

at −80 °C until further analysis.  
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Structural and ultrastructural analysis of skeletal muscle fibers 

 

Samples from deep zones of the gastrocnemius muscle from at least five 

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

2 % paraformaldehyde in sodium 0.1 M cacodylate buffer pH 7 for 12-24 h, and 

post fixed in 1 % osmium tetroxide for 1 h at 4 °C in the same buffer. After 

dehydration in an ascendant series of ethanol, the pieces were 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. Afterwards, 

samples were transferred to pure resin for 24 h. Then, blocks were performed in 

silicon molds with fresh resin for 48 h at 65 °C. W e placed the samples into the 

molds in order to obtain cross sections of the tissues. After sculpting, blocks 

were sectioned in an Ultracut Reicher ultramicrotome and semi-thin sections 

(0.5-µm thick) were mounted on glass slides. In order to differentiate red from 

white muscle fibers, semi-thin sections were stained, sections were stained for 

2–5 min with an aqueous solution of 1 % toluidine blue in 1 % borax or with a 

drop of 1% p-phenylene-diamine dissolved in a mixture of equal parts methanol 

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

parts methanol and isopropanol, and mounted under cover glasses 

(Korneliussen, 1972). From this material, we obtained pictures using a Leica 

DME light photomicroscope. Cell sizes as well as circularity coefficients of red 

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

those pictures showing unequivocal transversal sections of muscle fibers were 

considered in this work. 

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 viewed 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; Univ. Córdoba). 

From this material we obtained pictures of cross-sectioned red fibers originally 

at 35,000X. These pictures were taken at random from both peripheral and 

internal zones of the cells and planimetric parameter (area and circularity 
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coefficient) of myofibrils, subsarcolemmal and intermyofibrillar mitochondria (SS 

and IMF mitochondria, respectively). Planimetric were obtained using ImageJ 

software (NIH; USA).  

Supplementary Table 1 includes the number of animals used in this study 

as well as data concerning number of scored cells, miofibrils, subsarcolemmal 

and intermyofibrilar mitochondria. 

 

Polyacrylamide Gel Electrophoresis and Western Blot Immunodetection  

About 50 µg of mitochondrial 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–polyacrylamide gel electrophoresis (12.5% acrylamide); and then blotted 

onto nitrocellulose sheets. Blots were stained with Ponceau S for visualization 

of protein lanes. For polypeptide detection, we used rabbit polyclonal sera 

against Fis1, Drp1, Mfn1, Mfn2, Sirt3 or VDAC (obtained from Santa Cruz 

Biotech) diluted at a range of 1:2000–1:3,000. For OPA1 detection, we used a 

goat polyclonal antiserum (Santa Cruz Biotech) at a 1:2,000 dilution. Drp1 was 

also immunodetected in blots obtained after eletrophoretic separation of 50 µg 

cytosolic protein. The corresponding secondary IgG antibodies (diluted from 

1:200 to 1:5,000) coupled to horseradish peroxidase (Sigma) were used to 

reveal binding sites by enhanced chemiluminescence (ECL-Plus, GE 

Healthcare Life Sciences). Photographic films and Ponceau S-stained blots 

were scanned in a GS-800 calibrated densitometer (Bio-Rad) to obtain digital 

images. Quantification of reaction intensity was carried out using Quantity One 

software (Bio-Rad). Data obtained from quantification of stained bands (in 

arbitrary units) were normalized to those of the corresponding lane stained with 

Ponceau S in order to correct any difference in protein loading between 

samples, as previously validated by our group (Bello et al., 2003). In order to 

have 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 case. Thus, results of protein levels 



 

 

43 

 

measured by Western blotting were also represented in separate plots: one for 

CR effects (C vs S) and the other one for dietary fat effects in CR animals (L, S 

and F). 

 

Statistic analysis 

 

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

normality by using D’Agostino–Pearson test. The effects of CR were assessed 

by Student’s t test (vs. corresponding controls). In case data did not pass the 

normality test, the nonparametric Mann–Whitney test was followed. The effects 

of dietary fat in calorie restricted animals 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, which resulted in a progressive decrease of n-6/n-3 ratio in 

phospholipids HUFA (Chen et al. 2012). In case data did not pass the normality 

test, the nonparametric Kruskal–Wallis test was followed. 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). 

 

RESULTS 

 

In cross-sectioned gastrocnemius muscle, red and white fibers (RF and 

WF, respectively) appear as polygonal structures and can be distinguished after 

staining of semithick section with toluidine blue. However, in those cases in 

which that technique did not yield a clear result, we applied p-phenylene-

diamine. In both cases, relatively large blue or dark-brown spots were detected 

in peripheral regions of the cells. More discrete dots were also found in internal 

zones of the fiber (see Supplementary Fig. 1). These colored spots reveal the 

presence mitochondria clusters as confirmed using electron microscopy (see 

below) and allow distinguishing red from white fibers. In these pictures WFs 
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were apparently bigger than RFs (see Supplementary Fig. 1). As expected, the 

quantitative planimetric analysis of these cells in cross section showed lesser 

size of RF compared to WF regardless dietary intervention or animal age (Fig. 

1A-B). However, aging and dietary fat induced significant differences in cross 

area when comparing RF and WF (Fig 1A-B). Thus, in WF cross-sections area 

decreased during aging in control and CR mice regardless the dietary fat (Fig. 

1B). However, in RFs area decreased in aged mice from S18 and F18 groups 

without significant alterations in control and in L18 animals (see Fig. 1A). 

Statistical analysis showed that after 18 mo. of CR, RF area from L18 mice 

were significantly higher than those measured in S18 and F18 (Fig. 1A). Aging 

also affected circularity coefficient in both types of fibers. In control RF, this 

parameter remained unaltered but significantly increased in L18 and F18 (Fig. 

1C). In RF, circularity coefficients from F6 and F18 mice did not show changes 

in this parameter (Fig. 1C). When comparing the different dietary fat groups, we 

found the highest values in F. In six month calorie restricted mice, we found a 

linear trend of increasing circularity coefficient ordered as L6 < S6 < F6. In 

control mice WF circularity significantly decreased from 6 to 18 months, a result 

that was also found in S6 and S18 animals (Fig 1D). However, in the other 

dietary fat groups no changes were detected for circularity coefficient during 

aging. As occurred for RF, we found an increasing linear trends in this 

coefficient for 6 months CR mice, being L6 < S6 < F6 (see Fig. 1D).  

At the electron microscope level, two different mitochondrial populations 

were observed in RFs: the so-called subsarcolemmal and intermyofibrillar 

mitochondria (SSM and IMM, respectively). Supplementary Fig. 2 shows some 

examples of RFs ultrastructure in 6 and 18 month CR with the different dietary 

fat as examples of the material used in this work to obtain planimetric parameter 

of RF mitochondria. Both types of mitochondria underwent morphometric 

changes during aging and CR with the different sources of fat. Although aging 

did not induced changes in IMM size, in CR mice this parameter significantly 

increased during aging (Fig 2A). Dietary fat also induced changes in calorie 

restricted mice after 6 mo. of interventions, with L6 mice showing the biggest 

IMM and S6 the smallest ones (Fig 2A), a situation that was partially repeated in 

18 mo., since the biggest mitochondria were found again in L18 group. 
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However, at this time F18 animals displayed the smallest ones (see Fig. 2A). 

Also, a linear trend was found in IMM area when comparing the different dietary 

fats in CR restricted animals ordered as L18 > S18 > F18 (Fig 2A).  

Aging affected subsarcolemmal mitochondria (SSM) area in different 

ways depending on the dietary fat, with marked decrease in control and a 

significant increase in S18 mice (Fig. 2B). When comparing the effect of aging 

in the other CR groups, we found decreased values in L but a significant 

increase in F group (see Fig. 2B). After 6 mo. of CR, control animals showed 

comparatively bigger mitochondria that those found in S6 (Fig. 2B). However, 

when comparing the different dietary fats, we found significantly biggest 

mitochondria in L6 group (Fig 2B). After 18 mo., L18 animals also displayed the 

biggest mitochondria, and no differences were found in the other dietary fats 

(Fig. 2B). In SSM area from CR groups we found a decreasing linear trend for 

both 6 and 18 months of CR ordered as L < S < F (see Fig. 2B). 

We also measured circularity coefficients (CC) in both types of 

mitochondria in the different dietary groups and the results are displayed in Fig. 

2 C and 2D. In IMM, CC significantly increased during aging in all of the 

experimental groups (Fig. 2C). After 6 mo. of intervention, the highest values 

corresponded to control mice and no differences were found when comparing 

the dietary fat groups although a linear trend was found for CR groups ordered 

as L6 > S6 > F6 (see Fig 2C). After 18 mo of CR, CC was higher in control 

mice, but when comparing the different dietary groups, the highest values were 

found in F18 animals (Fig. 2C). Strongly similar results were found for SSM: 

significant increases during aging and highest values in control compared to 

S18 groups (Fig 2D). In this case, an increasing linear trend was found for this 

parameter ordered as L18 < S18 < F18 (see Fig. 2D). 

In addition to mitochondria, cross-sectioned myofibril areas were also 

determined and the results are displayed in Fig 3. A myofibril consists of a 

bundle of actin and myosin filaments surrounded by IMM and sarcoplasmic 

reticulum (see Supplementary Fig 2 for examples). Aging resulted in significant 

decreased values of myofibril size control mice, although no change was 

detected in CR animals (see Fig 3). After 6 mo. of intervention CR did not 

induced changes in this parameter compared to controls, but lard and fish oil 
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induced a significant increase in myofibril size (Fig 3). After 18 mo. of 

intervention, CR induced an increase in myofibril area. When comparing the 

other dietary fats, we found the highest values in L18 and the lesser in F18. In 

these groups, a linear trend was also found for this parameter ordered as L18 > 

S18 > F18 (see Fig 3). 

Besides morphometric parameters, we also determined the expression 

level of different proteins related to mitochondrial physiology and dynamics by 

western blot. We first determine the expression levels of Sirt3 and the results 

are shown in Fig 4A-B. Neither age nor CR induced changes in this parameter 

(Fig. 4A). However, when comparing the different dietary fats in CR animals, we 

found increased levels in L6 compared to S6 after 6 mo of intervention (Fig 4B). 

No further changes were detected for this protein after 18 mo of dietary 

intervention (see Fig 4B). 

Expression levels of VDAC underwent striking changes during aging and 

CR periods. Thus, in control mice VDAC significantly increased from 6 to 18 

mo., a trend that was not observed in CR fed animals (Fig 4C) On the other 

hand, dietary fat induced significant changes in this parameter. Thus, aging 

resulted in decreased expression levels of VDAC in L and F groups remaining 

unaltered in S mice (Fig 4D). Although no changes were detected when 

comparing the different dietary fats after 6 mo, longer period of time (18 mo) 

resulted in increased expression level of VDAC in S18 compared to L18 mice 

(see Fig 4D). 

The expression levels of proteins involved in mitochondrial fusion (Mfn1, 

Mfn2 and OPA1) were also determined. Neither aging nor CR induced changes 

in Mfn1 expression levels, and dietary fat in CR fed animals did not have any 

effect on this protein (Figs 5A and B). Nevertheless, in control animals aging 

induced an increase in Mfn2 (Fig 5C). This result was also found when 

comparing control and CR mice after 6 mo of intervention. However, no 

differences were found when comparing the effects of the different dietary fats 

in CR mice after 6 or 18 mo (see Fig 5D). Finally, the expression levels of OPA1 

were not affected in control mice during aging, but a significant increase was 

found when comparing 6 mo old controls with CR animals (Fig 5E). Although 
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OPA1 levels remained unaltered in S fed mice during aging, both lard and fish-

oil induced a significant increase after 18 mo of CR (see Fig 5F). 

Expression levels of the fission-related protein Drp1 was also analyzed, 

but no differences were found during aging when comparing control mice with 

those submitted to CR (Fig 6A) or in animals fed different dietary fats (Fig 6B). 

 

DISCUSSION 

 

Sarcopenia, i.e. the involuntarial loss of skeletal muscle mass and 

function, is a hallmark of aging (Johnson et al., 2013). This phenomenon is of 

great importance for the individual’s health because of its association with 

weakness and frailty, resulting in the increased incidence of falls, disability, and 

allcause mortality in humans (Wohlgemuth et al. 2010). Skeletal muscle 

consists of bundles of contractive unit motors known as “muscle fibers” or 

simply “fibers”. Fibers have been separated into different types depending on 

their morphological, cytochemical, biochemical and physiological 

characteristics. Thus, type I fibers (low twitch) contains more mitochondria and 

show less area in cross-section than type II (fast-twitch), which can be 

separated into different types too (IIA, IIB and IIX, see Schiaffino and Reggiani, 

2011). Due to the higher concentration of myoglobin and capilary density 

around, these fibers are known also as “red fibers”, in contrast to “white fibers”, 

less capilarized but bigger in cross-section area (Schiaffino and Reggiani, 

2011). Although gastrocnemius muscle is generally considered a white, fast 

muscle, in the deeper region of the muscle most fibers are red-type (Sher and 

Cardasis, 1976; Hayasaki et al., 2001). Our analysis ultrastructural analysis on 

myofibrils and subsarcolemmal and intermyobrilar mitochondria has been 

performed on cells from that muscle zone and, therefore on red fiber type. The 

structural study of fiber size was performed in both red and white fibers. The 

protein expression analysis (mitochondrial fission/fusion markers and Sirt3 and 

VDAC) was performed in whole muscle homogenates and therefore included all 

kind of fibers.  
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In spite of some controversial data, it is generally accepted that in 

different mammalian models including humans, aging results in reduced cross-

sectional area in white fibers (WF) without significant changes in red fibers (RF; 

Korhonen et al., 2006; Mathieu-Costello et al., 2005; Luff, 1998; McKiernan et 

al, 2001), a situation that is retarded or prevented by CR (Aspnes et al., 1997; 

McKiernan et al., 2011; McKiernan et al 2012). According to these report, our 

data show no changes in RF cross-sectional area but significant decrease in 

this parameter in WF in control conditions. However, CR did not prevent the 

decreased area in WF and even induced a reduction of fiber area in RF. 

Strikingly, in those CR animals with lard as dietary fat, RF area remained similar 

to control and the decreased WF size was not as pronounced as in control too. 

When oil fish was included as dietary fat, we obtained similar results to controls 

mice. Interestingly, myofibril area decreased in all the experimental groups 

during aging except in L6 and L18 groups. Since myofibril area was scored only 

in RF type, the possibility exists that the maintenance of myofibril size in both 

groups may be involved in the preservation of FR size in these groups. 

Fiber shape also changed during aging especially in WF in which more 

angular cells were found in old animals, a situation that CR did no attenuate 

when soybean oil was included as dietary fat, a result that was also reported by 

Kim et al (2008). However, when lard or fish oil were the included as fat source 

in CR animals, circularity coefficient were similar in 6 and 18 month restricted 

mice. Lesser changes were found in RF but the trend was to maintain cell 

shape similar to control fibers. This effect was especially marked after 18 

months of CR. In a recent paper which included all type of fibers, López-

Domínguez et al (2013) showed that six months of CR had no effect on cell 

shape when lard was included as dietary fat but significantly decreased in those 

animals including soybean or fish oil as dietary fat. Except for lard CR fed 

animals, our results were consistent with these findings. 

Strong evidence indicates that mitochondrial dysfunction plays an 

important role in the skeletal muscle aging process. Thus, aged skeletal muscle 

display impaired mitochondrial energetics (Gouspillou et al., 2014; Short et al., 

2005) and increased mitochondrial-mediated apoptosis (Selman et al., 2003; 

Dirks et al., 2004; Leeuwenburgh et al., 2005) and therefore ultrastructural 
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changes in mitochondria should be expected to occur. However, Bertoni-

Freddary et al (2002) reported in human muscle biopsies a decreasing trend in 

SSM and IMM area and major diameter. Nevertheless, the changes were not 

significant. More recently, in WF from mice Leduc-Gaudet et al. (2015) found 

increased size but decreased circularity in SSM as well as longer and more 

branched IMM during aging. These results contrast with those reported here 

since we found decreased sizes in SSM and no changes in SSM in control 

conditions during aging. However, calorie restriction resulted in differential 

results depending on the dietary fat, with significant increased size in both types 

of mitochondria when lard was used as dietary fat. Another striking difference 

affected mitochondrial roundness, with increased circularity during aging in 

SSM and IMM regardless the dietary group. These results clearly indicate that 

the effects of CR on mitochondrial morphometric parameters during aging are 

modulated by the dietary fat. 

Mitochondria are recognized as highly dynamic organelles, existing in 

networks that are continuously remodeled by biogenesis, fission and fusion and 

degradative processes as autophagy or mitophagy (Peterson et al., 2012). The 

equilibrium between both phenomena defines mitochondrial ultrastructure and 

abundance in the different cell types and under the diverse physiological 

conditions (see Chan, 2012 for a recent review), and increased mitochondrial 

biogenesis has been reported to partially mediate the beneficial effects of CR 

(López-Lluch et al., 2006). In mice skeletal muscle it has been reported that 

aging does not alter the expression levels of proteins related to mitochondrial 

fission (Drp1) or fusion (Mfn1, Mfn2 and OPA1) but an increased ratio 

Mfn2/Drp1 was found (Leduc-Gaudet et al., 2015). These authors suggested 

that these results are compatible with a fusion-fission imbalance in favour of 

mitochondrial fusion in aged skeletal muscle (Leduc-Gaudet et al., 2015). In our 

experiments we did not find changes in Drp1 and Mfn1 expression during aging 

in control or CR regardless the dietary fat. However, Mfn2 increased in aged 

control animals but did not change in CR mice. Finally, OPA1 expression levels 

remained unaltered in control mice but aging induced a significant increase in 

those CR animals when lard was the main fat source, which agrees with the 

observations by Leduc-Gaudet et al. (2015). 
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Sirt3 is located at the mitochondria and plays an essential role in 

mitochondrial efficiency by deacetylation and activation of MnSOD and 

glutathione-scavenging pathway enzymes to protect from reactive oxygen 

species during CR and other experimental conditions (Konopka et al., 2013; 

Someya et al., 2010). In our experimental groups Sirt3 expression levels were 

unaltered during aging in control mice but decreased after 6 months of CR in S 

group, a situation that was reverted after 18 months. When lard or soybean oil 

was used as dietary fat in CR mice no changes were detected in this parameter, 

indicating a relatively well preserved mitochondrial efficiency in the different 

dietary groups. 

The voltage-dependent anion channel (VDAC) constitutes the main 

pathway for ATP, ADP and other mitochondrial metabolic substrates across the 

outer mitochondrial membrane. However, it has been shown that its over-

expression due to the accumulation of reactive oxygen species at the 

mitochondria can result in increased apoptosis via oligomerization of VDAC 

facilitating citochrome C release (see McCommis and Baines, 2012) and thus 

contributing to enhanced sarcopenia in old individuals. Our results show an 

increased expression of VDAC in control mice during aging, a situation that 

persisted in CR mice including the same dietary fat as in controls. However, in F 

and L groups, the expression levels of VDAC significantly dropped to lower 

levels that those found in younger animals. This effect was markedly higher in L 

group. These results support the idea that dietary fat may play an essential role 

in the modulation of the beneficial effects of CR. 

We have recently shown that 40% CR extends lifespan in mice. 

However, differences in longevity were found among CR groups depending on 

the source of dietary fat. Thus, lard extended longevity compared to soy and 

fish oils (López-Domínguez et al., 2015) pointing to a role of specific dietary 

components in determining lifespan of mice fed CR diets. We also have 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 (F) and soybean (S) oil fed animals respectively and probably 

changing several properties of the membranes (Chen et al., 2012 and 2013). 
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On the other hand, lard (L) 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 

(see Villalba et al., 2015 for a recent review). 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 with purified fatty acids will be required to identify the specific fatty acids 

which influence health and lifespan in CR mice. 

In summary, in this paper we report that long term CR partially prevents 

or delays the appearance of several structural hallmarks of aging skeletal 

muscle, such as decreased RF and WF area, decreased SSM, IMM and 

myofibrils or decreased expression levels of proteins related to mitochondrial 

fusion. However, these effects differed depending on the dietary fat. CR mice 

with lard as dietary fat showed an improved preservation of several of these 

parameters compared to other diet groups. These results fit well with those 

reported by López-Domínguez et al (2015) in which CR using lard as fat source 

resulted in extended longevity in comparison to other dietary fat (soy and fish 

oil), reinforcing the idea that dietary fat may have a crucial role in the 

determination of CR-mediated healthy aging in mice 
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FIGURE LEGENDS 

 

Figure 1.- Planimetric measurements in red and white fibers (RF and WF, 

respectively) in gastrocnemius muscle from mice fed different diets. In panels A 

and B we represent mean cross-sectioned fiber area in RF (A) and WF (B). In 

panel A, a p < 0.01 vs their 18 month-old S counterparts; b p < 0.001 vs S18 and 

F18 and c p < 0.001 vs F18. In panel B, a p < 0.05 vs S6; b p < 0.001 vs S18 and 

F18 and c p < 0.001 vs F18. In C we represent circularity coefficient of red 

fibers. In panel C, a p < 0.05 vs L6 and S6; b p < 0.001 vs S18 and F18 and c p 

< 0.05 vs F18; # denotes a linear trends for CR fed mice after 6 (L6 < S6 < F6) 

and 18 months (L18 > S18 > F18). Circularity coefficient of cross-sectioned 

white fibers (WF) are represented in D (a p < 0.01 vs S6, b p < 0.001 vs S18 and 
c p < 0.001 vs F18. # denotes a linear trend in 6 months CR mice ordered as L6 

< S6 < F6). In all figures * p < 0.05; ** p < 0.01 and *** p < 0.001. White bars 

represent 6 month-old mice and grey bars are 18 month-old animals. 

Figure 2.- Planimetric parameters of intermyofibrilar (IMM, panels A and 

C) and subsarcolemmal (SSM, panels B and D) mitochondria. In panel A, a p < 

0.01 vs L6 and F6, b p < 0.001 vs S18, c p < 0.001 vs S18 and F18 and d p < 

0.001 vs F18 (# decreasing linear trend in 18 mo. CR mice ordered L18 > S18 > 

F18); in panel B, a p < 0.05 vs S6, b p < 0.001 vs S6 and F6 and c p < 0.001 vs 

S18 and F18 (# denotes decreasing linear trend for both 6 and 18 mo CR 

animals ordered as L > S > F); in panel C, a p < 0.001 vs S6, b p < 0.001 vs S18 

and c p < 0.001 vs L18 and S18 (# decreasing linear trend in 6 mo. CR mice 

ordered L6 > S6 > F6); in panel D, a p < 0.001 vs S6, b p < 0.001 vs S18 and c p 

< 0.001 vs S18 and F 18 (# denotes a linear trend in 6 month-old RC mice 

ordered as L6 < S6 < F6). 

Figure 3.- Representation of cross-sectioned myofibrils area from 

gastrocnemius red fibers from mice submitted to different dietary interventions. 

**, p < 0.01; ***, p < 0.001; a p < 0.001 vs L6 and F6; b, p < 0.001 vs C18 F18 

and c p < 0.001 vs F18. # denotes a linear trend in 18 CR mice ordered as L18 

> S18> F18. 

Figure 4.- Protein expression pattern of Sirt3 (panels A and B) and VDAC 

(panels C and D) in mice during aging in control and in 6 and 18 months of CR 
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(Figs A and C). The effects of the different dietary fat on the expression levels of 

both proteins are depicted in panels B and D. In panel B a p < 0.05 vs L6; in 

panel C a p < 0.05 vs the corresponding 6 month-old counterparts, and in panel 

D a p < 0.05 vs L18. 

Figure 5.- Expression levels of proteins related to mitochondrial fusion: 

Mfn1 (A and B), Mfn2 (C and D), and OPA1 (E and F). In panel C and E, a p < 

0.05 vs S6; in panel F, a p < 0.05 vs F18. # denotes a linear trend in 18 month-

CR mice ordered as L18 >S18>F18. 

Figure 6.- Expression levels of the protein Drp1 after 6 or 18 months of 

CR with the different fat sources. No differences were found during aging and 

when comparing control versus CR mice (Fig A) or with the different fat sources 

(Fig B). 

 

 

Supplementary Figure 1.- Cross section of mice gastrocnemius muscle 

showing red and white fibers (RF and WF, respectively) stained with toluidine 

blue (A and B) or with p-phenylene-diamine /C and D). With both techniques 

clustered subsarcolemmal mitochondria can be observed as blue or brown 

spots at the cell periphery (arrows). Intermyofibrillar mitochondria are revealed 

as small colored-dots spread out on the RF sarcoplasm (A = C6; B = S6; C = 

S18 and D = L18) 

Supplementary Figure 2.- Examples of RF from mice gastrocnemius 

muscle in cross sections. Subsarcolemmal mitochondria (yellow arrows) are 

located between the plasmalemma (black arrows) and myofibrils, while 

intermyofibrilar mitochondria (IMM; red arrows) are found into the sarcoplasm 

surrounded by myofibrils. A = C6; B = L6; C = S6; D = F6; E = C18; F = L18; G 

= S18 and H = F18. On each picture some myofibrils have been lined in green 

as example. The bars are equal to 2 µm. 
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Supplementary Table 1.- Number of animals, cells, myofibrils, SSM and IMM 
scored in this work. 

 

 

N 6 Months 18 Months 

 C L S F C L S F 

Animals 5 5 6 5 5 5 5 5 

Red fibers 88 164 240 135 1170 1254 1180 1337 

White fibers 161 181 303 119 1545 934 912 1558 

Fibers TEM 27 29 33 27 55 55 55 55 

Myofibrils 429 481 560 453 1440 1408 1537 1418 

SSM 811 1700 120 2900 3756 2388 3530 2290 

IMM 268 275 370 192 3010 1802 1659 1950 
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1.- The results included in this work show significant changes in both 

hepatocyte size and mitochondrial ultrastructure in hepatocytes from young and 

mature/old mice following medium and long-term calorie restriction. 

Furthermore, we have found significant changes in mitochondrial biogenesis 

and metabolism regulators PGC-1α and Nrf1 as well as in protein related to 

mitochondrial fission and fusion. The extent of these changes depended on 

dietary fat composition.  

2.- Under calorie restriction conditions, mitochondrial pro-apoptotic signaling is 

significantly increased during aging, with augmented levels of Bax and 

mitochondrial permeabilization. However, the loss of different pro-apoptotic 

mediators (cytochrome c and AIF) by hepatocyte mitochondria in aged mice is 

not equivalent. Mean nuclear area was increased in aged animals, with the 

exception of calorie restricted mice fed a lard-based fat source, suggesting 

possible protective changes in hepatic homeostasis with aging in the calorie 

restricted lard group. 

3.- In skeletal muscle medium and long-term CR had beneficial effects on red 

and white fibers morphology, as well as in myofibril, subsarcolemmal and 

intermyofibrilar mitochondria ultrastructure in red fibers. Although CR did not 

induce striking changes in the expression of protein related to mitochondrial 

dynamics and function, a trend to enhance mitochondrial fusion was found 

when lard was included as dietary fat. 

4.- Overall, the results of this study indicate that on a basis of CR, dietary fat 

composition plays a crucial role in the fine tuning of the mitochondria in mitotic 

and post-mitotic tissues. In this sense, lard showed optimal effects on several of 

the analyzed parameter in both tissues. Furthermore, dietary fat composition 

should be taken into consideration when designing diets to optimize the 

mitochondrial changes induced by CR. 
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Abstract Calorie restriction decreases skeletal muscle
apoptosis, and this phenomenon has been mechanisti-
cally linked to its protective action against sarcopenia
of aging. Alterations in lipid composition of mem-
branes have been related with the beneficial effects

of calorie restriction. However, no study has been
designed to date to elucidate if different dietary fat
sources with calorie restriction modify apoptotic sig-
naling in skeletal muscle. We show that a 6-month
calorie restriction decreased the activity of the plas-
ma membrane neutral sphingomyelinase, although
caspase-8/10 activity was not altered, in young adult
mice. Lipid hydroperoxides, Bax levels, and cyto-
chrome c and AIF release/accumulation into the
cytosol were also decreased, although caspase-9 ac-
tivity was unchanged. No alterations in caspase-3
and apoptotic index (DNA fragmentation) were ob-
served, but calorie restriction improved structural
features of gastrocnemius fibers by increasing
cross-sectional area and decreasing circularity of
fibers in cross sections. Changing dietary fat with
calorie restriction produced substantial alterations of
apoptotic signaling. Fish oil augmented the protec-
tive effect of calorie restriction decreasing plasma
membrane neutral sphingomyelinase, Bax levels,
caspase-8/10, and −9 activities, while increasing lev-
els of the antioxidant coenzyme Q at the plasma
membrane, and potentiating the increase of cross-
sectional area and the decrease of fiber circularity
in cross sections. Many of these changes were not
found when we used lard. Our data support that
dietary fish oil with calorie restriction produces a
cellular anti-apoptotic environment in skeletal mus-
cle with a downregulation of components involved
in the initial stages of apoptosis engagement, both at
the plasma membrane and the mitochondria.
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Introduction

Aging is associated with sarcopenia, a loss of skeletal
muscle mass and function. Sarcopenia of aging is of
great importance for the individual’s health because of
its association with weakness and frailty, resulting in
the increased incidence of falls, disability, and all-
cause mortality in humans (Wohlgemuth et al. 2010).
Morphological changes in skeletal muscle with aging
include a reduction of fiber cross-sectional area, loss
of fiber number, and increases in extramyocyte space
and connective tissue (Phillips and Leeuwenburgh
2005; Kim et al. 2008).

Several systems participate in the degradation of
cellular constituents of skeletal muscle fibers and thus
may play a role in muscle loss that occurs with disuse,
denervation, or aging. These systems include apopto-
sis, the autophagy–lysosomal system, the calpain sys-
tem, and protein degradation through the ubiquitin–
proteasome system (Dirks and Leeuwenburgh 2002,
2004; Phillips and Leeuwenburgh 2005; Marzetti et al.
2008a; Wohlgemuth et al. 2010; Romanello et al.
2010). During the last years, it has been firmly estab-
lished that the increase of pro-apoptotic processes in
the skeletal muscle fiber is tightly associated with the
loss of muscle that occurs with aging (Dirks and
Leeuwenbu rgh 2002 , 2004 ; Ph i l l i p s a nd
Leeuwenburgh 2005; Chung and Ng 2006; Marzetti
et al. 2008a, b, 2009; Seo et al. 2008; Wohlgemuth et
al. 2010), although the detailed mechanisms that are
involved, as well as the importance of apoptotic con-
tributions to sarcopenia, have not been fully unraveled
(Siu et al. 2005). Elevated apoptosis with age has been
found in the predominately slow fiber-containing so-
leus muscle (Leeuwenburgh et al. 2005), in the fast
fiber-containing plantaris muscle (Pistilli et al. 2006;
Wohlgemuth et al. 2010), and in the mixed fiber-
containing gastrocnemius muscle (Dirks and
Leeuwenburgh 2004; Siu et al. 2005), suggesting that
activation of apoptotic programs is conserved across
muscles of differing fiber type and activity patterns.

Mitochondria play a central role in the regulation of
apoptosis in the skeletal muscle and are generally
regarded as key players in the pathogenesis of myo-
cyte loss during aging and other atrophying conditions

(Jeong and Seol 2008; Seo et al. 2008; Marzetti et al.
2009; Wohlgemuth et al. 2010). Iron accumulation and
biochemical markers of mitochondrial dysfunction in-
creased in the skeletal muscle mitochondria isolated
from aged rats, and the presence of dysfunctional
mitochondria may increase the susceptibility to mito-
chondrial apoptosis (Hofer et al. 2008; Seo et al. 2008;
Wohlgemuth et al. 2010). In accordance, mitochondri-
al apoptotic markers increase with aging in the skeletal
muscle of various types (Chung and Ng 2006; Pistilli
et al. 2006). In addition to mitochondrial apoptosis,
death receptor apoptotic signaling is also activated
with aging in rat gastrocnemius, superficial vastus
lateralis, and soleus muscles (Marzetti et al. 2009;
Phillips and Leeuwenburgh 2005), supporting an im-
portant role for the plasma membrane in the regulation
of skeletal muscle apoptosis with age. In this way,
levels of several components in the extrinsic apoptotic
pathway, such as Fas-associated death domain and
cleaved caspase-8, were elevated downstream of
TNF-α in aged rats (Phillips and Leeuwenburgh
2005).

Calorie restriction (CR) without malnutrition delays
the onset of age-related diseases and prolongs mean
and maximum life spans in a variety of species
(Weindruch and Sohal 1997). CR prevented the
aging-associated increase of protein oxidation in the
skeletal muscle (Leeuwenburgh et al. 1997), opti-
mized the proteasome pathway with aging in the rat
plantaris muscle (Hepple et al. 2008), and reversed
age-related increases of mitochondrial and death
receptor-activated apoptotic markers in the skeletal
muscles of several types (Selman et al. 2003; Dirks
and Leeuwenburgh 2004; Phillips and Leeuwenburgh
2005; Kim et al. 2008; Marzetti et al. 2008a, 2009;
Wohlgemuth et al. 2010).

Alterations in membrane composition with CR may
play a central role in the retardation of aging (Yu
2005) because CR has been reported to decrease long
chain n-3 polyunsaturated fatty acid (PUFA) content
and to increase the degree of membrane saturation
(Faulks et al. 2006; Laganiere and Yu 1993). This
change is hypothesized to beneficially affect aging
by protecting membranes against lipid peroxidation
and preventing oxidative stress (Pamplona et al.
2002; Yu et al. 2002). However, alterations in mem-
brane lipid composition can also influence membrane
proteins and functions. In accordance, we reported
recently that fat-1 transgenic mice, which exhibit an
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increase in n-3 fatty acids and a decrease in the n-6/n-3
ratio compared to control mice, displayed lower rates
of complex I-derived H2O2 production by the liver
mitochondria (Hagopian et al. 2010). Another strategy
to determine the role that membrane lipids play in the
actions of CR is the manipulation of membrane fatty
acid composition by feeding CR animals diets that
differ in lipid composition. By following this ap-
proach, we have recently demonstrated that changes
in mitochondrial phospholipid fatty acid in the CR
mice reflected the polyunsaturated fatty acid profile
of the dietary lipid sources. An increased degree of
saturation was not required for reduced ROS produc-
tion with CR in the skeletal muscle mitochondria,
although dietary lipids influenced mitochondrial pro-
ton leak with CR (Chen et al. 2012).

The purpose of our study was to determine if die-
tary lipid source (fish oil, soybean oil, or lard) with CR
produces alterations of mitochondrial and plasma
membrane-dependent apoptotic signaling in skeletal
muscle. Our data show that dietary lipid source strong-
ly affects apoptotic signaling in skeletal muscle of
young mice fed under CR for 6 months, with a marked
reduction being produced by fish oil.

Methods

Chemicals

Unless otherwise stated, chemicals and reagents were
purchased from Sigma-Aldrich (Madrid, Spain).

Animals and 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.) under
controlled conditions of 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 four
dietary groups and were fed a modified AIN-93G
purified diet. The control group was fed 95 % of a
pre-determined ad libitum intake (12.5 kcal). This
slight restriction in food intake was initiated to prevent
excessive weight gain during the study. The three CR

dietary groups were maintained on 60 % of the daily
allowance of the ad libitum intake (8.6 kcal), and these
diets were identical except for dietary lipid sources.
The diets (percent total kilo calories per day)
contained 20.3 % protein, 63.9 % carbohydrate, and
15.8 % fat. The dietary fat for the control group was
soybean oil. 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 satu-
rated and monounsaturated fatty acids, ConAgra
Foods, Omaha, NE). To insure adequate linoleic acid
levels, the CR-fish group was supplemented with soy-
bean oil. Fatty acid composition of dietary lipids has
been detailed in a separate publication (Chen et al.
2012). All mice were housed individually and were
fed the control or CR diets for 6 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.

At the end of the 6-month intervention period, the
animals were sacrificed by cervical dislocation after an
18-h fast. Muscle from the hind limb was rapidly
dissected, washed and trimmed of connective tissue
and fat, frozen by immersion in liquid nitrogen in a
buffered medium containing 10 % DMSO as cryopro-
tectant, 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.

Isolation of cytosolic and plasma membrane fractions
from skeletal muscle

Because of the low yield of plasma membrane prepa-
ration methods, we chose to utilize the hind limb
skeletal muscle instead of using individual muscles.
Hind limb skeletal muscles 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 phenylmethylsul-
fonyl fluoride, 10 mM EDTA, and 20 μg/μL each
chymostatin, leupeptin, antipain, and pepstatin A in a
Teflon glass tissue homogenizer. Samples were centri-
fuged at 350×g for 10 min to discard cell debris and
nuclei, and the supernatant was centrifuged at
80,000×g for 45 min to separate a cytosolic and a
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crude membrane fraction. Cytosolic fractions were
stored frozen at −80 °C until further analysis, and
plasma membranes were extracted from the membra-
nous crude fraction by two-phase partition. Briefly, the
resuspended pellet was combined with a mixture of
6 % (w/w) dextran and 6 % (w/w) polyethyleneglycol
in 0.1 M sucrose and 5 mM potassium phosphate, pH
7.2. The mixture was inverted vigorously 40 times at
4 °C and then centrifuged at 350×g for 5 min to
separate the phases. The upper polyethylene glycol
phase, containing the purified plasma membrane,
was withdrawn, diluted with 25 mL of 1 mM sodium
bicarbonate, and then centrifuged at 80,000×g for
45 min to recover the purified fraction. After this last
centrifugation step, plasma membranes were resus-
pended in 25 mM Tris–HCl buffer pH 7.6, containing
10 % glycerol, 0.1 mM DTT, 1 mM EDTA and 1 mM
PMSF, and then stored at −80 °C until use.

Coenzyme Q determinations

Membranes were disrupted with 1 % SDS and then,
two volumes of 95 % ethanol–5 % isopropanol was
added. Coenzyme Q isoforms (CoQ9 and CoQ10) were
recovered from SDS alcoholic solution by extraction
with five volumes of hexane. After hexane evapora-
tion, the lipid extract was dissolved in methanol and
was used for quantification of CoQ9 and CoQ10 by
reversed phase HPLC separation with a C18 column
(25×0.45 cm, 5-μm particle size). Chromatographic
separation was accomplished at 1 mL/min with a
mobile phase composed of a 53:45:2 mixture of meth-
anol, n-propanol, and 1 M ammonium acetate, pH 4.4.
Monitoring was carried out with a Coulochem II elec-
trochemical detector (ESA, Chelmsford, MA) fitted
with a Model 5010 analytical cell, with the electrodes
set at potentials of −500 mV and +300 mV. CoQ iso-
forms were detected from the signal obtained at the
second electrode. Concentrations were then calculated
by integration of peak areas and comparison with
external standards (Sigma, Madrid, Spain).

Measurement of lipid hydroperoxides

Lipid hydroperoxides were determined according to
the method of Jiang et al. (1991), based on the mea-
surement of hydroperoxide-mediated oxidation of Fe2
+ to Fe3+ in the presence of xylenol orange under
acidic conditions. Lipid hydroperoxides were

determined by direct incubation of membranes
(100 μg protein) with the xylenol orange reagent for
75 min at room temperature in the dark. Absorbance of
Fe3+–xylenol orange complex was recorded at 560 nm
(extinction coefficient, 43 mM−1cm−1). Linearity of
reaction was tested by constructing a standard plot
with tert-butyl hydroperoxide.

Mg2+-dependent neutral sphingomyelinase activity

Mg2+-dependent neutral sphingomyelinase (nSMase)
activity was assayed with purified plasma membranes
as previously described (Martín et al. 2001). Assay
buffer was 50 mM Tris–HCl, pH 7.4, containing
0.05 % Triton X-100, and 10 mM MgCl2. Samples
(10 μg plasma membrane protein in 5–10 μL) were
mixed with assay buffer plus 10 nmol of a mixture of
cold SM and [methyl-14C]-SM (specific radioactivity
10,000 cpm/nmol) (Amersham, Spain). After incuba-
tion for 30 min at 37 °C, the reaction was stopped by
adding 1.5 mL chloroform/methanol (2:1) and 200 μL
of distilled water. Tubes were vortexed and then
centrifuged at 1,500×g for 5 min to achieve separation
of phases. [14C]-Phosphorylcholine present in the
aqueous phase was quantified using a liquid scintilla-
tion counter (Beckman, USA). nSMase activity was
expressed as CPM per minute per milligram.

Caspase activities assays

Caspase-3, -8/10, and −9 activities were determined in
cytosolic fractions. Proteolytic activity of each caspase
was determined by fluorimetry in an assay medium
containing 25 mM HEPES–KOH buffer (pH 7.4),
10 % sucrose, 1 % NP-40, 1 mM EDTA, 1 mM
PMSF, 5 mM DTT, and 200 μg of cytosolic protein
in a final volume of 200 μL. Samples were preincu-
bated for 25 min at 37 °C in assay medium and
specific fluorogenic substrates were then added to a
final concentration of 40 μM. Thereafter, incubation
was continued for 1 h at 37 °C in the dark. The
following substrates (obtained from Alexis
Corporation, San Diego, CA, USA) were used: Ac-
DMQD-AMC (caspase-3), Ac-IETD-AMC (caspase-
8/10), and Ac-LEHD-AMC (caspase-9). After incuba-
tion with the corresponding substrate, the reaction was
stopped by adding 20 μL of 1 N HCl. The mixture was
diluted with 1.5 mL of water, and fluorescence signal
was then recorded with an Aminco-Bowman Series 2
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Luminiscence Spectrometer set at wavelengths of
380 nm (excitation) and 460 nm (emission). Assays
were carried out both in the absence and in the pres-
ence of the corresponding specific inhibitor for each
caspase. The following inhibitors (obtained from
Alexis Corporation, San Diego, CA, USA) were used
at a final concentration of 83 μM: Ac-DMQD-CHO
(caspase-3); Ac-IETD-CHO (caspase-8/10); Ac-
LEHD-CHO (caspase-9). Caspase activities were cal-
culated form the difference of fluorescence measure-
ments obtained in the presence and in the absence of
the corresponding inhibitor. Activities were then
expressed as arbitrary units per milligram protein.

Quantification of DNA fragmentation
(apoptotic index)

The extent of DNA fragmentation was quantified in
the hind limb skeletal muscle by measuring the
amount of cytosolic mono- and oligonucleosomes us-
ing the ELISA kit developed by Roche Diagnostics
(Mannheim, Germany) following the manufacturer’s
recommendations. Absorbance was determined at
405 nm using a Flex Station 3 (Molecular Devices,
Sunnyvale, CA, USA), and data were reported as
arbitrary OD units per milligram cytosolic protein.

Polyacrylamide gel electrophoresis and Western blot
immunodetection

About 50 μg of protein was denatured by heating in
SDS–dithiothreitol loading buffer [10 % sucrose,
2 mM EDTA, 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 (12.5 % acryl-
amide) and then blotted onto nitrocellulose sheets.
Blots were stained with Ponceau S for visualization
of protein lanes. Bcl-2 and Bax polypeptides were
measured in whole homogenates. Polypeptide detec-
tion was carried out by immunostaining of Western
blots respectively with a rabbit anti-Bcl-2 antiserum
(Santa Cruz Biotechnology, Inc.) diluted 1:200 and a
mouse monoclonal anti-Bax antibody (Santa Cruz
Biotechnology, Inc.) diluted at 1:200. X-linked inhib-
itor of apoptotic protease (XIAP) polypeptide in total
homogenate was detected with a goat antiserum (Santa
Cruz Biotechnology, Inc.) diluted at 1:200. Apoptosis-
inducing factor (AIF) and cytochrome c were mea-
sured in cytosolic fractions and detected respectively

with a goat antiserum (Santa Cruz Biotechnology,
Inc.) diluted at 1:2,000 and a mouse antiserum (BD
Biosciences Pharmingen) diluted at 1:2,000. The
corresponding secondary IgG antibodies coupled to
horseradish peroxidase (Sigma) were used to reveal
binding sites by enhanced chemiluminescence (ECL-
Plus, GE Healthcare Life Sciences).

Photographic films and Ponceau S-stained blots
were scanned in a GS-800 calibrated densitometer
(Bio-Rad) to obtain digital images. Quantification of
intensity reaction was carried out using Quantity One
software (Bio-Rad). Data obtained from the quantifi-
cation of the stained bands (in arbitrary units) were
normalized to those of the corresponding lane stained
with Ponceau S in order to correct any difference in
protein loading between samples, as previously vali-
dated by our group (Bello et al. 2003). In order to have
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 case.
Thus, results of protein levels measured by Western
blotting were also represented in separate plots: one
for CR effect (AL-Soy vs. CR-Soy) and the other one
for dietary fat effects in CR animals (CR-Lard, CR-
Soy, CR-Fish).

Structural analysis of skeletal muscle fibers

Samples of the gastrocnemius muscle from at least
five animals per diet were fixed in a mixture of
2.5 % glutaraldehyde–2 % paraformaldehyde in sodi-
um 0.1 M cacodylate buffer pH 7 for 4 h and post
fixed in 1 % osmium tetroxide for 1 h at 4 °C in the
same buffer. After dehydration in an ascendant series
of ethanol, the pieces were 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. Afterwards, samples were
transferred to pure resin for 24 h. Then, blocks were
performed in silicon molds with fresh resin for 48 h at
65 °C. We placed the samples into the molds in order
to obtain cross sections of the tissues. After sculpting,
blocks were sectioned in an Ultracut Reicher ultrami-
crotome and semi-thin sections (0.5-μm thick) were
mounted on glass slides. Then, sections were stained
for 2–5 min with an aqueous solution of 1 % toluidine
blue/1 % borax. From this material, we obtained
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pictures in a photomicroscope. Cell sizes as well as
circularity coefficients were obtained using the ImageJ
1.45 software (NIH; USA). Only those pictures show-
ing unequivocal transversal sections of muscle fibers
were considered in this work.

Statistic analysis

All values are expressed asmean ± SEM.Variables were
tested for normality by using D’Agostino–Pearson test.
The effects of CR were assessed by Student’s t test (vs.
corresponding AL controls). In case data did not pass
the normality test, the nonparametric Mann–Whitney
test was followed. The effects of dietary fat in calorie-
restricted animals 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 investi-
gate putative alterations of tested parameters among CR
diets ordered as CR-Lard→CR-Soy→CR-Fish, which
resulted in a progressive decrease of n-6/n-3 ratio in
phospholipids HUFA (Chen et al. 2012). In case data
did not pass the normality test, the nonparametric
Kruskal–Wallis test was followed. Means were consid-
ered statistically different when p<0.05. All statistical
analyses were performed using Graphpad Prism 5.03
(Graphpad Software Inc., San Diego, CA, USA).

Results and discussion

Body weight of mice fed experimental diets

Six months of CR produced a 28.9 % decrease (p<
0.0001) in body weight of young adult mice (26.96±
0.56 g in the CR-Soy group compared with 37.93±0.68 g
in the AL-Soy control group). No significant differences
in body weight were observed between the CR-Soy and
the remaining CR groups (26.83±0.40 g in CR-Lard and
28.28±0.61 g in CR-Fish). These results are in accor-
dance with a previous report published by our group
focused on a separate colony of young mice fed the same
experimental diets for 1 month (Chen et al. 2012).

Structural changes of skeletal muscle fibers with CR
and dietary fat

Cross-sectional area of muscle fibers is critical in the
identification of muscular atrophy and a decrease of

cross-sectional area of fibers with age and its attenua-
tion by CR have been reported. In addition, the fiber
shape in cross sections is also altered with age towards
a more rounded shape, this structural modification
being prevented by CR as well (Phillips and
Leeuwenburgh 2005; Kim et al. 2008). Thus, we stud-
ied how CR and dietary fat affected the cross-sectional
area and shape of skeletal muscle fibers. For these
structural studies, we chose the gastrocnemius muscle
because it is a mixed fiber-containing muscle (Dirks
and Leeuwenburgh 2004), and it was thus considered
as a good model to study whether or not changes
highlighted in our biochemical studies carried out with
whole hind limb skeletal muscle (see below) were
translated into actual alterations of fiber size and
shape.

Mean cross-sectional area of gastrocnemius fibers
in AL-Soy animals was 2,881±36.71 μm2, a value
which is in agreement with previous studies (Kim et
al. 2008; Wong et al. 2009). As depicted in Fig. 1a,
fiber cross-sectional area was significantly increased
by about 9 % in CR-Soy animals (3,146±33.40 μm2).
The increase of cross-sectional area by CR also agrees
with previous data obtained with old rats (24 months)
fed lifelong on an 8 % CR regime or on an 8 % CR
regime plus voluntary wheel running (Kim et al.
2008). When we studied how dietary fat affected
cross-sectional area, no significant differences were
found between CR-Soy and CR-Fish (3,018±
34.59 μm2 in the latter group). However, the increase
of cross-sectional area observed in CR-Soy and CR-
Fish groups was no observed in the CR-Lard group
(2,913±38.14 μm2).

Using ImageJ software (NIH, USA), we determined
circularity coefficients of fibers in the cross sections to
yield a quantitative estimate of the fiber shape. Fiber
circularity in cross sections was also affected by CR in a
way that was consistent with changes in the cross-
sectional area. As depicted in Fig. 1b, circularity of the
fibers was significantly decreased in CR-Soy animals
compared with their AL-Soy counterparts. This obser-
vation fully agrees with data published by the group of
Leeuwenburgh, who reported that muscle fibers of rat
plantaris muscle were smaller and less angular in the old
(24 months) AL group compared with young AL, and
CR reversed this change in old animals (Kim et al.
2008). We demonstrate here that CR also produces
structural improvements of skeletal muscle fibers in
youngmice, which agrees with the recent demonstration
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that CR significantly enhanced stem cell availability and
activity, improving regeneration and enhancing stem
cell transplant efficiency in skeletal muscle of both
young and old animals (Cerletti et al. 2012). Of note,
dietary fat also affected circularity of fibers in cross
sections, and the observed changes were consistent with
modifications of cross-sectional area, i.e., no significant
differences were observed between CR-Soy and CR-
Fish, but the decrease of circularity provided by CR in
these two groups was not observed in the CR-Lard
group. Furthermore, a statistical analysis of linear trend
showed a significant decrease of fiber circularity as a
function of fat source (Fig. 1b), supporting that n-6/n-3

ratio may be an important factor that modulates struc-
tural alterations of skeletal muscle fibers by CR.
Representative images of stained sections of gastrocne-
mius muscle from the four dietary groups are shown in
Fig. 1c.

In summary, our structural studies are indicative
that 6-month CR produced a more healthy state of
skeletal muscle fibers, represented by increased
cross-sectional area and decreased circularity in cross
sections. In addition, we demonstrate for the first time
that a fish oil-enriched CR diet results in an additional
protection of the fibers, while this protective effect is
not present when lard is used as the main source of
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Fig. 1 Structural changes of
skeletal muscle fibers. a
Calorie restriction increased
fiber cross-sectional area in
gastrocnemius (AL-Soy vs.
CR-Soy, ***p<0.001).
Cross-sectional area was
significantly lower in the
CR-Lard group compared
with both CR-Soy (bp<
0.001) and CR-Fish (cp<
0.001) groups. b Fiber cir-
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**p<0.01). Fibers from the
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dietary fat. Since the increase of pro-apoptotic pro-
cesses in the skeletal muscle fiber is tightly associated
with the loss of muscle (see “Introduction”), we next
studied how CR and dietary fat affected apoptotic
signaling initiated both at the plasma membrane and
at the mitochondria.

Mg2+-dependent neutral sphingomyelinase activity
and coenzyme Q levels in plasma membrane

Previous reports have documented that activation of
TNF-α-dependent apoptotic signaling is a major con-
tributor to sarcopenia of aging (Phillips and
Leeuwenburgh 2005; Marzetti et al. 2009), underscor-
ing the importance of the plasma membrane in the
regulation of this process. Pro-apoptotic responses to
TNF-α are mediated by activation of the plasma mem-
brane nSMase (Kim et al. 1991; Adam-Klages et al.
1996). Previous data from our group have supported a
role for nSMase activation in aging liver and its mod-
ulation by dietary fat (Bello et al. 2006). However, to
our knowledge, no study has been set to elucidate if
CR and fat source produce alterations of the nSMase
activity in skeletal muscle plasma membrane.

As shown in Fig. 2, CR produced a significant
decrease of nSMase activity in the skeletal muscle
plasma membrane, which fully agrees with the inhib-
itory action of CR on the apoptotic extrinsic pathway
in this tissue (Phillips and Leeuwenburgh 2005;
Marzetti et al. 2008a, 2009). Interestingly, when we

studied the effects of dietary fat on calorie-restricted
mice, we found that nSMase activity was further de-
creased in the CR-Fish group compared to both CR-
Lard and CR-Soy groups. In addition, statistical anal-
ysis of linear trend showed a significant decrease of
nSMase activity as a function of fat source. This
finding supports that the n-6/n-3 ratio may be an
important factor that modulates nSMase inhibition by
CR in the skeletal muscle, as previously observed for
structural changes of the fibers.

We have previously demonstrated that plasma
membrane nSMase activity is regulated by the endog-
enous antioxidant coenzyme Q (CoQ, ubiquinone),
which behaves as a noncompetitive inhibitor of the
enzyme, thus protecting cells against cell death
(Martín et al. 2001; Navas and Villalba 2004; Navas
et al. 2005, 2007). Our previous investigations dem-
onstrated that dietary supplementation with CoQ abol-
ished age-related increase of nSMase activity in the rat
liver plasma membrane (Bello et al. 2005), and CR
increased CoQ levels and activated the CoQ-
dependent antioxidant system in the liver and brain
plasma membranes obtained from old rats, attenuating
age-related oxidative damage (de Cabo et al. 2004;
Hyun et al. 2006). Since no information is available
about the role of sarcolemmal CoQ and the effects of
CR and dietary fat, we measured the levels of CoQ9

and CoQ10 in purified sarcolemmal fractions, the two
CoQ isoforms of the mouse (Turunen et al. 2004). No
significant differences between the AL-Soy and CR-
Soy groups were observed for both CoQ isoforms
(Fig. 3a, b). This is consistent with previous studies
carried out with rat liver and brain plasma membranes
(de Cabo et al. 2004; Hyun et al. 2006) and with
mouse liver plasma membrane (López-Lluch et al.
2005), that showed no alterations of CoQ levels by
CR in young animals, although significant increases of
the CoQ10 isoform by CR were indeed observed in the
respective old groups. Despite a lack of CR effect per
se, the predominant fat source of CR diets had a
profound impact on CoQ levels in skeletal muscle
plasma membrane. Both CoQ isoforms, but particular-
ly CoQ10, were significantly increased in the CR-Fish
group compared with the CR-Lard and CR-Soy
groups. Of note, post hoc analysis of linear trend also
demonstrated a significant effect of dietary fat
(Fig. 3a, b). CoQ9/CoQ10 ratio also exhibited a statis-
tically significant linear trend towards lower values in
the CR-Fish group (Fig. 3c), indicating a predominant

AL-S
oy

CR-L
ar

d

CR-S
oy

CR-F
ish

0

500

1000

1500

**
a, b

#

n
S

M
as

e 
ac

ti
vi

ty
  (

C
P

M
 m

in
-1
 m

g-1
)

Fig. 2 Sarcolemmal Mg2+-dependent neutral sphingomyelinase
activity. A significant decrease of nSMase activity by CR was
observed (AL-Soy vs. CR-Soy, **p<0.01). Dietary fish oil
further decreased this enzyme activity, both compared with
CR-Lard (ap<0.01) and with CR-Soy (bp<0.05). In addition,
post hoc analysis of linear trend among CR diets ordered as CR-
Lard→CR-Soy→CR-Fish (#) was statistically significant with
p<0.01. Data are mean ± SEM (n=4)
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increase of the CoQ10 isoform in the skeletal muscle
plasma membrane. Preferential increase of the CoQ10

isoform compared with CoQ9 has been also observed
in the liver and brain plasma membranes from old rats
fed a CR diet (de Cabo et al. 2004; Hyun et al. 2006).
We can conclude that the decrease of nSMase activity
in the skeletal muscle plasma membrane after a 6-
month CR takes place without a concomitant increase
of CoQ levels. However, the significant increase of
both CoQ9 and CoQ10 is consistent with minimal
nSMase activity in the CR-Fish group.

Lipid hydroperoxides

Due to the higher susceptibility of PUFA towards
peroxidation (Bello et al. 2006), elevated levels of
sarcolemmal CoQ in the CR-Fish group could be
representative of a cellular response against oxidative
stress because it is long known that CoQ levels can be
regulated according to the prevailing oxidative status
(Ernster and Dallner 1995). In agreement with this
oxidative stress-dependent regulation, CoQ levels in
the liver plasma membrane were increased when rats
were fed a vitamin E and selenium deficient pro-
oxidant diet (Navarro et al. 1998). We thus measured
lipid hydroperoxides in the four groups of mice. As
expected, levels of lipid hydroperoxides were signifi-
cantly decreased by CR in the skeletal muscle (Fig. 4),
which agrees with the generally accepted idea that CR
decreases oxidative stress in tissues. Of note, when we
compared the three CR groups, we found no signifi-
cant differences of lipid hydroperoxides levels as a
function of fat source, indicating that CR can decrease

AL-S
oy

CR-L
ar

d

CR-S
oy

CR-F
ish

0

200

400

600

##

a,b
sa

rc
ol

em
m

al
 C

o
Q

9 
(p

m
ol

 m
g-1

)

AL-S
oy

CR-L
ar

d

CR-S
oy

CR-F
ish

0

50

100

150

200 ##

a,b

sa
rc

ol
em

m
al

 C
oQ

10
 (p

m
ol

 m
g-1

)

AL-S
oy

CR-L
ar

d

CR-S
oy

CR-F
ish

0

5

10

15 #

C
o

Q
9 

/ 
C

o
Q

10
 r

at
io

A

B

C

Fig. 3 Sarcolemmal coenzyme Q9 and Q10 levels. a CoQ9

levels were not affected by CR, whereas a significant increase
was observed in the CR-Fish group compared to CR-Lard (ap<
0.05) and to CR-Soy (bp<0.01). Linear trend among the three
CR groups was statistically significant with p<0.05 (#). b
Changes of CoQ10 levels were similar to those of CoQ9. No
changes by CR itself (AL-Soy vs. CR-Soy) was observed.
However, CoQ10 levels were dramatically increased in the CR-
Fish group compared with both CR-Lard (ap<0.01) and CR-Soy
(bp<0.01) groups. A significant linear trend among the three CR
groups was also observed (#, p<0.05). c CoQ9/CoQ10 ratio was
not affected by CR itself (AL-Soy vs. CR-Soy), but this ratio
was significantly decreased as a function of dietary fat source,
with CR-Lard diet exhibiting the highest and CR-Fish the lowest
ratio (#, p<0.01). Data are mean ± SEM (n=4)
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Fig. 4 Lipid hydroperoxides were significantly lower in the
CR-Soy group compared to its AL counterpart (*p<0.05). No
significant differences between any of the three CR groups were
observed. Data are mean ± SEM (n=4)

AGE (2013) 35:2027–2044 2035



oxidative stress regardless of the composition of die-
tary fat. This is apparently in contrast with our recent
observation that lipid peroxidation was increased in
skeletal muscle mitochondria isolated from mice fed
the same CR-Fish diet for 1 month, compared with
both the AL-Soy and CR-Lard groups (Chen et al.
2012). However, data reported here fully agree with
our previous study focused on rats fed the same ex-
perimental diets for 6 months, that showed no increase
of lipid peroxidation in the CR-Fish group (Ramsey et
al. 2005). Furthermore, we also observed no differ-
ences in basal levels of lipid hydroperoxides between
groups of rats fed lifelong with diets enriched in sun-
flower oil, olive oil, or sunflower oil plus coenzyme
Q10, although membranes from the sunflower group
were indeed more susceptible to peroxidation initiated
by an azo compound ex vivo (Bello et al. 2005, 2006).
Taken together, our data may be indicative that long-
term CR in the CR-Fish group results in an adaptation
of membranes towards decreased levels of oxidative
stress. This could be also due to the amount of the
antioxidant t-butylhydroquinone contained in the CR-
Fish diet compared with the other groups (Chen et al.
2012). Whatever the case, increase of CoQ9 and
CoQ10 levels in the skeletal muscle plasma mem-
branes of the CR-Fish group is unlikely a response to
enhanced lipid peroxidation, but it could represent the
existence of a different way of regulation of CoQ
biosynthesis in the skeletal muscle which is not linked
to increased oxidative stress (Parrado-Fernández et al.
2011).

Bcl-2 and Bax polypeptides

We next measured levels of Bcl-2 and Bax polypep-
tides as two major regulators of mitochondrial apopto-
sis. Bcl-2 levels did not change by either CR per se or
by dietary fat in calorie-restricted animals (Fig. 5a, b).
However, a strong regulation of Bax levels by these
two dietary manipulations was observed. CR produced
a significant decrease of Bax (Fig. 5c), and Bcl-2/Bax
ratio tended to increase in the CR-Soy group com-
pared with AL-Soy (Fig. 5e), although differences did
not reach a statistical significance in the case of Bcl-2/
Bax ratio. When we compared the three CR groups as
a function of dietary fat, we found no changes for Bcl-
2 (Fig. 5b) but Bax levels were strongly altered by diet
lipid source (Fig. 5d). Among the three CR groups,
Bax levels were maximal in CR-Lard, intermediate in

CR-Soy, and minimal in CR-Fish. As a consequence,
Bcl-2/Bax ratio was minimal in the CR-Lard group
and maximal in CR-Fish, and linear trend was statis-
tically significant both for Bax levels and for Bcl-2/
Bax ratio (Fig. 5f).

To our knowledge, this is the first report to demon-
strate that Bax levels are strongly regulated by CR in
the skeletal muscle through a mechanism dependent
on dietary fat, whereas Bcl-2 levels do not respond to
either CR or fat source. Available data on Bcl-2 and
Bax levels in skeletal muscle are mainly focused on
age-mediated changes, and it should be noted that
some inconsistencies can be found. Levels of some
proteins of the Bcl-2 family were shown to increase
with aging in rat gastrocnemius (Siu et al. 2005;
Chung and Ng 2006), and Bcl-2/Bax ratio was de-
creased in senescent (29-month-old) compared with
adult (16-month-old) rats (Chung and Ng 2006). Bax
mRNA and protein content, and Bcl-2 protein content
were also higher in the plantaris muscle from aged rats
when compared with their young counterparts (Pistilli
et al. 2006). However, the particular contribution of
changes in Bcl-2 family to sarcopenia of aging
remained unclear since the alteration of Bcl-2/Bax
ratio, as a function of age was not reproduced in a
separate study (Marzetti et al. 2008b). Another paper
reported that aging increased Bax, whereas 12 weeks
of treadmill exercise training markedly reduced Bax
while increasing Bcl-2 and Bcl-2/Bax ratio in the
white gastrocnemius and soleus muscles of old rats
(Song et al. 2006). However, no changes in mitochon-
drial Bcl-2 and Bax levels, and in Bcl-2/Bax ratio were
detected in another study focused on the gastrocnemi-
us muscle from old (24-month) compared with young
(6-month) rats (Dirks and Leeuwenburgh 2002). It has
been proposed that these discrepancies could be rea-
sonably explained by the differences in the age and the
strain of the animals being examined in the different
studies, as well as by differences in the approach of
measurement being adopted (Siu et al. 2005). In addi-
tion, taking into account our results that dietary fat is a
major factor that determines Bax levels in animals
subjected to CR, these inconsistencies could be also
due, at least partially, to dietary differences among
animals used by different research groups. In accor-
dance with this idea, we have previously reported that
dietary fat (sunflower vs. olive oil) also modifies Bcl-2
and Bax apoptotic signaling in aging liver (Bello et al.
2006).
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Cytosolic cytochrome c and AIF

Our demonstration that CR and dietary fat strongly
regulate Bax levels and Bcl-2/Bax ratio might indicate
a modulation of mitochondrial apoptotic signaling by
our dietary interventions. Mitochondrial apoptosis relies
on the release of pro-apoptotic factors after permeabili-
zation of mitochondrial membranes. Release of cyto-
chrome c to the cytosol promotes assembly of the
apoptosome which triggers a caspase cascade via acti-
vation of caspase-9, whereas release of apoptosis-
inducing factor (AIF) to the cytosol and its translocation
to the nucleus triggers DNA fragmentation through a
caspase-independent pathway in the skeletal muscle

(Marzetti et al. 2008b). We found that CR decreased
both cytochrome c and AIF release/accumulation into
the cytosol (Fig. 6a, c). This constitutes the first dem-
onstration that CR decreases cytosolic levels of cyto-
chrome c and AIF in the skeletal muscle from young
mice and is in accordance with the concomitant decrease
of Bax levels in the CR-Soy group compared with AL-
Soy. Cytosolic AIF has been shown to be increased by
aging in rat plantaris (Dirks and Leeuwenburgh 2004)
and gastrocnemius (Marzetti et al. 2008b) while de-
creased by CR in the plantaris muscle from old rats
(Dirks and Leeuwenburgh 2004), which also agrees
with our results. Conversely, AIF levels in cytosol in-
creased in the gastrocnemius by hind limb suspension-
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Fig. 5 Bax and Bcl-2 poly-
peptides. a No changes of
Bcl-2 protein levels were
observed by CR (AL-Soy
vs. CR-Soy). b Levels of
Bcl-2 polypeptide were also
unaltered as a function of
dietary fat source in animals
fed under CR. c Despite a
lack of changes in Bcl2 lev-
els, CR produced a dramatic
decrease of Bax polypeptide
(AL-Soy vs. CR-Soy, *p<
0.05). d Bax levels were al-
so strongly modulated by
lipid source in animals fed
under CR (bCR-Lard vs.
CR-Soy, p<0.05; cCR-Lard
vs. CR-Fish, p<0.01). Line-
ar trend as a function of di-
etary fat source was
statistically significant with
p<0.01 (#). e A trend
towards higher Bcl-2/Bax
ratio was observed in CR-
Soy compared to AL-Soy,
although no significant dif-
ferences were observed in
this case. f Bcl-2/Bax ratio
was significantly higher in
the CR-Fish group com-
pared with CR-Lard (ap<
0.05). Additionally, linear
trend as a function of dietary
fat source was statistically
significant with p<0.01 (#).
Data are mean ± SEM (n=4)

AGE (2013) 35:2027–2044 2037



induced atrophy in old but not in young rats, although
no increase by aging itself was seen in another study
(Siu et al. 2005). The decrease of cytosolic cytochrome c
release/accumulation by CR we show here is important,
since cytochrome c levels in cytosol have been reported
to increase under conditions leading to skeletal muscle
atrophy, as hind limb suspension, both in young and in
old rats (Siu et al. 2005). On the other hand, our results
are apparently in contrast with a previous report that
documented no change of cytosolic cytochrome c by
CR in the gastrocnemius from old rats (Dirks and
Leeuwenburgh 2004). CR-mediated effects on cyto-
chrome c release/accumulation into the cytosol could
be species (rats vs. mice) or muscle type specific.
Additionally, since all reported data correspond to old
animals, the possibility exists that the decrease of cyto-
solic cytochrome c by CR is specific of young animals.
The elucidation of these possibilities remains for further
research. Whatever the case, it must be noted that incon-
sistencies can be also found regarding the effect of aging
on cytochrome c release/accumulation into the cytosol,
since increases (Siu et al. 2005), no change (Dirks and
Leeuwenburgh 2002; Marzetti et al. 2008b), and also
decreases (Dirks and Leeuwenburgh 2004) of cytosolic
cytochrome cwith aging have been reported. Additional

factors, yet to be determined, could be involved in the
regulation of cytochrome c release from mitochondria
by aging and CR in the skeletal muscle.

When the effect of dietary fat on cytosolic levels of
AIF and cytochrome c was tested, we found no sig-
nificant differences among any of the CR groups
(Fig. 6b, d), despite the existence of significant
changes of Bax levels and Bcl-2/Bax ratio as a func-
tion of fat source (see above). Besides Bax, other
proteins mediate mitochondrial permeability transi-
tion, and their levels also change as a function of age
(Marzetti et al. 2008b). The study of CR and fat source
effects on components of the mitochondrial permeabil-
ity transition pore remain for further investigation.

Caspases activities, XIAP levels, and apoptotic index

Our previous results indicate that both the extrinsic
(plasma membrane-dependent) and the intrinsic
(mitochondrial) pathways of apoptosis can be modu-
lated by CR and dietary fat. We next analyzed how
these dietary manipulations affected activities of
caspase-8/10, which is activated via the extrinsic path-
way, and caspase-9, which is an indicator of mitochon-
drial apoptosis. In addition, we also measured activity
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Fig. 6 Cytosolic content of
cytochrome c and AIF. Cal-
orie restriction decreased
cytosolic levels of both cy-
tochrome c (a, p<0.01) and
AIF (c, p<0,05). Dietary fat
source caused no alterations
in cytosolic levels of either
cytochrome c (b) or AIF (d).
Data are presented as mean
± SEM (n=4)
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of caspase-3, the most representative executioner cas-
pase (Boatright and Salvesen 2003).

CR per se did not produce alterations in any of the
caspases measured (see AL-Soy vs. CR-Soy in
Fig. 7a, b, c), but changing dietary fat in animals fed
under CR had a modulating effect over the activity of

the two regulatory caspases we measured here. As
shown in Fig. 7a, b, activities of caspase-8/10 and −9
were lower in the CR-Fish group, and post hoc anal-
ysis of linear trend also showed a significant effect of
dietary fat. However, no changes as a function of fat
source were observed for caspase-3 (Fig. 7c).

The lack of changes in caspase activities by CR per
se is in agreement with previous reports. One study
focused on the rat plantaris muscle has documented
that activities of caspases-3 and −9 were not affected
by mild (8 %) CR (alone or in combination with
lifelong voluntary exercise), although these two activ-
ities were increased with age (Wohlgemuth et al.
2010). Furthermore, caspase-3 and −9 activities were
unchanged by either age or CR in the rat gastrocne-
mius muscle (Dirks and Leeuwenburgh 2002, 2004).
However, another study did find a significant increase
of caspase-3 protein content (cleaved caspase-3) with
age and its attenuation by CR in rat gastrocnemius
(Marzetti et al. 2009), and another one reported that
cleaved caspase-9 content was augmented in senescent
compared with adult rats, although the effect of CR
was not tested (Chung and Ng 2006). On the other
hand, it has been also reported that caspase-9 mRNA
and activity were strongly increased by age, but
caspase-3 mRNAwas unchanged and caspase-3 activ-
ity only slightly increased with age in the rat gastroc-
nemius. Neither caspase-3 nor caspase-9 was altered
by hind limb suspension in both age groups (Siu et al.
2005). Regarding caspase-8/10, a previous study
found no changes in caspase-8 protein content
(cleaved caspase-8) by either age or CR in the rat
soleus muscle (Phillips and Leeuwenburgh 2005),
but, in striking contrast, cleaved caspase-8 was signif-
icantly increased with age and this increase abolished
by CR in the superficial vastus lateralis (Phillips and
Leeuwenburgh 2005) and in the gastrocnemius
(Marzetti et al. 2009). The possibility exists that CR
decreases caspase-8/10 activity in muscles containing
fast twitch fibers preferentially in aged animals.

Of note, our observations that 6 months of CR per se
did not decrease the activity of any of the measured
caspases are in contrast with the significant effects of
CR on apoptotic signaling components acting upstream
caspase activation, i.e., the decrease of nSMase (this
work) and other components of the extrinsic pathway
(Phillips and Leeuwenburgh 2005; Marzetti et al. 2008a,
2009), and the strong decrease of Bax and cytochrome c
release/accumulation into cytosol (this work), which
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Fig. 7 Caspase-8/10, -9, and −3 activities. A similar pattern of
changes was observed for caspase 8/10 (a) and caspase 9 (b).
Activities of these two caspases were decreased as a function
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p<0.05). In addition, for both caspases the activities were
lower in the CR-Fish group compared with CR-Lard (ap<
0.05). c No changes in caspase-3 activity were observed due
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supports that activation of caspases and the subsequent
induction of cell death may not be necessarily the result of
increasing upstream elements of apoptotic signaling in
skeletal muscle. Interestingly, it has been previously sug-
gested that pro-apoptotic markers may not always induce
apoptosis just because they are present. For instance, in
addition to the subsequent cleavage and activation of pro-
caspase-9 upon apoptosome formation, caspase-9 can also
be activated via an independent additional pathway in
muscle cells (Ho and Zacksenhaus 2004; Ho et al. 2004;
Pistilli et al. 2006). On the other hand, the decrease of
caspase-8/10 and −9 in the CR-Fish group compared with
the other CR groups is in agreement with a general effect
of this diet decreasing pro-apoptotic markers of both the
extrinsic and the intrinsic pathways, the increase of cross-
sectional area, and the decrease of circularity of muscle
fibers in cross sections (see above).

Changes of caspase polypeptide levels are not always
translated into changes of caspase activity due to the
existence of additional regulators of caspase activity. X-
linked inhibitor of apoptosis (XIAP) can bind to
caspase-3 and inhibit its protease activity. Levels of
XIAP increased in rat gastrocnemius of old animals
(Dirks and Leeuwenburgh 2004; Siu et al. 2005), and
this increase was reversed by long-term CR (Dirks and
Leeuwenburgh 2004). This could explain why caspase-
3 activity was unchanged by either age or CR in the rat
gastrocnemius (Dirks and Leeuwenburgh 2002, 2004)
even when levels of cleaved caspase-3 increased with
age and this increase was attenuated by CR (Marzetti et
al. 2009). Also, increase of a caspase-3 inhibitor with
age could explain why caspase-3 activity increased only
slightly with age in the rat gastrocnemius, despite the
strong increases of caspase-9 mRNA and activity (Siu et
al. 2005). Thus, we also studied XIAP levels in our
model but found no significant change with CR.
Regarding the effect of fat source, XIAP levels tended
to be lower in the CR-Lard group compared with CR-
Soy or CR-Fish, although differences did not reach
statistical significance (Fig. 8). In accordance with our
results, no significant changes of XIAP levels were
detected in the rat gastrocnemius when 6-month-old rats
were subjected to short-term (2 months) CR (Selman et
al. 2003). Taken together, our results and those from
others support that the changes of this apoptosis regula-
tor and its modulation by dietary manipulations might
be specific of old animals. This agrees with the proposal
that different apoptotic mechanisms may be responsible
for the regulation of apoptosis in young and in aged

skeletal muscles (Siu et al. 2005). It remains for further
studies to elucidate whether or not fat source alters
XIAP levels in skeletal muscle from old mice.

We finally measured the extent of DNA fragmen-
tation by quantifying the amount of cytosolic mono-
and oligonucleosomes to have an estimate of apoptosis
levels in skeletal muscle samples. No differences in
DNA fragmentation were observed between any of the
mice groups of this study (Fig. 9), which is in agree-
ment with the lack of changes of the executioner
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Fig. 8 XIAP protein levels. No changes were observed due to
either CR or to changes in dietary fat source in animals fed
under CR. Data are mean ± SEM (n=4)
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caspase-3. Caspase-3 content correlated with the apo-
ptotic index in the rat gastrocnemius from old but not
from young animals (Dirks and Leeuwenburgh 2002),
although it has been later suggested that the mitochon-
drial caspase-independent apoptotic pathway may play
a more prominent role in skeletal muscle loss than
caspase-mediated apoptosis (Marzetti et al. 2008b). It
is likely that we could not detect significant effects of
diet on muscle caspase-3 and apoptotic index by our
techniques because only very few fibers were under-
going apoptosis in young mice.

The protective effect of CR on skeletal muscle and
its augmentation by dietary fish oil is actually demon-
strated by the significant improvement of fiber struc-
tural features (cross-sectional area and shape) in the
gastrocnemius. Our structural study most likely
reflects those subtle changes with much more sensi-
tivity than the biochemical analyses that were carried
out with a more limited number of samples. We ac-
knowledge that the use of whole hind limb skeletal
muscle for our biochemical analyses may decrease
sensitivity to detect changes that might take place only
in few fibers of specific muscles. However, this was
necessary because of the low yield of the plasma
membrane isolation procedure, which made it impos-
sible to study individual muscles. In accordance with
the idea proposed by Pistilli et al. (2006), we favor the
explanation that the CR-Fish diet results in a cellular
anti-apoptotic “environment” in the skeletal muscle.
This environment is characterized by a downregula-
tion of the components that trigger the initial stages of
apoptosis engagement, both at the plasma membrane
and the mitochondria although, according to our
results, this seems not to be fully transmitted to down-
stream executioners. Consistent with this idea, the
increase in proapoptotic markers due to hind limb
suspension resulted in a cellular environment, which
was poised for apoptosis to occur, although this final
step was not fully engaged in aged plantaris muscles
(Pistilli et al. 2006).

Why did fish oil diet potentiate the anti-apoptotic
effect of CR in skeletal muscles? Eicosapentaenoic
acid (EPA) is an n-3 PUFA with demonstrable anti-
inflammatory activities that may have potential bene-
fits on atrophic skeletal muscle conditions. Of note,
EPA-enriched supplement attenuated the progression
of cachexia in patients with advanced pancreatic can-
cer (Babcock et al. 2000), which agrees with the
reduction of apoptotic signaling in the mouse skeletal

muscle we show here. It is well-known that dietary
alterations have a marked influence on gene expres-
sion (Reddy-Avula et al. 2002). PUFA regulation of
gene transcription factors is an emerging area of study
and differential effects have been reported, whereas n-
3 PUFAs inhibi t , n-6 PUFAs act ivate pro-
inflammatory NF-κB (Jump 2002). Similarly, it was
found that saturated fatty acids (palmitate), but not
PUFAs, activate NF-κB in differentiated human myo-
tubes (Weigert et al. 2004). Interestingly, several out-
comes of CR might be potentiated by n-3 PUFA
contained in fish oil. For instance, EPA and docosa-
hexaenoic acid (DHA) exhibit anti-adipogenic action
(Buckley and Howe 2009) which may involve a met-
abolic switch that includes enhancement of β-
oxidation and upregulation of mitochondrial biogene-
sis (Flachs et al. 2005). Of note, dietary n-6 and n-3
lipids with calorie restriction inhibited apoptosis of
splenic lymphocytes, prevented autoimmune disease,
and prolonged life span in autoimmune-prone (NZB X
NZW) F1 (B/W) female mice (Jolly et al. 2001;
Reddy-Avula et al. 2002).

One interesting possibility to explore in future inves-
tigations is how CR and dietary fat affect other systems
known to be involved in the degradation of skeletal
muscle fibers constituents in addition to apoptosis, such
as the autophagy–lysosomal system, the calpain system,
and protein degradation through the ubiquitin–protea-
some system (Dirks and Leeuwenburgh 2002, 2004;
Phillips and Leeuwenburgh 2005; Marzetti et al.
2008a; Wohlgemuth et al. 2010; Romanello et al.
2010). In this way, besides attenuating the proteolytic
and apoptotic effects of a cachectic factor in fully dif-
ferentiated myotubes from the murine C2C12 myogen-
esis model (Tisdale and Dhesi 1990), and protecting
against skeletal muscle damage induced by pro-
inflammatory TNF-α (Magee et al. 2008), EPA caused
a reduction on the rate at which skeletal muscle was lost
due to downregulation of the ubiquitin–proteasome
pathway in a murine model of cachexia (Whitehouse
et al. 2001).

Another important aspect that deserves further in-
vestigation is whether or not the effect of CR and
dietary fat on skeletal muscle apoptotic signaling is
maintained or altered in old mice. It is known that
aging complicates the apoptotic regulation in models
of suspension-induced muscle atrophy, and that differ-
ent apoptotic mechanisms may be involved in activat-
ing apoptosis in young and aged skeletal muscles (Siu
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et al. 2005; Pistilli et al. 2006). How these dietary
manipulations will affect longevity of mice will also
warrant further research.
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Summary

Increased expression of SIRT1 extends the lifespan of lower

organisms and delays the onset of age-related diseases in

mammals. Here, we show that SRT2104, a synthetic small

molecule activator of SIRT1, extends both mean and maximal

lifespan of mice fed a standard diet. This is accompanied by

improvements in health, including enhanced motor coordination,

performance, bone mineral density, and insulin sensitivity asso-

ciated with higher mitochondrial content and decreased inflam-

mation. Short-term SRT2104 treatment preserves bone and

muscle mass in an experimental model of atrophy. These results

demonstrate it is possible to design a small molecule that can

slow aging and delay multiple age-related diseases in mammals,

supporting the therapeutic potential of SIRT1 activators in

humans.

Key words: healthspan; inflammation; lifespan; muscle wast-

ing; osteoporosis; sirtuins.

Introduction

By 2050, there will be 1.5 billion people over the age of 65. This will

place a serious burden on global infrastructure and economy. As such,

there is an urgent need for treatment modalities to promote healthy

aging. The NAD+-dependent deacetylase SIRT1 represents an attractive

anti-aging target due to its ability to modulate various transcriptional and

metabolic pathways (Baur et al., 2012). Tissue-specific SIRT1 knock-

down in mice leads to pro-inflammatory and metabolic defects

(Purushotham et al., 2009; Price et al., 2012), and whole-body SIRT1

over-expression improves high-fat diet (HFD)-induced metabolic distur-

bances (Bordone et al., 2007; Gillum et al., 2011; Li et al., 2011)

without a beneficial effect on lifespan (Herranz et al., 2010). Despite

having many cellular targets (Pacholec et al., 2010), resveratrol (RSV), a

natural polyphenolic SIRT1 activator (Hubbard et al., 2013), improves

whole-body physiology and lifespan of mice on HFD (Baur et al., 2006;

Barger et al., 2008; Pearson et al., 2008) and also has benefits in obese

humans (Timmers et al., 2011). Synthetic SIRT1 activators with improved

selectivity for SIRT1 (Hubbard et al., 2013), such as SRT2104, increase

insulin sensitivity (Milne et al., 2007) and are well tolerated in healthy

adults (Hoffmann et al., 2013) and elderly volunteers (Libri et al., 2012).

Small but significant improvements in plasma lipid profiles (Venkata-

subramanian et al., 2013) and potential for improved insulin sensitivity

(Libri et al., 2012) have been reported with SRT2104 supplementation.

However, these studies are limited by their short treatment time. In this

study, the effect of SRT2104 supplementation on health and lifespan in

mice on a standard diet was investigated. The health benefits conferred

by SRT2104 led us to determine whether short-term treatment could

offer protection against disuse atrophy of muscle and bone that occurs

in an experimental model of prolonged immobility. Our results suggest

that interventions aimed at modulating SIRT1 activity via pharmacolog-

ical means could represent attractive approaches for delaying the onset

of aging and the development of age-related diseases, including

sarcopenia and osteoporosis.

Results and discussion

SRT2104 treatment improves whole-body physiology and

extends lifespan in mice fed a standard diet

To test the effects of the proprietary compound SRT2104, 6-month-old

male C57BL/6J mice were placed on a standard AIN-93G diet (SD)

supplemented with SRT2104 (100 mg kg�1 bodyweight) for the

remainder of their lives, which yielded serum concentrations of

261.8 � 27.0 and 435.7 � 75.6 ng mL�1 in the morning and evening,

respectively. SRT2104 supplementation resulted in improved survival of

SD-fed mice (v2 = 6.19 and P < 0.013) with an increase in mean lifespan

of 9.7% (P < 0.05) and in maximum lifespan (defined as the 10th

percentile) of 4.9% (P < 0.001) (Fig. 1A). The immunosuppressant

rapamycin has been recently shown to extend maximum lifespan of

genetically heterogeneous male mice (Miller et al., 2011), and when

started at 19 months of age, it also extends lifespan of male and female

C57BL/6Nia mice (Zhang et al., 2014). Moreover, oral supplementation

with the antidiabetic drug metformin leads to healthier and longer life in
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male mice (Martin-Montalvo et al., 2013). The incidences of major

pathologies detected at necropsy were reduced with SRT2104 treat-

ment, most notably a trend toward lower prevalence of an enlarged

heart and hepatocellular carcinoma with SRT2104, and a significant

reduction in peri-renal fat (Table S1, Supporting information). Blinded

histological analysis of tissues did not identify any serious pathology in

SD mice, and there were no obvious differences between the two groups

(Table S2). Consistent with this, biomarkers of liver injury or tissue

breakdown were reduced or unchanged after SRT2104 supplementation

(Table S3), further confirming that the dose was well tolerated with no

obvious toxicity. Interestingly, the increases in longevity induced by

SRT2104 occurred despite similar bodyweights between SD-fed controls

and treated animals (Fig. 1B). A reduction in percentage fat mass, but

not lean body mass, was observed in SRT2104-treated mice (Fig. 1C and

Table S4) despite no differences in food consumption (Figs 1D and S1A,

Supporting information). Moreover, SRT2104 treatment did not affect

spontaneous activity (Fig. 1E), energy expenditure (Fig. S1B), or respira-

tory exchange ratio (RER) of mice (Fig. S1C). Together, these data

indicate that the effects of SRT2104 on lifespan are not due to reduced

caloric intake or an increase in voluntary activity. Interestingly, our

findings of improved healthspan and modest increases in lifespan are in

contrast to whole-body overexpression of SIRT1, which has been shown

to result in improvements in healthspan without affecting the longevity

of transgenic mice (Herranz et al., 2010). It was recently reported that

Sirt1 activity in the dorsomedial and lateral hypothalamic nuclei (known

as DMH and LH regions) appears to delay aging and promote longevity in

both male and female mice (Satoh et al., 2013). It is tempting to

speculate that some of the beneficial effects of SRT2104 on maximum

lifespan stem from its ability to activate SIRT1 present in the DMH and LH

hypothalamic regions. Moreover, SRT2104 supplementation was started

at 6 months of age, and it is unclear whether treatment at a much

younger age would offer similar extension in mouse lifespan. Additional

experiments will be required to adequately address these issues. The

quality of life of SD-fed mice treated with SRT2104was then ascertained by

(A)

(D) (E) (F)

(H) (I) (J)

(K) (L) (M)

(G)

(B) (C)

Fig. 1 SRT2104 treatment improves whole-body physiology and extends lifespan in mice fed a standard diet. (A) Kaplan–Meier survival curves of mice fed a standard diet

(SD) or a SD supplemented with SRT2104. The arrow at 28 weeks indicates the age at which SRT2104 treatment was started. (B–M) The following parameters were analyzed

in SD-fed mice without and with SRT2104 supplementation: (B) bodyweights; (C) percentage fat mass; (D) average caloric intake; (E) spontaneous locomotor activity; (F)

treadmill performance; (G) time to fall from an accelerating rotarod; (H) trabecular bone volume; (I) trabecular connectivity; (J) trabecular bone mineral density (BMD); (K)

circulating glucose and (L) insulin levels were measured after 16 h of fasting; (M) homeostatic measure of insulin resistance (HOMA-IR) index. Data are shown as

mean � SEM. *P < 0.05 compared with SD-fed animals. BV, bone volume; TV, total volume; Tb, trabecular.
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monitoring muscle function, balance, and motor coordination. Mice

supplemented with SRT2104 exhibited significant improvement in endur-

ance performance on the treadmill (Fig. 1F) and better motor skills, as

assessed by rotarod performance (Fig. 1G).

Bone health was also assessed as osteoporosis leads to increased rates

of morbidity and mortality in the elderly due to a decrease in bone

strength and increased risk of fractures (Gass & Dawson-Hughes, 2006;

Lyles et al., 2007). In the distal femur of adult mice, SRT2104

significantly improved trabecular bone volume, trabecular connectivity,

and trabecular bone mineral density compared with control SD-fed

animals (Fig. 1H–J); however, no effect in cortical thickness was

observed (data not shown). Overall, SRT2104 improved a number of

parameters involved in bone health and suggests that SRT2104 may be a

countermeasure for age-related bone loss.

One hallmark of the aging process is the impairment of glucose

homeostasis that leads to type 2 diabetes and cardiovascular diseases.

Therefore, we next explored the effect of SRT2104 on whole-body

metabolism in mice on SD. Fasting blood glucose and insulin levels, and

insulin resistance index, as determined by homeostasis model assessment

of insulin resistance (HOMA-IR), were all significantly reduced in

SRT2104-treated mice (Fig. 1K–M). Apparent improvements in the oral

glucose tolerance test (OGTT) and insulin tolerance test (ITT) with

SRT2104 did not reach statistical significance (Fig. S1D,E). It is likely that

clamp studies would have provided solid evidence of the beneficial

metabolic effects of SRT2104. SRT2104 supplementation was accom-

panied by a trend toward reduced serum free-fatty acid (FFA) levels with

no change in circulating triglycerides or total cholesterol levels (Table S3).

SIRT1 overexpression increases fatty acid beta-oxidation (Purushotham

et al., 2009), and it is likely that SRT2104 supplementation will also have

an impact on this pathway. While the increases in beta-oxidation

reported by Purushotham et al. (2009) stemmed from lentiviral infection

of primary hepatocytes from liver-specific SIRT1-KO mice with recombi-

nant SIRT1 (Fig. 1D), this experimental model was markedly different

than our use of wild-type mice fed a standard diet. Therefore, the

changes observed by Purushotham et al. (2009) may not be directly

translatable to our study. It is interesting to note that short-term

SRT2104 supplementation was associated with improved lipid profile in

healthy cigarette smokers (Venkatasubramanian et al., 2013), which is

consistent with our findings. Overall, our results show for the first time

that SRT2104 prolongs lifespan, improves whole-body metabolic

function, and delays the onset of age-related diseases in SD-fed male

mice.

SRT2104 treatment increases mitochondrial content and

suppresses the inflammatory response

To further gauge the molecular mechanisms by which SRT2104 improved

whole-body metabolism and survival in SD-fed mice, a whole-genome

microarray analysis was performed on liver and muscle tissues. Principal

component analysis (PCA) showed a distinct separation of both treatment

groups, with the effect more pronounced in the muscle tissue (Fig. 2A).

For both the liver and muscle, the largest changes induced by SRT2104

treatment are presented in Table S5, and the complete dataset is available

at http://www.ncbi.nlm.nih.gov/geo/. Notably, transcripts belonging to

the cytokine-induced STAT inhibitor (CIS) family were upregulated in the

liver [suppressor of cytokine signaling 2 (SOCS2)] and muscle [cytokine-

inducible SH2-containing protein (CISH)] of SRT2104-treated mice,

consistent with suppression of the inflammatory response. Moreover,

within the highest affected transcripts, an upregulation of albumin D-box

binding protein (DBP) gene was found across both tissues. Interestingly,

DBP is a clock-controlled gene, whose circadian expression is regulated by

SIRT1 (Nakahata et al., 2008). To further investigate the effect of

SRT2104 in modifying liver and skeletal muscle gene expression, we next

performed parametric analysis of gene-set enrichment (PAGE). Pathways

that were altered by SRT2104 supplementation are graphically repre-

sented in Fig. 2B and indicated that the transcriptional effect of SRT2104

was stronger in muscle than in liver. Downregulation occurred for the

large majority of the modified pathways in response to SRT2104, which

included gene sets such as ‘inflammation’ and ‘mitochondrial metabo-

lism’ (Fig. 2C). The interpretation of microarray data has benefited from

comparison with the effects of calorie restriction (CR). Among the top

twenty genes whose expression was modified by SRT2104, more than

70% (14/20) were responsive to CR in the liver but less than 40% (8/20) in

skeletal muscle (Table S5). The gene encoding Txnip, a negative regulator

of mTORC1-mediated protein translation (Jin et al., 2011), was upreg-

ulated in the liver of SRT2104- and CR-treated mice, whereas the hepatic

expression of Elovl3, encoding a condensing enzyme that provides

precursors for ceramide synthesis (Park et al., 2010), was significantly

lower in response to Sirt1 induction by SRT2104 or CR. Moreover, Cish

expression in the mouse muscle was upregulated by CR, with a Z-ratio of

11.58 (Table S5). There were 81 and 76 gene sets that were significantly

modified by SRT2104 and CR, respectively, in mouse liver when compared

to SD-fed animals. Of these, 39 gene sets were shared with the majority

(25/39) being downregulated by both interventions (Fig. 2D). Mouse

skeletal muscle had more than 158 and 90 gene sets that were

significantly affected by SRT2104 and CR, respectively, of which 37 gene

sets were shared. Interestingly, ~32% (12/37) of these pathways were

downregulated by both interventions, while ~65% (24/37) were recip-

rocally altered by CR and SRT2104 (Fig. 2D). The complete list of

overlapping gene sets is presented in Table S6 (liver) and Table S7

(muscle). Among the gene sets thatweremodified in the same direction in

liver included ‘Ribosomal_proteins’ and ‘Ceramide_Pathway’, whereas

reciprocal regulation of gene sets by CR and SRT2104 in muscle included

‘Boquest_CD31plus_vs_CD31minus_Up’, ‘Stemcell_Neural_Up’, and

‘Iglesias_E2Fminus_Up’ (Fig 2E). Resident muscle stem cell side popula-

tion as defined as CD31 (Pecam-1) negative lineage (Motohashi et al.,

2008) might be reciprocally affected by SRT2104 or CR (Schmuck et al.,

2011).

The effect of SRT2104 resulted in an overall downregulation of

inflammatory pathways in the muscle, while being more complex in the

liver. Nevertheless, the expression profile of several genes controlled by

the pro-inflammatory NF-jB transcription factor exhibited a pattern that

was largely comparable between SRT2104 and CR treatment in liver

(Table S8) and muscle (Table S9). As anticipated, SRT2104 supplemen-

tation significantly lowered serum TNF-a and MCP-1 levels as compared

to controls (6.1 � 0.7 vs. 3.9 � 0.5 and 72.0 � 8.9 vs. 47.9 � 8.9 pg

mL�1, respectively; P < 0.05).

Intriguingly, a reciprocal pattern of expression of genes related to

mitochondrial metabolism was observed between the liver and muscle,

indicating that the effects of SRT2104 were tissue-specific. In agreement

with the microarray data, transmission electron microscopy revealed

higher mitochondrial content in the liver of SRT2104-fed mice (Fig. 3A),

which correlated with increased citrate synthase activity (Fig. 3B). In

contrast, mitochondrial size was significantly higher in muscle of

SRT2104-fed mice despite no change in citrate synthase activity

(Fig. 3A,B). In both liver and muscle, expression of subunits of ETC

protein complexes was either unaltered or slightly downregulated after

SRT2104 treatment (Fig. S2).

The anti-inflammatory effects of SRT2104 that were observed in SD-

fed mice correlated with defect in NF-jB-induced gene expression (Table
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S8). The ratio of phospho-active to total form of RelA/p65 fell in the

muscle of SRT2104-treated mice, while being unaffected in the liver of

these animals (Fig. 3C). This reduction in ‘active’ NF-jB coincided with

significant increase in IjBa levels (Fig. 3C). A critical mechanism of

transcriptional suppression of NF-jB involves the copper metabolism

MURR1 domain containing (COMMD) proteins through promotion of the

ubiquitination and degradation of NF-jB subunits (Maine et al., 2007).

Analysis of COMMD gene expression revealed a significant increase in the

mRNA levels of COMMD1 and COMMD10 in muscle, but not in liver, of

SRT2104-treated mice compared with control SD-fed mice (Fig. 3D).

RelA/p65 protein levels were upregulated in C2C12myoblasts in response

to SRT2104 treatment (Fig. S3), in agreement with the increased

expression of RelA/p65 in muscle of SRT2104-treated mice (Fig. 3C).

The transactivation potential of NF-jB is modulated by phosphorylation

and acetylation (Hayden & Ghosh, 2008) whereby Sirt1-mediated

deacetylation of RelA/p65 causes a decrease in NF-jB transcriptional

activity (Yeung et al., 2004). Here, SRT2104 led to lower acetylation of

RelA/p65 in C2C12myoblasts (Fig. S3), likely due to selective activation of

SIRT1 (Hubbard et al., 2013). These findings together with the microarray

data suggest that SRT2104 suppresses NF-jB activity partly through

increase in COMMD expression and reduction in RelA/p65 acetylation.

Oxidative stress activates NF-jB, while SIRT1 activation increases the

antioxidant response (Salminen et al., 2013). Here, protein carbonylation

and formation of 4-HNE adduct, a marker of lipid peroxidation, were

significantly reduced in the liver and muscle of SRT2104-treated mice,

with the effect being more pronounced in muscle (Fig. 3E). The levels of

the antioxidant protein superoxide dismutase (SOD2) were unchanged in

the liver, but increased in muscles of SRT2104-treated animals (Fig. 3E).

The antioxidant capacity of SRT2104 may represent a compensatory

stress signal triggered in response to age-dependent, ROS-mediated

mitochondrial dysfunction in mice, with a predominant effect of

SRT2104 on mitochondria of skeletal muscle. This adaptive response

called mitochondrial hormesis has been found to promote longevity in

Drosophila (Owusu-Ansah et al., 2013).

(A)

(D) (E)

(B) (C)

Fig. 2 SRT2104 changes the gene expression profile differently in liver and muscle. (A) Principal component analysis (PCA) was performed on liver and muscles tissues of

mice fed a SD or SD supplemented with SRT2104. (B) Parametric analysis of gene-set enrichment (PAGE) analysis was performed on microarray data from mice fed a SD or

subjected to SRT2104. Columns show pathways significantly upregulated (red) or downregulated (blue) by SRT2104 treatment. See also Tables S5–S7. (C) Effect of SRT2104
on inflammatory and mitochondrial-related pathways from the PAGE analysis for liver and skeletal muscle. (D) Venn diagrams of overlapping gene sets significantly modified

by SRT2104 vs. calorie restriction (CR). Upregulated gene sets are depicted in red and the downregulated gene sets in blue. (E) Effect of SRT2104 and CR on select gene sets

from mouse liver and muscle. The list of the significantly modified gene sets can be found in Tables S6 and S7. SD, standard diet.
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Short-term SRT2104 treatment preserves muscle and bone

mass

Short-term effects of SRT2104 were examined using the hindlimb

suspension, a well-established model of muscle atrophy (Sandri et al.,

2004). SRT2104 supplementation did not affect bodyweights or food

consumption during 2 weeks of unloading (Fig. 4A). However, the

induced loss of muscle mass for both the soleus and gastrocnemius

muscles was attenuated in the SRT2104 cohort (Fig. 4B). Using a second

model of atrophy, where endocrine signals rather than inactivity promote

muscle loss, both the soleus and tibialis muscles from SRT2104-treated

mice were found to be more resistant to fasting-induced atrophy (Fig.

S4A). The involvement of NF-jB in the control of muscle size and strength

(Cai et al., 2004;Mourkioti et al., 2006) and the ability of SIRT1 activators

to attenuate NF-jB signaling led us to examine expression of pro-

inflammatory mediators and RelA/p65 levels following short-term sup-

plementation with SRT2104. Using the hindlimb-unloading model,

SRT2104 treatment did not affect RelA/p65 protein levels, but led to an

increase in PGC-1a levels (Fig. S4B). The latter observation may partly

explain the protection against muscle atrophy through suppression of

FOXO3-mediated induction of the atrogenes MuRF-1 and atrogin-1

(Sandri et al., 2006). In addition, AKT is known to suppress FOXO3

transcriptional activity (Milne et al., 2007), although data presented here

do not show alterations in pAKT protein levels after SRT2104 treatment

(Fig. S4B). To further elucidate the role of SIRT1 in muscle atrophy, young

transgenic mice with muscle-specific SIRT1 knock-down (mSIRT1KO)

were subjected to 2 weeks of hindlimb suspension.When compared with

wild-type animals, suspended mSIRT1KO mice exhibited a significant

increase in skeletal muscle atrophy (Fig. S4C). These results indicate that

SIRT1 activation via short-term supplementation with SRT2104 alleviates

muscle loss in hindlimb-unloading model in mice.

Unloading is also known to cause disuse osteoporosis (Sandri et al.,

2004). SRT2104-treated mice subjected to hindlimb suspension had

higher trabecular bone volume, trabecular connectivity, and trabecular

bone mineral density, but not cortical bone mass (data not shown),

compared with the SD-fed control mice (Fig. S4C). To better evaluate the

specificity of SRT2104 action, C2C12 myoblasts were stably transfected

with small hairpin RNA to knock-down SIRT1 and then examined for

alkaline phosphatase (AP) activity, a marker for osteogenic differentia-

tion. The ability of SRT2104 to increase AP activity was totally dependent

on SIRT1 expression (Fig. 4D). Similarly, the proliferation rate was

markedly reduced after SRT2104 treatment of C2C12 myoblasts (Fig.

S4D). In a second series of experiments, mineralization in bone marrow-

derived osteoblastic cells was increased, while the number of osteoclasts

was decreased upon treatment of wild-type mice with SRT2104 (Fig. S4E

and Fig. 4E). This action of SRT2104 was not observed in cells derived

from mice lacking SIRT1 (SIRT1f/f) (Fig. 4E). The role of SIRT1 in bone

remodeling was further confirmed in whole-body SIRT1KO mice showing

reduced cortical bone thickness compared with wild-type mice (Fig. 4F).

This is in agreement with previous reports showing the beneficial role of

SIRT1 in regulating bone mass (Cohen-Kfir et al., 2011; Edwards et al.,

2013). Thus, SRT2104 affects both features of age-related osteoporosis

(A) (B)

(D)(C)

(E)

Fig. 3 SRT2104 treatment increases mitochondrial content and suppresses the inflammatory response. (A) Representative transmission electron micrographs of liver and

muscle, and the respective mitochondrial quantification. (B) Citrate synthase activity. (C) Representative immunoblots from inflammatory markers in liver and muscle tissues.

(D) mRNA levels of COMMD genes assessed by quantitative real-time PCR. Relative expression values were normalized to SD-fed mice. (E) Representative immunoblots from

oxidative stress markers in liver and muscles. Data are shown as mean � SEM. *P < 0.05 compared with SD-fed mice.
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by increasing bone formation and suppressing bone resorption in a

SIRT1-dependent manner.

We acknowledge the limitations of using male mice only, and the fact

that some experiments involved small numbers of animals. Nevertheless,

we provide novel evidence for the beneficial effects of SIRT1 activators

on healthspan and lifespan in male mice maintained on standard diet.

Moreover, SRT2104 may have therapeutic utility against sarcopenia and

involutional and disuse-mediated osteoporosis.

Experimental procedures

Longevity study animals

Male C57BL/6J mice were obtained from the Jackson Laboratory (Bar

Harbor, ME, USA) and housed at the Gerontology Research Center

(Baltimore, MD, USA). Mice were housed in cages of four with ad libitum

access to diet and tap water. Mice were electronically tagged for

identification (Biomedic Data System Inc., Maywood, NJ, USA), and

bodyweight and food intake were monitored twice monthly. Mice were

not fasted prior to sacrifice. Animal rooms were maintained at 20–22 °C

with 30–70% relative humidity and a 12-hour light/dark cycle. All animal

protocols were approved by the Animal Care and Use Committee (325-

LEG-2012) of the National Institute on Aging.

Generation of a whole-body SIRT1 knockout mouse

Mice harboring a Cre-ERT2 fusion protein were crossed to SIRT1Dex4

mice (Cheng et al., 2003) to generate SIRT1Dex4ERT2 mice in which the

catalytic region of SIRT1 can be deleted upon treatment with tamoxifen,

as described previously (Price et al., 2012). Cre induction was carried out

by i.p. injection of tamoxifen citrate (1 mg mouse�1 per day) for 5 days.

Mice were not fasted prior to sacrifice. Western blots have been

performed to confirm successful reduction in SIRT1 protein expression in

whole-body SIRT1-KO mice (Price et al., 2012).

Generation of a muscle-specific adult-inducible SIRT1

knockout mouse

An adult-inducible muscle-specific SIRT1 knockout mouse was gener-

ated by crossing mice with a Cre recombinase transgene under the

control of the human skeletal actin promoter (HSA-Cre) with SIRT1Dex4

mice. Cre induction was carried out by i.p. injection with tamoxifen

citrate (1 mg mouse�1 per day) for 5 days. Mice were not fasted prior

to sacrifice. Deletion of SIRT1 was confirmed by Western blotting (data

not shown).

Hindlimb suspension study

At 5 months of age, mice were housed individually and suspended by the

tail using a strip of adhesive surgical tape attached to a nylon

monofilament line via a stainless steel swivel. Mice were suspended at a

30° angle to the floor with only the forelimbs touching the floor. The

swivel enabled the animal to explore the cage (360° range of motion) and

obtain food and water freely. Food consumption and bodyweight were

recorded daily, and the angle of suspension was adjusted if necessary.

Following 14 days of suspension, mice were euthanized and soleus,

plantaris, and gastrocnemius muscles were collected using standardized

dissection methods. Mice were not fasted prior to sacrifice. Muscle tissue

was cleaned of excess fat and connective tissue, weighed on an analytical

balance, and collected for further analysis (n = 10 SD, n = 10 SRT2104,

26 weeks age, 6 weeks diet; muscle-specific SIRT1 knockout (mSIRT1 KO)

mice: n = 10 wild-type, n = 10 mSIRT1 KO, 22 weeks age).

48-h fasting study

Male C57BL/6 mice were obtained from the Jackson Laboratory (Bar

Harbor) at 4 months of age. They were fed house chow (Harlan Teklad

Global 18% Protein Rodent Diet; Harlan Teklad, Madison, WI, USA) until

they reached 7 months of age at which time they were fed either a

standard AIN-93G diet (SD; carbohydrate:protein:fat ratio of 64:19:17

percent of kcal) or SD supplemented with SRT2104 (100 mg kg�1) for

6 weeks. Then, mice were moved to clean cages and had food removed

for 48 h. Water was available ad libitum throughout this time. Following

48 h of fasting, mice were euthanized and soleus, plantaris, gastrocne-

mius, tibialis, and extensor digitorum longus were dissected using

standardized dissection methods. Individual muscles were weighed and

frozen for further analysis (n = 7 SD, n = 7 SRT2104; 40 weeks age,

12 weeks diet).

Diets

For the longevity study, diets were started at 28 weeks of age after

randomization into two groups of 100 mice per group. Mice were fed a

standard AIN-93G diet (SD; carbohydrate:protein:fat ratio of 64:19:17

percent of kcal), or a SD supplemented with SRT2104. SRT2104 was

added at a dose of 1.33 g drug per kg of chow, formulated to provide

daily doses of ~ 100 mg drug kg�1 bodyweight. The longevity study diets

were purchased from Dyets, Inc. (Bethlehem, PA, USA), and SRT2104, a

proprietary compound, was provided by Sirtris Pharmaceuticals, Inc.

(Cambridge, MA, USA). For the hindlimb suspension study, starting at

4 months of age, C57BL/6 mice were fed either a standard AIN-93G diet

(SD; carbohydrate:protein:fat ratio of 64:19:17 percent of kcal) or a SD

supplemented with SRT2104 for 4 weeks prior to suspension, and then

for an additional 2 weeks during the suspension. Diets were formulated

so mice received a daily dose of 200 mg drug kg�1 of bodyweight. Diets

were supplied directly to us by Sirtris Pharmaceuticals, Inc. For the 48-h

fasting study, mice were fed either SD or a SD supplemented with

SRT2104 (100 mg kg�1) for 6 weeks prior to sacrifice. This is the same

diet as for the longevity study mice. For the whole-body SIRT1 knockout

and muscle-specific SIRT1 knockout mouse models, mice were main-

tained on house chow (Teklad Global 18% Protein Rodent Diet; Harlan

Teklad; carbohydrate:protein:fat ratio of 58:24:18 percent of kcal) for the

course of their lives.

Survival study

Animals were inspected daily for health issues, and deaths were

recorded for each animal. Moribund animals were euthanized, and

every animal found dead or euthanized was necropsied. Criteria for

euthanasia were based on an independent assessment by a veterinarian

according to the AAALAC guidelines. For the longevity study, only cases

where the condition of the animal was considered incompatible with

continued survival are represented as deaths in the curves. Animals

removed at sacrifice or euthanized due to reasons not related to

incompatible survival were considered as censored deaths. In the

standard diet group, 18 mice were censored due to dermatitis (n = 3;

80 weeks age, 97 weeks age, 112 weeks age), paralysis (n = 1;

37 weeks age), growth per mass (n = 1; 105 weeks age), or exper-

imental procedures (n = 13; 40 weeks age, 115 weeks age), leaving 83

mice for the survival study. Of the 18 mice censored, only five were
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euthanized. In the SRT2104 group, 14 mice were censored due to vets

orders (n = 2; 74 weeks age, 97 weeks age), prolapsed anus (n = 1;

79 weeks age), or experimental procedures (n = 11; 40 weeks age,

115 weeks age), leaving 86 mice for the survival analysis. Of the 14 mice

censored, three were euthanized.

Body composition

Measurements of lean, fat, and fluid mass in live mice were acquired by

nuclear magnetic resonance (NMR) using the Minispec LF90 (Bruker

Optics, Billerica, MA, USA) (n = 15 SD, n = 13 SRT2104; 76 weeks age;

49 weeks diet).

Metabolic assessment

Mouse metabolic rate was assessed by indirect calorimetry in open-circuit

oxymax chambers using the Comprehensive Lab Animal Monitoring

System (CLAMS; Columbus Instruments, Columbus, OH, USA) as

described previously (Minor et al., 2011) (n = 8 SD, n = 8 SRT2104;

56 weeks age, 29 weeks diet).

Physical performance

All mice were acclimated to the testing room for 15 min prior to the

commencement of any testing. Rotarod and treadmill methodologies are

provided in the supplemental materials.

Oral glucose tolerance test (OGTT)

Following an overnight fast, mice received a 30% glucose solution (2 g

kg�1 glucose by gavage). Blood glucose was measured using an Ascensia

Elite glucose meter (Bayer, Mishawaka, IN, USA) at 0, 15, 30, 60, and

120 min following gavage (n = 6 SD, n = 8 SRT2104; 73 weeks age;

46 weeks diet).

Insulin tolerance test (ITT)

Followinga3-h fast,mice receivedan i.p. injectionof human insulin (1.5 IU

kg�1;NovoNordisk Inc., Plainsboro,NJ,USA).Bloodglucosewasmeasured

using an Ascensia Elite glucosemeter (Bayer) at 0, 15, 30, 60 and 120 min

(n = 4 SD, n = 7 SRT2104; 70 weeks age; 30 weeks diet).

Serum markers and HOMA calculation

Information can be found in the supplemental section.

Histology

Mice were euthanized and organs fixed for histological analysis in 4%

paraformaldehyde. Tissues were embedded in paraffin and stained with

hematoxylin and eosin. Pathology was scored by a qualified pathologist

blinded to diet and treatment group (n = 6 SD, n = 6 SRT2104;

81 weeks age, 41 weeks diet).

(A)

(C)

(D) (E) (F)

(B)

Fig. 4 Short-term SRT2104 treatment preserves muscle and bone mass. (A) Bodyweights during 14 days of hindlimb suspension and average food consumption (inset) for

6-month-old mice fed either a standard diet (SD) or SD supplemented with SRT2104 for 6 weeks. (B) Muscle weights. (C) Trabecular bone volume, trabecular connectivity,

and trabecular bone mineral density (BMD). (D) Alkaline phosphatase (AP) activity in C2C12 cells infected with SIRT1 shRNA or nontargeting shRNA control and treated with

1 and 3 lM SRT2104 for 24 h. (E) Osteoclast (OC) number in bone marrow-derived osteoblastic cells from wild-type (WT) mice and SIRT1f/f mice and treated with 1 and 3 lM
SRT2104 for 4 days. (F) Cortical thickness in femurs from wild-type (WT) and SIRT1KO mice. Data are mean � SEM. *P < 0.05. SOL, soleus; PL, plantaris; GAS,

gastrocnemius; BV, bone volume; TV, total volume; Tb, trabecular.
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Electron microscopy

Liver and skeletal muscle (gastrocnemius) from mice were removed and

placed directly into a fixative solution consisting of 2.5% glutaraldehyde

and 3% paraformaldehyde in 0.1 M sodium cacodylate buffer (Electron

Microscopy Sciences, Hatfield, PA, USA). Additional information can be

found in the supplemental materials (n = 3 SD, n = 3 SRT2104;

81 weeks age, 41 weeks diet).

Microarray

Principal components were calculated using DIANE 6.0 software (http://

www.grc.nia.nih.gov/branches/rrb/dna/diane_software.pdf). For the cal-

culation of pairwise distances between samples, each microarray was

considered as a point in a high-dimensional space because we treated

each probe as a variable. Parametric analysis of gene-set enrichment

(PAGE) was analyzed as previously described (Kim & Volsky, 2005). All

raw data are available in the Gene Expression Omnibus database

(Accession No. GSE49000) (n = 4–5 per group; 41 weeks age,

14 weeks diet).

PCR

Detailed information can be found in the supplemental section.

Western blotting

Detailed information can be found in the supplemental section.

Citrate synthase activity

Citrate synthase activity was determined in ~20 lg of protein lysates

following the method described by Bernier et al. (2011). Citrate synthase

were determined using spectrophotometric methods. Results were

expressed in nmol mg�1 protein per min (n = 6 SD, n = 6 SRT2104;

81 weeks age, 41 weeks diet).

C2C12 cell culture conditions and treatment

C2C12 cell line (ATCC, Manassas, VA, USA) was cultured in low glucose

Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA,

USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen) and

penicillin–streptomycin (Invitrogen). Cells were treated with vehicle

(0.1% DMSO) or 3 lM SRT2104 for 24 h and then harvested for protein

and Western blotting using methods detailed elsewhere.

Bone imaging

Femurs were loaded into 10 mm diameter scanning tubes and imaged

with a Scanco microCT40 instrument (CT40, Scanco Biomedical,

Bruttisellen, Switzerland) as previously described (Jilka et al., 2010;

Martin-Millan et al., 2010). Cortical and trabecular bone measurements

were analyzed as previously described (Martin-Millan et al., 2010; Onal

et al., 2012). Additional information can be found in the supplemental

section.

Osteoclast formation and adenovirus infection

Macrophages were developed from bone marrow cells flushed from the

femurs of three wild-type or SIRT1f/f mice (Jackson Laboratories, Bar Harbor,

ME, USA) cultured in a-MEM supplemented with 10% FBS and 1% PSG

(Invitrogen) in the presence of 30 ng mL�1 M-CSF (R&D Systems,

Minneapolis, MN, USA). Four days later, cells were infected with adenovirus

encoding Cre recombinase (Ad-Cre) (Vector Biolabs, Philadelphia, PA, USA)

at a MOI of 30 for 6 h. Seventy-two hours later, cells were trypsinized and

replated in 48-well plates and cultured for 4 days with 30 ng mL�1 M-CSF

and 30 ng mL�1 RANKL (R&D Systems) to obtain osteoclasts, in the

presence of vehicle or SRT2104. At the end of the experiment, osteoclasts

were fixed with 10% neutral-buffered formalin for 15 min and stained for

tartrate-resistant acid phosphatase (TRAP). Multinuclear TRAP+ cells were

quantified.

Alkaline phosphatase (AP) activity and SIRT1 silencing

C2C12 cells were cultured in DMEM supplemented with 10% FBS, 1%

each penicillin, streptomycin, and glutamine, and 1% sodium pyruvate.

Expression of SIRT1 was knocked down by transduction with lentiviruses

encoding shRNA to Sirt1 (NM_019812) according to the manufacturer’s

protocol (Sigma-Aldrich, St. Louis, MO, USA). C2C12 cells transduced

with a nontarget shRNA (SHC002V) were used as control. After selection

with puromycin (2500 ng mL�1) for 14 days, the SIRT1-silenced cells

were seeded at 2 9 104 cm�2 in medium containing 10% FBS. The

following day, the medium was replaced with 5% serum-containing

medium. Cells were lysed in 100 mM glycine, 1 mMMgCl2, and 1% Triton

X-100 at pH 10. AP activity in cell lysates was determined using a buffer

containing 2-amino-2-methylpropanol and p-nitrophenylphosphate

(Sigma-Aldrich). Alkaline phosphatase activity was normalized to protein

content, which was determined using a Bio-Rad DC protein assay kit

(Hercules, CA, USA).

Mineralization assay

Detailed information can be found in the supplemental section.

Proliferation assay

Detailed information can be found in the supplemental section.

Statistics

Data are expressed as means � standard error of the mean (SEM).

Student’s t-tests were used for all comparisons. Mortality during the

survival study was assessed through the use of the log-rank test to

compare the differences in Kaplan–Meier survival curves. Maximal

lifespan was defined as the 10th percentile of mice still alive. Analyses

were performed using Excel 2010 (Microsoft Corp., Redmond, WA,

USA), IBM SPSS Statistics (Amonk, NY, USA), or SIGMASTAT 3.0 (Aspire

Software International, Ashburn, VA, USA). A P value of ≤ 0.05 was

considered statistically significant.
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Abstract The Membrane Theory of Aging proposes

that lifespan is inversely related to the level of

unsaturation in membrane phospholipids. Calorie re-

striction (CR) without malnutrition extends lifespan in

many model organisms, which may be related to

alterations in membrane phospholipids fatty acids.

During the last few years our research focused on

studying how altering the predominant fat source affects

the outcome of CR in mice. We have established four

dietary groups: one control group fed 95 % of a pre-

determined ad libitum intake (in order to prevent

obesity), and three CR groups fed 40 % less than

ad libitum intake. Lipid source for the control and one of

the CR groups was soybean oil (high in n-6 PUFA)

whereas the two remaining CR groups were fed diets

containing fish oil (high in n-3 PUFA), or lard (high in

saturated and monounsaturated fatty acids). Dietary

intervention periods ranged from 1 to 18 months. We

performed a longitudinal lifespan study and a cross-

sectional study set up to evaluate several mitochondrial

parameters which included fatty acid composition, H?

leak, activities of electron transport chain enzymes, ROS

generation, lipid peroxidation, mitochondrial ultrastruc-

ture, and mitochondrial apoptotic signaling in liver and

skeletal muscle. These approaches applied to different

cohorts of mice have independently indicated that lard as

a fat source often maximizes the effects of 40 % CR on

mice. These effects could be due to significant increases

of monounsaturated fatty acids levels, in accordance

with the Membrane Theory of Aging.
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Aging is the time-dependent progressive decline in

physiological function with decreased fertility and

increased susceptibility of the organism to endogenous

and external threats, leading to a wide variety of

related diseases such as degenerative and neoplastic

disorders. Scientists have demonstrated a strong

interest not only in unravelling the causes of aging,

but also in discovering how we can manipulate

potential causes of aging to decrease, stop, or even

revert its rate of progression (Sousa-Victor et al. 2014;

Li and Izpisua-Belmonte 2014). Denham Harman

proposed that aging is the result of deleterious

interactions between free radicals and cellular con-

stituents (Harman 1956). Despite some current con-

troversy, the so-called mitochondrial Free Radical

Theory of Aging still stands today as one of the most

widely cited theories to explain the causes of aging

(Barja 2013, 2014). Closely related to this theory, the

Membrane Theory of Aging proposes that lifespan is

inversely related to the degree of unsaturation of

membrane phospholipids (Pamplona et al. 1998, 2002;

Hulbert et al. 2007; Hulbert 2008; Pamplona and Barja

2011). Alterations involved in aging are indeed

multifactorial and involve diverse tissue-specific pro-

cesses at the organismal level, such as genomic

instability, telomere attrition, epigenetic alterations,

loss of proteostasis, deregulated nutrient sensing,

mitochondrial dysfunction, cellular senescence, stem

cell exhaustion, and altered intracellular communica-

tion (López-Otı́n et al. 2013). Some of these hallmarks

point to the mitochondria as playing an essential role

in the aging process.

Calorie restriction (CR) without malnutrition in-

creases maximum lifespan and prevents or delays the

onset of pathophysiological changes in multiple

species (Sohal and Weindruch 1996). Despite inten-

sive research to elucidate how CR improves longevity,

the mechanisms responsible for the retardation of

aging with CR are not yet entirely understood,

although it is generally accepted that longevity-

promoting effects of CR can be mediated, at least

partially, by the optimization of mitochondrial func-

tion (López-Lluch et al. 2006).

Mitochondrial fatty acids, calorie restriction

and longevity

Fatty acids are components that could influence

lifespan in CR animals. As stated above, the Mem-

brane Theory of Aging proposes that lifespan is

inversely related to the level of unsaturation, and in

particular the level of n-3 polyunsaturated fatty acids

(PUFA) in membrane phospholipids (Pamplona et al.

1998, 2002; Hulbert et al. 2007; Hulbert 2008;

Pamplona and Barja 2011). Of note, only two traits

currently correlate inversely with maximal longevity

among animal species: both the rate of reactive oxygen

species (ROS) generation in mitochondria and the

degree of fatty acid unsaturation of tissue membranes

(Pamplona and Barja 2011; Barja 2014). In accor-

dance, a decrease in long-chain PUFA in mitochon-

drial membrane phospholipids may be a mechanism

contributing to the anti-aging effects of CR (Laganiere

and Yu 1989, 1993; Yu et al. 2002). Interestingly, the

drug atenolol, a b1-blocker that decreases fatty acid

unsaturation in heart and skeletal muscle mitochondria

and changes the lipid profile towards that found in

long-lived mammals, reverted several age-associated

detrimental alterations in mice but did not extend

longevity, possibly due to unwanted side effects of the

drug (Sánchez-Román et al. 2010, 2014; Gómez et al.

2014). Furthermore, a recent lipidomic approach has

demonstrated that CR significantly altered the hepatic

lipidome in male C57BL/6 mice and caused a change

in the relative abundance of specific triglycerides and

phosphatidylethanolamines and reduced hepatic

1-palmitoyl-2-glutaryl-sn-glycero-3-phosphatidyl-

choline content, a specific product of phospholipid

peroxidation (Jové et al. 2014). Less susceptibility of

membranes to peroxidation was explained on the basis

of a redistribution in the type of unsaturation: CR

increased monounsaturated fatty acids (MUFA) in

liver, whereas the levels of PUFA were decreased

without any observed changes in saturated fatty acids

(SFA). These specific changes may be the result of a

metabolic reprogramming leading to lower levels of

oxidative damage which could contribute to the

increased lifespan of CR mice (Jové et al. 2014).

These recent observations are in agreement with the

theories that link fatty acid composition of mitochon-

drial phospholipids to aging, with lipid peroxidation as

the mechanism through which fatty acids influence
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lifespan. In addition, mitochondrial phospholipid fatty

acids could also influence aging by altering the activity

of membrane proteins (Innis and Clandinin 1981;

Daum 1985; Dowhan et al. 2004; Lee 2004; Marsh

2008), membrane permeability (Brand et al. 1994;

Brookes et al. 1998), ROS production (Ramsey et al.

2005; Hagopian et al. 2010) or other membrane-linked

processes. Membrane n-6 and n-3 fatty acids of 20

carbons in length may also serve as precursors for the

formation of eicosanoids, which modulate inflamma-

tory responses (Calder 2004, 2007; Schmitz and Ecker

2008; Deckelbaum and Torrejon 2012). It has been

recently demonstrated that chronic, progressive low-

grade inflammation induced by knockout of the nfkb1

subunit of the transcription factor NF-kB induces

premature aging in mice (Jurk et al. 2014). Thus,

membrane phospholipid fatty acids may influence

aging by promoting oxidative damage, influencing

mitochondrial function and modulating inflammation.

Dietary lipids and lifespan

There is considerable interest in the role that specific

dietary lipids play in human health and longevity

(Lands 2014). In particular, several epidemiological

studies have focused on the potential adverse effects of

saturated fats (Staessen et al. 1997; Kromhout et al.

2000; Leosdottir et al. 2005; Tucker et al. 2005; Chen

et al. 2011) and the positive effects of fish oil (König

et al. 2005; León et al. 2008; Yamagishi al. 2008;

Gopinath et al. 2011). It has been reported that

saturated fat consumption is positively associated with

coronary heart disease mortality (Tucker et al. 2005;

Chen et al. 2011) and all-cause mortality in men

(Staessen et al. 1997; Kromhout et al. 2000). In

contrast, several studies have reported that fish oil

consumption is negatively associated with coronary

heart disease mortality (König et al. 2005; León et al.

2008; Yamagishi al. 2008). However, these retrospec-

tive studies do not contain the dietary controls needed

to truly determine if a specific fat source alone is

capable of altering longevity. To address this question,

a few rodent longevity studies have been completed

where the animals were fed diets that differed only in

their lipid component. Most of these studies have

largely been completed in short-lived mouse or rat

models and have produced mixed results. For exam-

ple, it has been reported that lifespan is increased in

autoimmune lupus-prone mice fed a diet containing

fish oil versus corn oil (Jolly et al. 2001; Halade et al.

2010). Other studies, however, have indicated that

lifespan is decreased in both diabetic rats fed fish

versus corn oil (Berdanier 1992) and senescence-

accelerated mice fed fish oil (Tsuduki et al. 2011) or

perilla oil (source of 18:3 n-3) (Umezawa et al. 2000)

versus safflower oil. Moreover, a recent longevity

study carried out with long-lived, male, B6C3F1 mice

fed diets supplemented with krill oil and Lovaza, a

pharmaceutical grade fish oil, beginning at 12 months

of age, has demonstrated a 6.6 % lifespan shortening

relative to controls (Spindler et al. 2014). Thus, there

is little information about the influence of dietary fatty

acids on lifespan in long-lived strains of mice (or rats).

Also, previous studies in humans and rodents have

been almost exclusively completed in individuals

allowed ad libitum access to food, and it is not known

if specific lipids have the same effect on health and

longevity under either CR or ad libitum feeding

conditions.

Optimization of pro-longevity actions of CR diets

It is generally assumed that the reduction in caloric

intake itself is the major dietary factor responsible for

the extension of life with feeding restriction in the rat.

In addition, it is also clear that an extreme reduction of

methionine intake can extend the life of rats to a

similar extent as can CR (Masoro 2006). However,

little is known about whether there is an optimum diet

composition for promoting lifespan extension with

CR. A number of diets, with a range of ingredients,

have been used for CR and aging studies (Pugh et al.

1999), but so far very few studies have attempted to

compare diets to ascertain if dietary composition

influences the response to CR. It has been reported that

mean lifespan is increased in CR rats consuming a diet

with sucrose versus cornstarch as the primary carbo-

hydrate source (Murtagh-Mark et al. 1995). It has also

been shown that the upper 10th percent survival is

slightly increased in CR rats consuming a high versus

moderate protein diet (Masoro et al. 1989). The

potential importance of dietary composition to the

retardation of aging with CR is reinforced by the

recent idea that differences in diet composition could

have contributed to the different outcomes in the two

studies investigating the influence of CR on lifespan in
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rhesus macaques (Cava and Fontana 2013; Colman

et al. 2014). In particular, the study at the Wisconsin

National Primate Research Center (WNPRC) demon-

strated a longevity increase in the CR group (Colman

et al. 2009) while no differences were observed

between diet groups in the National Institute of Aging

(NIA, NIH) study (Mattison et al. 2012). Interestingly,

if we compare the diets used in the WNPRC and NIA

rhesus macaques studies, it is unveiled that all of the

NIA monkeys received a whole-food diet rich in

phytochemicals whereas the WNPRC monkeys re-

ceived semipurified diets with sucrose and corn oil.

Although experimental validation is needed, the

possibility exists that the beneficial effects on lifespan

of the combination of phytochemical-rich pescov-

egetarian diets and mild CR in the NIA control

monkeys are already maximized (Cava and Fontana,

2013). Additional information is clearly needed to

determine the extent to which diet composition

influences the response to CR.

Calorie restriction diets differing in the major fat

source

Since fatty acids profile may play a prominent role in

determining the positive effects of CR on longevity

(Jové et al. 2014), manipulation of membrane fatty

acids by feeding CR animals with diets containing

different lipid compositions is a valuable strategy to

determine their role in CR intervention. We have

focused our research on how altering the predominant

fat source affects the outcome of CR in mice. For these

studies, C57BL/6 J mice were randomly assigned into

4 dietary groups fed semi-purified diets based on the

AIN-93 formulas. The control group was fed 95 % of a

pre-determined ad libitum intake (12.5 kcal) in order

to prevent obesity, whereas the CR dietary groups

were fed 40 % less than ad libitum intake. All diets

were identical except for dietary lipid source, which

was soybean oil (high in n-6 PUFA) for both control

and one of the CR groups. The two remaining CR

groups were fed diets containing either fish oil (high in

n-3 PUFA) or lard (high in saturated and monoun-

saturated fatty acids) as main sources of dietary fat

respectively. Soybean oil (14 % of total fat content)

was added to the fish oil (AIN93G and AIN93M) and

lard (AIN93M only) diets to insure adequate intake of

linoleic acid. Three independent cohorts of mice were

subjected to dietary intervention. Two of these cohorts

were maintained at the University of California, Davis

and used in a longitudinal lifespan study and a cross-

sectional study set up to evaluate several mitochon-

drial parameters which included fatty acid composi-

tion, H? leak, activities of electron transport chain

(ETC) enzymes, ROS generation and lipid peroxida-

tion in liver and skeletal muscle. The third cohort was

maintained at the University Pablo de Olavide (Sevil-

la, Spain) and used in a cross-sectional study set up to

evaluate mitochondrial ultrastructure and mitochon-

drial apoptotic signaling. The aim of this paper is to

provide a comprehensive review of these previous

investigations, and the main results of our studies are

summarized in the following sections.

The effect of dietary fat on mitochondrial fatty acid

composition in CR mice

In ad libitum fed animals, it has been shown that

dietary lipids can alter the fatty acid profile of

mitochondrial membranes in multiple tissues, includ-

ing liver, heart, brain, and skeletal muscle (Yamaoka

et al. 1988; Quiles et al. 2002; Ramsey et al. 2005;

Tahin et al. 1981). Do these alterations also occur in

CR animals? Our first major goal was to determine if

alterations in dietary lipids could lead to changes in

mitochondrial phospholipids fatty acid composition in

CR mice, since a previous study has reported that CR

dampened dietary fat-induced changes in liver plasma

membrane phospholipid composition (Cha and Jones

2000). Membrane n-3 fatty acid levels were increased

in all phospholipids classes in both skeletal muscle

(Chen et al. 2012) and liver mitochondria (Chen et al.

2013) in 1 month CR mice consuming fish oil

compared to all other diet groups. Similarly, mem-

brane linoleic acid (18:2 n-6) levels were increased in

liver and skeletal muscle mitochondria from CR mice

consuming soybean oil (high in 18:2 n-6) compared to

all other CR groups. In liver, this increase in 18:2 n-6

took place in all phospholipids, while in skeletal

muscle the increase of 18:2 n-6 was due primarily to

phosphatidylcholine. Mice consuming lard had in-

creased levels of MUFA in liver and skeletal muscle

phospholipids, but the MUFA increase in skeletal

muscle was limited to phosphatidylcholine (Chen et al.

2012, 2013). In the case of mice fed experimental diets

for 8 mo, it was found that fish oil markedly increased
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n-3 fatty acids whereas soybean oil increased 18:2 n-6

levels in skeletal muscle mitochondrial phospholipids

(Chen et al. 2014). Taken together, our results

demonstrate that skeletal muscle and liver mitochon-

drial phospholipid fatty acids readily change to reflect

the dietary fat source in CR mice, indicating that

dietary lipid manipulations can be used to test the role

of mitochondrial membrane phospholipid fatty acid

composition on CR action.

Mitochondrial proton leak

Mitochondrial H? leak, whereby protons bypass the

ATP synthase and passively cross the mitochondrial

inner membrane, is a major energy expending process

responsible for approximately 20 % of resting energy

expenditure (Ramsey et al. 2000). Overall H? leak is

thought to consist of basal leak that is unregulated and

inducible leak that is regulated by either the uncou-

pling proteins or the adenosine monophosphate/

adenine nucleotide translocase (Brookes et al. 2005).

It is well established that basal H? leak increases with

age (Hagen et al. 1997; Harper et al. 1998; Lal et al.

2001) although the CR effects on H? leak have

provided conflicting results, with CR inducing a

decrease (Hagopian et al. 2005), increase (Lambert

and Merry 2004), or no change (Ramsey et al. 2004;

Lambert and Merry 2005) in liver mitochondrial H?

leak. In the case of skeletal muscle, proton leak is

either not altered or decreased with CR depending on

duration of CR and/or animal age (Asami et al. 2008).

Thus, we were interested in determining how CR

and dietary fat affect H? leak in both liver and skeletal

muscle of mice fed our experimental diets. In liver, 1

month of CR did not markedly alter H? leak in

comparison with the control group. However, when

comparing the three CR groups that differed in fat

source, we found that the lowest H? leak occurred in

CR-Lard group whereas the CR-Fish animals had

increased H? leak (Chen et al. 2013). Similarly, in

skeletal muscle, mitochondrial H? leak was also lower

in CR mice consuming lard compared to all other

groups (Chen et al. 2012), although these differences

disappeared at 8 months CR (Chen et al. 2014). It has

previously been shown that age-related changes in H?

leak kinetics of skeletal muscle mitochondria pri-

marily take place in control rather than in CR mice

(Asami et al. 2008). It is thus possible that time-related

differences in H? leak kinetics between CR and

control mice reflect the fact that CR mitigates age-

related changes in H? leak. The mechanism through

which dietary fatty acids influence mitochondrial H?

leak is not entirely clear. Comparative studies have

reported that membrane unsaturation index (UI) and

n-3 PUFA are positively correlated with mitochondrial

H? leak (Porter et al. 1996; Brookes et al. 1998).

However, studies using liposomes have found that

proton leak through phospholipid bilayers (lipid–lipid

interactions) account for only a small amount of

mitochondrial H? leak (Brookes et al. 1997) and

studies using a range of mammalian species indicate

that mitochondrial membrane area has a much greater

influence on proton leak than membrane fatty acid

composition (Porter et al. 1996). In our studies, the

fact that differences in H? leak among the diet groups

disappeared in skeletal muscle at 8 months of CR,

despite the fact that mitochondrial fatty acid compo-

sition continued to differ dramatically between

groups, supports the notion that membrane fatty acid

composition is not the primary determinant of mito-

chondrial H? leak. Additional research is needed to

determine if dietary lipids influence mitochondrial H?

leak by altering mitochondrial morphology, changing

interactions between membrane proteins and fatty

acids or other processes. In sum, our results suggest

that lard may help to induce mitochondrial changes

which conserve energy in CR mice. Such an adapta-

tion may be beneficial when animals are faced with

maintaining energetically costly post-mitotic tissues

while decreasing energy intake.

Activities of the mitochondrial electron transport

complexes

In liver mitochondria, we found that 1 month of CR

did not significantly alter ETC enzyme activities

(Chen et al. 2013). This is in contrast with previous

results obtained with skeletal muscle mitochondria,

which showed that the activities of ETC Complexes I,

III and IV were lower in mitochondria from CR

compared with control mice at 10 months of age (or

*26 weeks of CR). However, at older age

(20 months), CR mice did not experience the age-

related decrease in ETC enzyme activity observed in

control animals (Desai et al. 1996). Young adult rats

(8–10 months old) on CR for 4.5–6.5 months were
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also reported to have lower Complex IV activity in

muscle mitochondria compared with their age-

matched ad libitum controls (Hepple et al. 2006).

When we studied the effect of dietary fat in CR mice, it

was found that the CR-Fish group had lower Complex

I activity than the CR-Soy group and lower Complex II

activity than both the CR-Soy and CR-Lard groups. A

decrease in Complex I activity in the CR-Lard group

was the only difference between the CR-Lard and CR-

Soy groups. Our results point out the importance of the

tissue under study (liver vs. muscle) and the duration

of CR regime on the effects of this intervention in ETC

enzyme activities. Furthermore, dietary lipids can

differentially influence the activities of ETC enzymes

in mitochondria from CR mice, which agrees with the

previously reported role of cardiolipin fatty acid

composition on ETC activities (Chen et al. 2013).

Mitochondrial ROS generation

CR has been reported to decrease mitochondrial

production of ROS in a variety of tissues (Gredilla

and Barja 2005; Sohal and Weindruch 1996), but the

influence of short-term CR on liver ROS production is

not entirely clear since studies in rats have reported

that ROS production is not decreased in liver

mitochondria following 1 month 40 % CR (Ramsey

et al. 2004). Furthermore, 6–7 weeks 8.5 or 25 % CR

did not change ROS production in liver mitochondria

although different markers of protein oxidation,

glycoxidation and lipoxidation were significantly

decreased (Gomez et al. 2007). In contrast, it has

been reported that ROS production is decreased at

6 weeks of 40 % CR in rat liver mitochondria

respiring on pyruvate/malate (Gredilla et al. 2001).

In our model, we found that 1 month of CR did not

decrease ROS production in liver mitochondria respir-

ing on either substrate alone or substrate plus rotenone

(an inhibitor of Complex I). In addition, a decrease in

ROS production was only observed with CR when

liver mitochondria were respiring on pyruvate/malate

plus the Complex III antimycin A (Chen et al. 2013).

When we tested the effect of dietary fat, it was

found that mitochondrial H2O2 production was sig-

nificantly lower in the CR-Fish compared with the

other CR groups under all substrate (succinate, or

pyruvate/malate, or pyruvate/malate/succinate) and

substrate plus inhibitor conditions (Chen et al. 2013).

These results are in accordance with our previous

results obtained with fat-1 mice, which express the C.

elegans fat-1 gene encoding a desaturase that uses n-6

fatty acids as a substrate for the formation of n-3 fatty

acids. Liver mitochondria obtained from these mice

were enriched in n-3 PUFA and had lower H2O2

production when respiring on either succinate or

succinate/glutamate/malate compared with control

mice (Hagopian et al. 2010).

Long-term (1 year or longer) CR decreases ROS

production in skeletal muscle mitochondria (Bevilac-

qua et al. 2005; Drew et al. 2003), whereas ROS

production was either decreased (Bevilacqua et al.

2004) or not changed (Gredilla et al. 2004) with short-

term CR. Skeletal muscle ROS production was not

altered in mitochondria respiring on substrates in the

absence of ETC inhibitors from short-term CR mice

(Faulks et al. 2006). In accordance with these previous

studies, we found that H2O2 production was not altered

at 1 month of CR in mitochondria respiring on substrate

(succinate, pyruvate/malate, or succinate/pyru-

vate/malate) without ETC inhibitors, but was altered

in the presence of ETC inhibitors with a diminished

ROS producing capacity in both Complexes I and III in

all three CR groups regardless of dietary fat, without

significant differences among CR groups (Chen et al.

2012). However, after 8 months of CR there were no

differences between control and CR groups in H2O2

production regardless of substrates and/or inhibitors

used. The CR-Lard group had decreased ROS produc-

ing capacity from complex III although dietary lipids

had little influence on ROS produced from backflow

into complex I (Chen et al. 2014).

In sum, short-term CR may decrease maximal

capacity for ROS production from Complex III in liver

mitochondria (Chen et al. 2013). In addition, our

studies with mice fed CR diets with different fat

sources support the idea that phospholipid fatty acid

composition may have a major influence on liver

mitochondrial ROS production. Fish oil consumption

changes mitochondrial phospholipid fatty acid com-

position and decreases ROS production in both

Complexes I and III (Chen et al. 2013). In skeletal

muscle CR produces relatively rapid (within 1 month)

changes in the mitochondrial ETC which could

influence ROS production under conditions which

increase the reduction state of the ETC components

(i.e. in the presence of ETC inhibitors). Changes

elicited by short-term CR may be due to protein
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modifications and/or ETC complex assembly, and are

unlikely to be related to fatty acid modifications (Chen

et al. 2012). Although these alterations were attenuat-

ed by age, a protective effect of CR-Lard diet against

mitochondrial ROS production under certain assay

conditions becomes increasingly apparent in skeletal

muscle from mice fed on a long-term CR regime.

Thus, the length of CR and/or age may influence

changes between dietary lipid groups in ROS produc-

tion by skeletal muscle mitochondria (Chen et al.

2014).

Lipid peroxidation

A cornerstone of the Membrane Theory of Aging is

that increased lipid peroxidation and oxidative dam-

age to membranes with increased levels of highly

unsaturated fatty acids (HUFA) lead to a decrease in

lifespan (Pamplona et al. 1998, 2002; Hulbert et al.

2007; Hulbert 2008; Pamplona and Barja 2011). In the

case of liver mitochondria there were no differences in

lipid peroxidation (thiobarbituric acid–reacting sub-

stance (TBARS) assay) between the CR-Soy and

control groups, and among the three CR groups, at

1 month of CR, which indicates that liver mitochon-

drial lipid peroxidation is not altered by dietary lipid

source in short-term CR mice (Chen et al. 2013). We

observed that skeletal muscle mitochondria from the

CR-Fish group had increased lipid peroxidation com-

pared with both control and CR-Lard groups, despite

consuming a diet containing twice the amount of the

antioxidant t-butylhydroquinone as the other groups

(Chen et al. 2012). These results are in agreement with

other studies showing that fatty acid UI is positively

associated with the level of mitochondrial oxidative

damage (Herrero et al. 2001; Pamplona et al. 2004).

Long-term ingestion of fish oil increased oxidative

stress and decreased lifespan in senescence-accelerat-

ed mice (Tsuduki et al. 2011), but we did not observe

any significant differences between any of the groups

of mice in mitochondrial lipid peroxidation at

8 months of CR (Chen et al. 2014). However, it has

to be taken into account that these results were

obtained by using TBARS method, which has proven

to work reasonably well when applied to defined

systems, such as liposomes and microsomes, but also

to be prone to interferences when applied to body

fluids and tissue samples (Meagher and Fitzgerald

2000). Thus, these observations should be taken with

caution until confirmed by additional methodologies.

Markers of mitochondrial ultrastructure

and dynamics

Liver was studied in mice fed experimental diets for 6

and 18 months starting at an age of 3 months.

Mitochondria from CR-Lard fed young adult mice

showed increased size compared with all other diets,

but this parameter remained unaltered in CR-Fish and

CR-Soy compared with the control group (Khraiwesh

et al. 2013). CR also induced changes in mitochondrial

shape, with a decrease of circularity coefficients in all

CR groups, and particularly in CR-Fish, compared

with the control group. In addition, the number of

cristae per mitochondrion was significantly higher in

all CR groups compared with the control group, which

could represent a metabolic adaptation to the low-

energy state under CR conditions (Khraiwesh et al.

2013). The percentage of cell volume occupied by

mitochondria and the number of mitochondria per cell

volume unit were significantly increased in all CR

groups compared with the control group, which agrees

with a previous quantitative study (López-Lluch et al.

2006). On the other hand, no differences in these

parameters were observed among the three CR groups

(Khraiwesh et al. 2013). Interestingly, similar changes

were also observed in mice fed a diet supplemented

with resveratrol, a mimetic of CR (Agarwal and Baur

2011; Villalba and Alcaı́n 2012).

In the case of 21 months old mice, CR also resulted

in increased mitochondrial number and volume,

although these results also depended on the fat source

since CR-Lard and CR-Soy groups exhibited larger

mitochondria than the CR-Fish group. Mitochondrial

shape also varied with CR in old mice, with more

spherical mitochondria being found in all the CR

groups regardless of dietary fat. Mean number of

cristae per mitochondria and mean crista length were

also increased when comparing CR animals with

controls and this change was also affected by dietary

fat, since a sequential increase in cristal length was

found with CR-Soy[ CR-Lard[CR-Fish[ control

(Khraiwesh et al. 2014). These results contrast with

those reported in young mice subjected to 6 months of

CR where mitochondria of increased size were found

only in the CR-Lard group (Khraiwesh et al. 2013).
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We found increased levels of proteins related to

mitochondrial fission (Fis1 and Drp1) by CR in young

adults, but no changes were detected in proteins

involved in mitochondrial fusion (Mfn1, Mfn2 and

OPA1). Our results on Drp1 and Fis1 are in accordance

with previous investigations (Nisoli et al. 2005; López-

Lluch et al. 2006) showing an increased number of

mitochondria together with an increase in parameters

related to mitochondrial biogenesis in animals subject-

ed to CR. A similar result has been reported in animals

fed a resveratrol-supplemented diet (Baur et al. 2006).

Interestingly, the effect of CR on fission proteins was

exacerbated by lard and diminished by fish oil, even

while liver mitochondria were the largest in CR-Lard

compared with the other dietary groups (Khraiwesh

et al. 2013). However, these dietary fat-induced differ-

ences in markers of mitochondrial dynamics were

attenuated by aging (Khraiwesh et al. 2014).

In sum, modification of mitochondrial ultrastruc-

ture by CR and dietary lipid composition is influenced

by age and/or duration of dietary intervention. Long-

term CR is associated with increases of mitochondrial

abundance and cristal number and length in mouse

liver. The increase of mitochondrial abundance by this

intervention is independent of level of fatty acid

unsaturation (Khraiwesh et al. 2013) and is also

produced by the CR mimetic resveratrol. Interestingly,

although some of the changes are attenuated by aging,

the effect of dietary fat under CR conditions is more

pronounced in aged mice.

Apoptotic signaling

Apoptosis regulates cellular turnover in mitotic tissues

(such as liver) and is involved in the onset of sarcopenia

in aging skeletal muscle (Evan and Littlewood 1998;

Kanzler and Galle 2000; Dirks and Leeuwenburgh

2002, 2004; Phillips and Leeuwenburgh 2005; Chung

and Ng 2006; Adams and Cory 2007; Marzetti et al.

2008a, b, 2009; Seo et al. 2008; Wohlgemuth et al.

2010; Hanahan and Weinberg 2011). Our studies of

apoptotic signaling were carried out on mice fed

experimental diets for 6 or 18 months starting at an age

of 3 months and analyses were performed both in liver

and in skeletal muscle. An age-linked increase in the

mitochondrial apoptotic pathway was detected with

CR in liver, including a decrease in Bcl-2/Bax ratio, an

enhanced release of cytochrome c to the cytosol and

higher caspase-9 activity. However, these changes

were not fully transmitted to the effectors AIF and

caspase-3. In addition, CR (which completely abated

aging-related inflammatory alterations in liver) and

dietary fat altered the activities of caspases-8, -9 and -3.

Of note, two well-recognized makers of aging liver, as

DNA fragmentation and nuclear mean area, were

dramatically increased in all aged animals with the

remarkable exception of the CR-Lard group (López-

Domı́nguez et al. 2014a).

In skeletal muscle, 6 months of CR downregulated

several proapoptotic mediators, such as lipid hy-

droperoxides, plasma membrane neutral sphin-

gomyelinase, Bax levels, and release/accumulation

of cytochrome c and AIF into the cytosol. CR also

improved structural features of gastrocnemius fibers

by increasing cross-sectional area and decreasing

circularity of fibers in cross sections. Fish oil aug-

mented the protective effect of CR in young animals,

decreasing plasma membrane neutral sphingomyeli-

nase, Bax levels, caspase-8 and -9 activities, while

increasing levels of the antioxidant coenzyme Q at the

plasma membrane, and potentiating the increase of

cross-sectional area and the decrease of fiber circu-

larity in cross sections. Many of these changes were

not observed in the CR-Lard group (López-Dom-

ı́nguez et al. 2013). On the other hand, the most

prominent change observed in aged mice was found

for caspase-9 activity, a marker of mitochondrial

apoptosis, which exhibited a dramatic increase with

aging in the CR-Fish group but not with CR-Lard,

while CR-Soy showed an intermediate effect (López-

Domı́nguez et al. manuscript in preparation).

Our observations support the idea that the influence

of CR and dietary fat on apoptotic signaling in liver and

skeletal muscle is age dependent. Lard elicits protective

changes in hepatic homeostasis with aging in mice fed

under CR (López-Domı́nguez et al. 2014a). In addition,

although fish oil attenuates skeletal muscle apoptotic

signaling in young CR mice, most of these changes

were abolished or even reverted in aged mice, with a

significant decrease of caspase-9 activity, a marker of

mitochondrial apoptosis, in the CR-Lard group.

Effect of dietary fat on lifespan in CR mice

Lifespan was increased in CR mice consuming lard[
soybean oil [ fish oil-containing diets (López-
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Domı́nguez et al. 2014b). There were no differences in

prevalence of neoplasms or other major measures of

end-of-life pathology between the three CR diet

groups. Thus, differences in lifespan between the

CR-Lard mice and the other CR groups were likely due

to delay in onset of disease rather than preventing the

occurrence of specific disease conditions. Longevity

improvement in the CR-Lard group is consistent with

the Membrane Theory of Aging, and questions the

efficacy of feeding diets high in PUFA to CR animals.

Furthermore, these results suggest that lipid composi-

tion of the diet should be considered when designing

diets to maximize lifespan extension with CR.

A possible explanation for dietary fat source effects

on lifespan in CR mice

There has been considerable interest in the possible

health benefits of dietary n-3 PUFA for humans and

other animals, mainly by the role of these fatty acids in

inflammation (Lands 2014). In particular, n-3 PUFA

form eicosanoids, resolvins and docosanoids, which

are anti-inflammatory, in contrast with n-6 PUFA,

which form pro-inflammatory eicosanoids (Calder

2004, 2007, 2012). Also, some studies have reported

that fat mass is decreased in rodents (Jones 1989; Hill

et al. 1993; Su and Jones 1993; Baillie et al. 1999;

Tsuboyama-Kasaoka et al. 2008) and humans (Couet

et al. 1997; Noreen et al. 2010) consuming diets

containing fish oil (n-3 PUFA). Fatty acid-induced

changes in mitochondria could be a major contributor

to this decrease in adiposity (Nakamura et al. 2014).

There is evidence that consumption of fish oil

increases mitochondrial biogenesis (Flachs et al.

2005), at least in some tissues, and increases capacity

for mitochondrial fatty acid oxidation (Halminski

et al. 1991; Ide et al. 2000). Dietary fish oil has been

shown to increase the activities of enzymes involved

in fatty acid oxidation (Ide et al. 2000; Hong et al.

2003) and, in particular, to increase the activity of the

membrane-bound enzyme carnitine palmitoyltrans-

ferase I (Power et al. 1994; Power and Newsholme

1997; Hong et al. 2003), which plays a central role in

regulating the rate of mitochondrial b-oxidation.

There is also some evidence that diet-induced increas-

es in mitochondrial n-3 PUFA alter the activities of

ETC enzymes (Yamaoka et al. 1988; McMillin et al.

1992; Barzanti et al. 1994; Infante et al. 2001),

although additional work is needed to determine the

extent of these changes. We have reported that

mitochondrial ROS production may be decreased in

response to increased mitochondrial phospholipid n-3

PUFA, and this may contribute to protect the mito-

chondria from oxidative damage (Ramsey et al. 2005;

Hagopian et al. 2010). Thus, fish oil induces a number

of beneficial mitochondrial changes which may lead to

increased lifespan in ad libitum fed animals.

The possibility exists, however, that dietary n-3

PUFA may not be beneficial to CR animals. CR

induces many of the same physiological changes as

dietary n-3 PUFA, including decreased ROS produc-

tion (Sohal and Weindruch 1996; Gredilla and Barja

2005), adiposity (Ramsey and Hagopian 2006; Speak-

man and Mitchell 2011) and inflammation (Chung

et al. 2001; Fontana 2009), and increased mitochon-

drial biogenesis (López-Lluch et al. 2006; Nisoli et al.

2005; Civitarese et al. 2007) and fatty acid oxidation

(Bruss et al. 2009). Thus, n-3 PUFA may not be able to

induce additional changes in CR animals. On the other

hand, long chain n-3 PUFA are very susceptible to

peroxidation (Crockett 2008). Increased peroxidiz-

ability of membranes from CR animals consuming

diets enriched in n-3 fatty acids could cause impaired

mitochondrial function and decreased lifespan, as

previously indicated (Pamplona et al. 1998; Hulbert

et al. 2007; Hulbert 2008; Pamplona and Barja 2011),

and these alterations could be particularly important if

n-3 PUFA induce no benefits beyond those already

obtained by CR per se. There is evidence that

consumption of diets high in saturated and monoun-

saturated fatty acids may increase ETC activity in old

rats (Bronnikov et al. 2010). It has also been reported

that mitochondrial ROS production and oxidative

damage are decreased (Huertas et al. 1999; Mataix

et al. 2006; Mujahid et al. 2009) and mitochondrial

function is improved (Mataix et al. 2006) in animals

consuming diets high in monounsaturated fats versus

diets high in PUFA. Thus, the possibility exists that

diets high in saturated and/or monounsaturated fatty

acids may show clear benefits in CR animals that are

not overweight and have low levels of inflammation.

Concluding remarks

Very different approaches (biochemical, ultrastruc-

tural, lifespan analysis) applied to three different
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cohorts of mice have independently indicated that lard

as a fat source often maximizes the effects of 40 % CR

on mice, in accordance with the Membrane Theory of

Aging (see Table 1). A limitation of our studies, and of

all studies using complex dietary lipid sources, is that

various dietary lipids differ in multiple fatty acids.

Thus, studies using diets with purified fatty acids will

be likely required to identify the specific fatty acids

which influence lifespan in CR mice. The fact that the

CR-Lard diet significantly increased MUFA levels in

liver and muscle phospholipids and the recent demon-

stration that CR produces a redistribution in the type of

unsaturation with a significant increase of MUFA in

liver (Jové et al. 2014), make it very likely that MUFA

increases may be a causal factor in the observed effects

of CR-lard diet. Additional studies will also be needed

to determine if the increased lifespan in 40 % CR mice

consuming the lard diet would also be observed at

other levels of energy intake. Although the focus of

our studies was on dietary lipid composition, it is

possible that composition of protein, carbohydrates, or

other dietary components may also influence lifespan.

Studies comparing various diets under identical con-

ditions in animals maintained on specific levels of

energy intake are needed to truly determine the extent

to which various diets influence lifespan in animals

maintained on CR.
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The exact mechanisms underlying the
role of oxidative stress in the pathogene-
sis and the prothrombotic or proinflamma-
tory status of antiphospholipid syndrome
(APS) remain unknown. Here, we investi-
gate the role of oxidative stress and mito-
chondrial dysfunction in the proathero-
thrombotic status of APS patients induced
by IgG-antiphospholipid antibodies and
the beneficial effects of supplementing
cells with coenzyme Q10 (CoQ10). A signifi-
cant increase in relevant prothrombotic
and inflammatory parameters in 43 APS
patients was found compared with

38 healthy donors. Increased peroxide
production, nuclear abundance of Nrf2,
antioxidant enzymatic activity, decreased
intracellular glutathione, and altered mito-
chondrial membrane potential were found
in monocytes and neutrophils from APS
patients. Accelerated atherosclerosis in
APS patients was found associated with
their inflammatory or oxidative status.
CoQ10 preincubation of healthy mono-
cytes before IgG-antiphospholipid anti-
body treatment decreased oxidative
stress, the percentage of cells with al-
tered mitochondrial membrane potential,

and the induced expression of tissue
factor, VEGF, and Flt1. In addition, CoQ10

significantly improved the ultrastructural
preservation of mitochondria and pre-
vented IgG-APS–induced fission medi-
ated by Drp-1 and Fis-1 proteins. In con-
clusion, the oxidative perturbation in APS
patient leukocytes, which is directly re-
lated to an inflammatory and pro-
atherothrombotic status, relies on altera-
tions in mitochondrial dynamics and
metabolism that may be prevented, re-
verted, or both by treatment with CoQ10.
(Blood. 2012;119(24):5859-5870)

Introduction

Antiphospholipid syndrome (APS) is a clinical disorder character-
ized by thrombosis and pregnancy morbidity associated with the
persistent presence of antiphospholipid (aPL) antibodies, including
anti–�2-glycoprotein-I (anti-�2GPI), lupus anticoagulant, or both
and complement factors.1 Procoagulant cell activation, accompa-
nied with tissue factor (TF) expression, and TF pathway up-
regulation are key events considered explaining the pathophysiol-
ogy of thrombosis in patients with APS.2,3 In addition, it has been
shown that TF signaling activities in APS are mainly mediated by
protease-activated receptors (PARs).4,5 Accordingly, PAR1- and
PAR2-induced signaling is directly involved in the constitutive
mitogen-activated protein kinase (MAPK) activation6 and the
increased expression found in patients with aPL antibodies of the
proinflammatory cytokine vascular endothelial growth factor
(VEGF) and its receptor Flt1.7 Similar results have been reported in
endothelial cells (ECs),8 platelets, and monocytic cell lines and in
in vivo models of aPL-induced thrombogenicity.9-11

Notably, aPL antibodies also trigger an inflammatory cascade,
and they have been associated with atherosclerosis as well as
cerebrovascular and peripheral arterial diseases.12,13 Moreover, aPL
antibodies may cross-react with oxidized low-density lipoproteins
(ox-LDLs), and both aPL and anti–ox-LDL antibodies have been

implicated in the pathogenesis of atherosclerosis associated with
systemic lupus erythematosus (SLE) and APS. It has been shown
that aPL antibodies, in particular anti-�2GPI antibodies, can
accelerate the influx of ox-LDLs into macrophages.14 Other
autoantibodies, such as anti–high-density lipoproteins (HDLs) and
antiapolipoprotein A-I, also have been detected in APS. In addition,
macrophages and ECs bind to �2GPI during the atherosclerotic
process. In this regard, anticardiolipin (aCL) antibodies can induce
monocyte adherence to ECs, which is mediated by adhesion
molecules such as ICAM-1, VCAM-1, and E-selectin. Thus, aCL
antibodies might promote atherosclerosis by attracting monocytes
into the vessel wall. Moreover, a correlation between serum levels
of aCL and anti-�2GPI antibodies and the incidence and severity of
acute coronary syndrome, myocardial infarction, and stroke have
been demonstrated previously.15,16 Early endothelial dysfunction17

and increased carotid intima-media thickness also have been
observed in APS.18

Various studies have evidenced that oxidative stress is directly
involved in the pathophysiology of both APS and SLE. Mitochon-
drial dysfunction, accompanied with ATP depletion, oxidative
stress, abnormal activation, and death signal processing in lupus
T cells have been demonstrated previously.19 In the setting of APS,
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aCL antibodies seem to play an important role in the oxidative
status by inducing nitric oxide (NO) and superoxide production,
resulting in enhanced levels of plasma peroxynitrite, a powerful
pro-oxidant substance.20 Titers of aCL antibodies have been found
positively correlated to plasma levels of F2-isoprostanes, sensitive
markers of in vivo lipid peroxidation, indicating enhanced oxida-
tive stress in APS.21,22 Functional and structural arterial abnormali-
ties were associated with lower activity of paraoxonase, an
antioxidant enzyme linked to HDLs that prevents LDL oxidation.
Moreover, in patients with aPL antibodies, HDL reduced NO
bioavailability and showed impaired anti-inflammatory and antioxi-
dant properties.23

Thus, aCL antibody production has been associated with
vascular disease, plasma oxidation, and endothelial activation.
However, few studies have critically analyzed the precise patho-
genic role of the aCL-induced oxidative stress; in most cases,
analysis has been just at plasmatic level.23-25. In addition, oxidative
stress markers in circulating leucocytes from APS patients have not
been investigated, and the source of reactive oxygen species (ROS)
in those cells and the cellular and molecular mechanisms regulating
those processes remain elusive. Mitochondrial machinery is particu-
larly susceptible to oxidative damage, and the mitochondrial
integrity of circulating peripheral lymphocytes in APS, which
perpetuate chronic inflammation and prothrombotic status, has not
been fully investigated to date.

Coenzyme Q10 (CoQ10; ubiquinone) is a vital component of the
mitochondrial respiratory chain, with a crucial role in ATP produc-
tion as the coenzyme for the mitochondrial complexes I, II, and
III.26 CoQ10 provides membrane-stabilizing properties and also acts
as an antioxidant with cell-protective effects, including inhibition
of LDL oxidation and thus the progression of atherosclerosis.
Furthermore, CoQ10 decreases the production of proinflammatory
cytokines, as well as blood viscosity, demonstrated to be helpful in
patients with heart failure and coronary artery disease. Different
studies have highlighted the beneficial effects of CoQ10 supplemen-

tation in a variety of clinical conditions, with emphasis on
cardiovascular disease.27,28 Yet, CoQ10 beneficial effects on APS
patients with high risk of atherothrombosis have not been evaluated.

We undertook this study to investigate the role of oxidative
stress and mitochondrial dysfunction in the aPL-induced proathero-
thrombotic status of APS patients and to test the effects of CoQ10

supplementation of cells.

Methods

Patients

Forty-three patients fulfilling the classification criteria for APS, 25 with
previous thrombotic events and 19 with pregnancy morbidity, and 38 healthy
donors were included in the study (during a period of 24 months) after
ethics committee approval was obtained at the Reina Sofia Hospital in
Cordoba, Spain. All patients provided written informed consent in accor-
dance with the Declaration of Helsinki. Patients were studied at least
9 months after their latest thrombotic event or pregnancy loss. We excluded
all APS patients who had evidence of an underlying systemic rheumatic
disease or other medical conditions or who were using drugs for any other
conditions. None of the healthy controls had a history of autoimmune
disease, bleeding disorders, thrombosis, or pregnancy loss.

All patients were tested for the presence of aCL and lupus anticoagulant
antibodies: IgG-and IgM-aCL antibodies were determined by ELISA using
a commercial kit (Inova Diagnostics). Results were expressed in standard
IgG- or IgM-aCL units (IgG phospholipid units GPL or IgM phospholipid
units, respectively). Lupus anticoagulant was detected according to the
guidelines recommended by the Subcommittee for Standardisation of the
International Society on Thrombosis and Hemostasis.29 The characteristics
of the patients and the controls are shown in Table 1.

Blood samples

The collection of peripheral venous blood samples for obtaining plasma and
serum and for the preparation of purified monocytes (nonmonocytes
depleting kit; Miltenyi Biotech) and lymphocytes and neutrophils (dextran

Table 1. Clinical and laboratory parameters of the APS patients and the controls

APS patients Healthy donors P

Clinical parameters*

Females/males 34/9 32/6

Age, y 48.43 � 11.68 42.88 � 9.50 n.s.

Arterial thrombosis (%) 18 (42) 0

Venous thrombosis (%) 7 (16) 0

Recurrences (%) 8 (19) 0

Pregnancy morbidity (%) 19 (44) 0

Obesity (%) 10 (23) 2 (5)

Increased CIMT (%) 13 (30) 2 (5)

Lupus anticoagulant positivity (%) 29 (67) 0

aCL IgG, GPL 48.64 � 97.57 1.96 � 2.70 .007

aCL IgM, MPL 29.69 � 53.10 10.38 � 7.58 .038

Anti-�2GPI, SGU 41.3 � 103.0 4.07 � 9.29 .022

Antiplatelet, ASA/clopidogel (%) 17 (39) 0

Anticoagulant, warfarin/acenocoumarol (%) 16 (37) 0

Hydroxychloroquine (%) 3(7) 0

Laboratory parameters*

Total cholesterol, mg/dL 195.88 � 38.07 208.31 � 31.12 n.s.

Cholesterol HDL, mg/dL 52.68 � 13.95 63.62 � 15.45 n.s.

Cholesterol LDL, mg/dL 118.18 � 33.93 126.45 � 29.66 n.s.

Triglycerides, mg/dL 120.61 � 67.99 89.07 � 57.93 n.s.

C reactive protein, mg/dL 5.80 � 10.80 1.84 � 4.81 n.s.

Apolipoprotein A, g/L 140.19 � 19.12 159.26 � 28.12 .019

Apolipoprotein B, g/L 89.57 � 19.13 89.57 � 21.64 n.s.

GPL indicates IgG phospholipid units; MPL, IgM phospholipid units; SGU, standard IgG units; and n.s., not significant.
*Except where otherwise indicated, values are the number of subjects and mean � SD.
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sedimentation) was performed as described previously3,5,7 (for details see
supplemental Methods, available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article).

Flow cytometry analysis

Flow cytometric analysis was performed in white blood cells (WBCs) as
described previously,3 using an FACScan cytometer (BD Biosciences) and
monoclonal anti-human TF antibodies (clone TF9-6B4, FITC-conjugated;
American Diagnostica), PAR2- and Flt1 FITC-conjugated (Santa Cruz
Biotechnology), or to human CD14 PE-conjugated (Caltag).

FlowCytomix

CD40L, IFN-�, IFN-�, interleukin (IL)–6, IL-8, IL-10, monocyte chemot-
actic protein (MCP)–1, macrophage inflammatory protein (MIP)–1�, tissue
plasminogen activator (tPA), VEGF-A, and soluble platelet-selectin levels
were quantified in sera using a cytofluorimetry-based ELISA system
(FlowCytomix; Bender Medsystem). Two-color cytometric analysis was
performed using a FACSCalibur cytometer (BD Biosciences). Data were
obtained and analyzed using the FlowCytomix Pro Version 2.2.1 software.

Confocal fluorescent microscopy and image analyses

The fluorescent probes dichlorofluorescein diacetate (DCF-DA) and Rhoda-
mine-123 were used to monitor the intracellular generation of ROS and the
alterations in the mitochondrial membrane potential (��m) of monocytes
treated in vitro with purified aCL antibodies. After a 30-minute incubation
with DCF-DA (20.5�M) and Rhodamine-123 (5�M), intracellular ROS
and ��m were monitored using confocal fluorescence microscopy (LSM
5 Exciter; Carl Zeiss). To analyze the mitochondrial dynamics alterations
and to follow the changes in the architecture of mitochondria as a
consequence of APS-IgG treatment, cells were simultaneously incubated
with MitoTracker (Invitrogen). For morphologic analyses of mitochondria,
acquired images were analyzed with ImageJ Version 1.43u software
(National Institutes of Health).

Determination of oxidative stress biomarkers in WBCs

Oxidative stress biomarkers were analyzed in WBCs (lymphocytes, mono-
cytes, and neutrophils) using a dual-laser FACSCalibur flow cytometry
system (Clontech). Test standardization and data acquisition analysis were
performed using CellQuest Version 3.3 software (BD Biosciences). A
forward and side scatter gate was used for the selection and analysis of the
different cell subpopulations.

For the assessment of ROS generation, including superoxide anion and
hydrogen peroxide, cells were incubated with 20.5�M DCF-DA at 37°C for
30 minutes in the dark. For the detection of intracellular glutathione (GSH),
WBCs were incubated with 1�M 5-chloromethylfluorescein diacetate for
30 minutes in the dark. The cells were washed, resuspended in PBS, and
then analyzed on a dual-laser FACSCalibur flow cytometry system. The
MitoScreen assay kit (containing JC-1; BD Biosciences) was used (final
concentration 2�M), to assess ��m according to manufacturer’s instructions.

Determination of plasma and cell oxidative stress biomarkers

The NO stable end products nitrite plus nitrate were measured in plasma
using a commercial kit (Total Nitric Oxide Assay kit; Thermo Fisher
Scientific). Serum total antioxidant capacity (TAC) was measured by
quantitative colorimetric determination, using a TAC Assay kit (BioVision).
Nitrotyrosine, as a marker of nitrative stress, was measured in monocytes
and neutrophil extracts with a competitive enzyme immunoassay (Cell
Biolabs). Mitochondrial superoxide dismutase (SOD) activity (manganese-
SOD), catalase (CAT) activity, and glutathione peroxidase (GPx) activity
were assayed in cell lysates using specific kits (Cayman Chemical)
according to manufacturer’s instructions.

B-mode ultrasound IMT measurements

All patients and controls underwent B-mode ultrasound imaging for carotid
intima media thickness (CIMT) measurements. B-mode ultrasound imaging

of the carotid arteries was performed as described previously18,30 using
Toshiba equipment (Aplio platform) equipped with 7- to 10-MHz broad-
band linear array transducers. For further details, see supplemental Methods.

Plaque was defined as a focal structure that encroached into the arterial
lumen of at least 50% of the surrounding intima media thickness (IMT)
value or demonstrated a thickness more than 1.5 mm as measured from the
media-adventicia interface to the intima-lumen interface.30

Western blotting and EMSAs

VEGF, Flt1, inducible NO synthase, I�B�, Nrf2, actin, TFIIB, phos-
pho-p38 MAPK, p38 MAPK, FIS-1, OPA-1, DRP-1, MFN-1, and MFN-2
protein levels were determined by Western blotting,3 using specific anti-
bodies (Santa Cruz Biotechnology). Nuclear extracts (20 �g) were tested in
electrophoretic mobility shift assays (EMSAs) for nuclear factor-�B
(NF-�B)–binding activity (consensus oligonucleotides, 5	-AGTT-
GAGGGGACTTTCCCAGGC-3	 and 3	-TCAACTCCCCTGAAAGG-
GTCCG-5	) using the digoxigenin EMSA kit (Roche Diagnostics) ac-
cording to the manufacturer’s recommendations.

Purification of IgG and in vitro exposure of normal monocytes
to aPL antibodies

IgG from the pooled sera of 7 patients with APS (characterized by high
titers of aCL antibodies, ie, 
 120 IgG phospholipid units) and from the
pooled sera of 7 healthy subjects (as controls) was purified by protein
G-Sepharose high-affinity chromatography (MAbTrap kit; Amersham
Biosciences) following the manufacturer’s recommendations.

For in vitro studies, monocytes purified from healthy donors were
cultured in serum-free RPMI 1640 containing 2mM L-glutamine, 100 U/mL
penicillin, 100 mg/mL streptomycin, and 250 pg/mL Fungizone (BioWhit-
taker/MA Bioproducts), at 37°C in a humidified 5% carbon dioxide
atmosphere. Purified normal monocytes (1.5 � 106 cells/mL) were incu-
bated either with normal human serum (NHS)–IgG (500 �g/mL) or purified
APS patient-IgG (500 �g/mL) for 6 hours at 37°C.

To test the effect of ROS inhibition on APS-IgG–induced monocyte
activation, monocytes were pretreated for 1 hour at 37°C with antioxidants
N-acetyl-L-cysteine (NAC) or vitamin C (Vit C) and then incubated for
6 hours with purified APS patient-IgG (APS-IgG) or NHS (NHS-IgG) in
the presence of the drugs. Mitochondrial function was evaluated in vitro by
preincubating purified monocytes with CoQ10, rotenone, or antimycin,
followed by stimulation with APS-IgG and analysis of ��m using the dyes
JC-1 and TMRM (15nM).

Electron microscopy

Electron microscopy analysis of monocytes treated with APS-IgG in the
presence or in the absence of CoQ10 was performed as described previ-
ously.31-33 For further details, see supplemental Methods.

Statistical analysis

All data are expressed as mean � SEM. Statistical analyses were performed
using the SSPS 15.0 package (SPSS). After normality and equality of
variance tests, comparisons were made by paired Student t test or alterna-
tively using a nonparametric test (Mann-Whitney rank sum test). Correla-
tions were assessed by Pearson product-moment correlation and association
studies were performed with �2 test. The independent association between
different variables in univariate analysis was determined by multivariate
regression analysis using SPSS Version 15.0 for Windows statistical
software. Differences were considered significant at P  .05.

Results

Clinical and analytical characteristics of APS patients

No significant difference between APS patients and controls was
found in terms of traditional risk factors for atherosclerosis and
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inflammation (obesity, total cholesterol, HDL cholesterol, LDL
cholesterol, or triglycerides), except for apolipoprotein A-I levels,
which were found significantly altered in APS patients (Table 1).

CIMT was significantly greater in patients with APS versus
controls (0.95 � 0.23 vs 0.67 � 0.20 mm; P  .05).

Prothrombotic and Inflammatory parameters are dysregulated
in APS patients

As reported in previous studies,2,5,7 monocytes of APS patients
showed increased cell surface expression of TF, PAR2, and Flt1
compared with the control group (Table 2). APS patients also
displayed increased plasma levels of VEGF, IL-8, MCP-1, MIP-1�,
and tPA.

APS patients display an oxidative status

Peroxide production was notably increased in monocytes and
neutrophils of APS patients (Figure 1A), whereas intracellular
reduced GSH was significantly decreased in both cell types (Figure
1B). The percentage of cells with altered ��m was found signifi-
cantly increased in monocytes and neutrophils from APS patients
compared with cells isolated from healthy donors (Figure 1C).

Given the well-characterized antioxidant actions of Nrf2 as a
master regulator of antioxidant gene expression, we further evalu-
ated the nuclear Nrf2 protein abundance by Western immunoblot-
ting. We found a significant decrease in nuclear Nrf2 protein
abundance in monocytes from APS patients in relation to the
control group (Figure 1D).

At the plasma level, a significant reduction of TAC in plasma
from APS patients was found compared with healthy donors
(P � .001; Table 2) and might indicate a reduced capability to
counteract ROS and resist oxidative damage. Plasma NO levels

were significantly lower in APS patients versus healthy donors
(P � .034), probably as a consequence of its consumption after
reacting with reactive substances such as superoxide, and the
consequent formation of peroxynitrites. In support for that hypoth-
esis, levels of protein tyrosine nitration were significantly increased
in monocytes from APS patients compared with healthy donors
(P � .026; Table 2).

A prominent increase in the activity of monocyte mitochondrial
SOD (P � .002) was found in APS patients compared with healthy
donors. Yet, the activities of CAT and GPx were notably reduced
(P � .044 and P � .007, respectively; Table 2).

Correlation and association studies

Levels of aCL antibodies of IgG isotype positively correlated with
the percentage of cells showing depolarized mitochondria
(r � 0.741; P � .003; Figure 2A). Peroxide levels from monocytes
and monocyte cell surface TF expression levels showed a signifi-
cant positive correlation (r � 0.773; P � .029, Figure 2B). A
further positive correlation was demonstrated between peroxide
levels in monocytes and neutrophils and plasmatic tPA (r � 0.839;
P � .049 and r � 0.371; P � .024, respectively; Figure 2C). We
also found a negative correlation between plasma VEGF-A levels
and TAC (r � -0.414; P � .015; Figure 2D). Plasma levels of IL-8
and tPA were each other correlated (r � 0.345; P � .042), just as
plasma levels of IL-8 and VEGF (r � 0.490; P � .028), plasma
levels of VEGF and MCP-1 (r � 0.652; P � .002), and monocyte
cell surface TF and PAR2 expression levels (r � 0.502; P � .029).

Association studies showed that the occurrence of thrombotic
events in APS was associated with previously reported factors (ie,
aCL antibodies, TF; Figure 2E) as well as with oxidative stress
markers such as decreased ��m and TAC (Figure 2F-G). TF, PAR2,

Table 2. Parameters of thrombosis, inflammation, and oxidative stress in the APS patients and the controls

APS patients (n � 43) Healthy donors (n � 38) P

Prothrombotic and proinflammatory parameters

TF, %

Monocytes 47.13 � 23.08 28.39 � 22.20 .03

Neutrophils 20.99 � 19.14 12.28 � 11.14 n.s.

PAR2, %

Monocytes 10.55 � 8.9 5.90 � 3.60 .024

Neutrophils 2.25 � 1.27 2.13 � 1.71 n.s.

VEGF-R1, %

Monocytes 70.84 � 24.62 50.06 � 31.81 .011

Neutrophils 61.47 � 51.39 34.17 � 27.61 n.s.

VEGF-A, pg/mL 605.26 � 500.73 347.29 � 221.33 .047

sCD40L, ng/mL 16.32 � 22.16 22.85 � 19.30 n.s.

IFN-�, pg/mL 87.60 � 145.71 168.47 � 258.58 n.s.

IFN-�, pg/mL 1.89 � 6.29 5.46 � 11.50 n.s.

IL-6, pg/mL 0.03 � 0.10 0.11 � 0.15 n.s.

IL-8, pg/mL 25.20 � 52.70 4.10 � 13.40 .030

IL-10, pg/mL 22.30 � 61.20 35.69 � 79.49 n.s.

MCP-1, pg/mL 627.10 � 251.60 486.79 � 157.14 .016

MIP1-�, pg/mL 455.80 � 509.20 192.58 � 273.86 .016

soluble P-selectin, ng/mL 193.19 � 75.28 183.52 � 69.60 n.s.

tPA, ng/mL 2.54 � 1.40 1.90 � 0.82 .049

Oxidative status in plasma and monocytes

TAC, plasma; mM Trolox equivalent 103.57 � 44.9 147.12 � 54.78 .005

NO, plasma, �M 15.76 � 7.97 21.75 � 12.09 .035

Nitrotyrosine, �M 729.10 � 695.76 196.75 � 201.41 .010

Manganese-SOD, U/min/mL/�g protein 0.24 � 0.19 0.11 � 0.11 .019

Catalase, nmoL/min/mL/�g protein 122.11 � 90.91 211.69 � 111.81 .025

GPx, nmoL/min/mL/�g protein 1.19 � 0.60 2.33 � 0.97 .009

Values are mean � SD.
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and Flt1 cell surface expression in monocytes of APS patients was
mostly associated with the occurrence of arterial thrombosis. Yet,
the alterations found in different oxidative stress parameters in
monocytes and neutrophils, including peroxide production, ��m,
and enzymatic antioxidant activity, were found related to the
occurrence of both types of thrombotic events (arterial or venous)
and also to the occurrence of pregnancy loss (all P  .05).

In addition, among APS patients, those who had previously
experienced a thrombotic event (particularly those with arterial
occlusions) had greater CIMT compared with those without prior
thrombosis (P � .023). In contrast, a significant association was
noted between the increased CIMT and the levels of aCL-IgG
(P � .024), the percentage of cells with altered ��m (P � .046),
the cell surface TF expression levels on monocytes (P � .049), and
the age of APS patients (P � .041).

Multivariate analysis of all the measured parameters and titers
of aCL and anti-�2GPI antibodies demonstrated that IgG aCL titers
independently predicted increased CIMT (standardized � coeffi-
cient � 0.590; P � .001), thus supporting an atherogenic role for
IgG-aCL antibodies in APS patients. Moreover, titers of IgG-aCL
antibodies independently predicted the mitochondrial damage

(measured as percentage of cells with altered ��m) observed in
patients monocytes (beta � 0.365; P � .011).

aCL antibodies promote an oxidative status in APS monocytes

A 2-hour stimulation of monocytes with IgG-APS induced a
marked increase in the levels of peroxides (supplemental Figure
1A) that remained significantly augmented for 12 hours. No such
increase was observed with IgG-NHS or with nonspecific human
IgG obtained from a commercial source (data not shown). In
contrast, we found a significant decrease in the levels of intracellu-
lar reduced GSH, which lasted 12 hours after treatment with
IgG-APS (supplemental Figure 1B). In parallel, there was a steady
decrease in nuclear Nrf2 protein abundance that remained for
24 hours (supplemental Figure 1C).

The percentage of cells with depolarized mitochondria was
significantly increased just after 2 hours of IgG-APS treatment
(supplemental Figures 1D and 2), suggesting the involvement of
the mitochondrial electron transport chain in the IgG-APS–
mediated ROS generation.

However, in contrast with our in vivo studies, we observed a
significant increase in NO production in the supernatant of

Figure 1. Cellular oxidative stress in APS patients. (A) Peroxide production in neutrophils, monocytes, and lymphocytes of APS patients, determined by addition of the
fluorescent probe DCF-DA to the isolated cells and flow cytometry analysis. Representative histograms are shown in parallel with bar graphs showing the mean � SD of
median fluorescence intensity (MFI) of all the patients (dotted bars) and healthy donors (empty bars) included in the study. (B) Intracellular glutathione levels of neutrophils,
monocytes, and lymphocytes of APS patients and healthy donors, determined by addition of the fluorescent probe CMF-DA and measurement as described for panel A.
Representative histograms are shown in parallel with bar graphs showing the mean � SD of MFI. (C) Proportion of circulating neutrophils, monocytes, and lymphocytes with
depolarized mitochondria, determined with the JC-1 MitoScreen assay. Representative dot plots of isolated cells from patients and controls are shown together with the bar
graph showing the mean � SD of all the patients and the controls included in the study (*P  .05 vs healthy donors). (D) Nuclear Nrf2 protein abundance in monocytes of
representative APS patients and healthy donors. The nuclear abundance of the transcription factor TFIIB was used as a loading control.
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monocyte cell cultures, as soon as 2 hours after stimulation with
IgG-APS was started, and lasting until 12 hours. Accordingly, the
expression of the inducible NO synthase was found significantly
increased with the same time-response pattern (supplemental
Figure 1E-F).

Preincubation of monocytes for 1 hours with the antioxidants
NAC or Vit C significantly reduced the IgG-APS–induced peroxide
production, as monitored by flow cytometry and fluorescent
micrographs of ROS production (supplemental Figure 3). The use
of antioxidants also restored the levels of reduced GSH, NO
production, and inducible NO synthase expression (supplemental
Figure 4). However, NAC or Vit C pretreatments failed to prevent
the mitochondrial depolarization induced by IgG-APS (data not
shown), indicating that increased ROS production occurs down-
stream of mitochondrial damage. Furthermore, no changes in the
APS-IgG–induced increase in ROS production was found after
cotreatment with 500�M N�-nitro-L-arginine methyl ester up to
24 hours (data not shown).

A significant reduction in the IgG-APS–induced expression of TF,
VEGF, and Flt1 after cotreatment with NAC and Vit C was found. In
parallel, the activities of p38 MAPK and NF-�B were down-regulated
by the effect of those ROS inhibitors (supplemental Figure 5).

Mitochondrial dysfunction is directly involved in the
prothrombotic status of APS

A significant inhibition of ROS generation induced by IgG-APS
was observed after pretreatment of monocytes with rotenone and

antimycin A, as well as with CoQ10 (Figure 3), strongly supporting
the participation of the mitochondrial electron transport chain in
the oxidative perturbation induced by these autoantibodies. In
addition, CoQ10 significantly diminished the percentage of cells
with altered ��m, and reversed the depolarization of the mitochon-
dria resulting from IgG-APS treatment, as monitored by flow
cytometry and fluorescence micrography (Figure 4). Notably,
preincubation of monocytes with CoQ10, followed by treatment
with IgG-APS, promoted a significant reduction in the increased
expression of the thrombotic and proinflammatory markers TF,
VEGF, and Flt1, along with the intracellular signaling pathways
regulating their expression (Figure 5).

IgG-APS treatment promotes significant changes in
mitochondrial ultrastructure and dynamics

Electron microscopy studies revealed that mitochondria of mono-
cytes treated with IgG-APS showed a lower size and poorer
ultrastructural preservation. Yet, as shown previously for other
physiologic parameters evaluated, the pretreatment with CoQ10

promoted an increase in mitochondrial size and improved ultrastruc-
tural preservation (Figure 6A).

These results were confirmed in planimetric analysis of indi-
vidual mitochondria, showing a reduction in their size after
IgG-APS treatment but an increase in size when monocytes were
preincubated with CoQ10 (supplemental Figure 6). Stereologic
analysis showed that numerical density of mitochondria was
significantly increased but that volume density was decreased in

Figure 2. Correlation and association studies among markers of oxidative stress and different markers related to autoimmunity, inflammation, and thrombosis in
APS (statistical test: Pearson correlation analysis). (A) Positive correlation between levels of anticardiolipin antibodies of IgG isotype and the percentage of cells with
impaired ��m (depolarized mitochondria). (B) Positive correlation between peroxide levels in monocytes and cell surface expression ofTF. (C) Positive correlation between peroxide levels
in monocytes and plasma levels of tPA. (D) Negative correlation between plasma VEGF-A levels and TAC. (E) Relationship between the occurrence of thrombotic events and the levels of
aCLantibodies of IgG isotype.Asterisk (*) indicates significant differences versus patients without thrombosis (P  .05). (F) Relationship between the occurrence of thrombotic events and
the percentage of cells with depolarized mitochondria. (G) Relationship between the occurrence of thrombotic events and the levels of TAC in plasma.
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cells treated with IgG-APS and that these effects were abolished by
CoQ10 (supplemental Figure 6). These observations are consistent
with increased mitochondrial fission in IgG-APS–treated cells.

To support this interpretation, we studied how treatment with
IgG-APS affected levels of proteins known to regulate mitochon-
drial dynamics of fission and fusion.34,35 As depicted in Figure 6B,
treatment of monocytes with IgG-APS resulted in a strong increase
in cellular levels of proteins stimulating mitochondrial fission,
namely, Drp-1 and Fis-1. Interestingly, preincubation of cells with
CoQ10 largely abolished this increase. In the proteins related with
mitochondrial fusion, we observed that IgG-APS treatment re-
sulted in either no change (Mfn-1) or slight increases (Mfn-2 and
Opa-1). In the latter case, the effect of IgG-APS also was abolished
by pretreatment of cells with CoQ10. Further studies were per-
formed to analyze the mitochondrial dynamics in the setting of
APS. As shown in Figure 7A, the IgG-APS–induced ROS produc-
tion was accompanied by mitochondrial fragmentation, so that the
number of cells containing fragmented mitochondria increased by a
50% in 2 hours of treatment (Figure 7B). We then analyzed
mitochondrial morphologies by computer-assisted morphometric
analyses that calculated the number of mitochondria per cells and
their area. The increased number of mitochondria at each time point
(Figure 7C) as well as the reduced average values of area of each

mitochondria (Figure 7D) indicated fragmentation as a conse-
quence of IgG-APS treatment. CoQ10 pretreatment prevented
mitochondrial fission and restored the mitochondrial size found in
IgG-NHS–treated monocytes.

Finally, to understand mechanistically the effect of IgG-APS on
monocyte activation and mitochondrial damage, DyLight 488–
labeled IgG-APS was added to monocytes. Neither intracellular
fluorescence nor overlapping with the mitochondrial dye was
detected, suggesting the occurrence of an indirect pathway of
activation (supplemental Figure 7). Taken together, our structural
and biochemical data are indicative that aCL antibodies affect
mitochondrial dynamics toward an enhanced rate of fission.

Discussion

Our study for the first time provides evidence for a significant
oxidative perturbation in APS patients leukocytes, directly related
to an inflammatory and proatherothrombotic status. Moreover,
those perturbations rely on the altered mitochondrial dynamics and
metabolic processes, which generate free radical species.

Large in vitro and in vivo experimental evidence supports the
pathogenic role of aPL in the setting of APS.36 Moreover,

Figure 3. Effects of mitochondrial inhibitors and the mitochondrial cofactor CoQ10 on IgG-APS–induced generation of peroxides. (A) Cells were preincubated with
rotenone (Rot) or antimicin A (Antim) for 1 hour, or with CoQ10 for 24 hours, washed, and then stimulated with IgG-APS or IgG-NHS in the presence of the drugs. This figure
shows representative flow cytometry histograms of DCF-DA fluorescence for each group of treatment. (B) Bar graph represents the mean of MFI � SEM of 4 independent
experiments. Significant differences (at P  .05) versus monocytes treated with IgG-NHS– (a) and versus IgG-APS–treated cells (b). (C) Representative fluorescent
photomicrographs of ROS production by monocytes stimulated as described in panel A. Images were acquired with an LSM 5 Exciter confocal microscope (Carl Zeiss), driven
by ZEN 2008 software by exciting at 488 nm to detect the DCF-DA fluorescence, and at 405 nm for 4,6-diamidino-2-phenylindole fluorescence. Samples were viewed with a EC
Plan-Neofluar 20�/0.50 numerical aperture objective.
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autoantibody titer has been suggested to be a key variable defining
the eventual thrombotic risk for a given patient, so that the highest
aPL levels are more predictive for the clinical manifestations.2

Accordingly, we found that patients with higher aPL-IgG titers
showed a strong association with the development of thrombotic
events and also with the increased IMT of the carotid arteries. The
issue of early atherosclerosis development in APS patients has

shown controversial data in past years. In our series, the presence
of plaques in carotid arteries in a significant number of APS
patients is in favor of the evidence of an accelerated atherosclero-
sis. Our results confirm 4 previous reports showing greater IMT in
APS, related to the titer of aPL-IgG.37-39 Moreover, our data point
to the existence of premature atherosclerosis as a clinical feature of
thrombotic APS patients, so that in our series, 11 of 12 of the APS

Figure 4. Effect of treatments with CoQ10 on monocytes mitochondrial dysfunction promoted by IgG-APS. (A) Cells were preincubated with CoQ10 for 24 hours,
washed, and then stimulated with IgG-APS or IgG-NHS in the presence of the drugs. Then, the proportion of monocytes with depolarized mitochondria was determined with the
JC-1 MitoScreen assay. (B) Using the dye TMRM, the change in mitochondrial membrane potential was further monitored by flow cytometry. Values are means and SEM from
4 independent experiments. Significant differences (at P  .05) versus monocytes treated with IgG-NHS (a) and versus IgG-APS–treated cells (b). (C) Representative
fluorescent photomicrographs of mitochondrial damage (magnification, �20) after incubation of monocytes (treated as described in panels A and B) with the probe
Rhodamine-123 that only stains cells in which ��m is intact.

Figure 5. Effects of CoQ10 on IgG-APS–induced expression of prothrombotic markers and intracellular pathways. (A) Cell surface TF expression in monocytes treated
with IgG-APS or IgG-NHS in the presence or in the absence of CoQ10. Values are means and SEM from 4 independent experiments. (B-D) Representative electrophoretic
mobility shift assay and Western blotting results from 4 separate experiments showing, respectively, VEGF and Flt1 expression, p38 MAPK activity, and NF-�B binding activity
after the treatments indicated. Significant differences (at P  .05) versus monocytes treated with IgG-NHS (a) and versus IgG-APS–treated cells (b).

5866 PEREZ-SANCHEZ et al BLOOD, 14 JUNE 2012 � VOLUME 119, NUMBER 24 For personal use only.
 at Indiana University School of Medicine Libraries on June 19, 2012. bloodjournal.hematologylibrary.orgFrom 

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


patients who presented increased IMT values had suffered at least
1 thrombotic event. In addition, our results agree with a recent
study showing that premature atherosclerosis, as defined by IMT,
occurs in thrombotic APS over 30 years.18 Premature atherosclero-
sis might be facilitated by the existence of an inflammatory status
in APS, which seems not to be coordinated by “classic” cytokines
such as TNF-� or IL-6 but by other known inflammatory media-
tors, including VEGF and tPA, as well as various chemokines
(IL-8, MCP-1, or MIP-1�) whose main function is to recruit, eg,
neutrophils, monocytes, B cells, and T helper cells to the sites of
inflammation.40,41 Thrombus formation is a key event in the
development of the intimal thickening considered to comprise the
early stage of atherosclerosis plaque formation. Many studies have
demonstrated that TF is present in atherosclerosis lesions and
contributes to atherogenesis.42 TF mediates the responses that are
critical for hemostasis and thrombosis, as well as inflammatory
reactions. Thus TF, whose expression is also significantly increased
in monocytes of APS patients, together with factors downstream of
the coagulation cascade and the PAR2 activation system, would act
as an additional multifactorial regulator of atherogenesis.42

A likely mechanism by which circulating WBCs may become
damaged is through oxidative stress. There is substantial evidence
showing oxidative damage to lipids and proteins in APS.20,23 The
data from the present study showed an increased production of
ROS by monocytes and neutrophils that disturbs the redox status
that in turn may influence the expression of prothrombotic and
proinflammatory molecules. That increase was accompanied by a
significant reduction in the capacity of cells to counteract ROS, as
demonstrated by the observed reduction in both the intracellular
levels of GSH and the TAC of plasma in such patients. These
results were in accordance with the recent report by Shah et al,40

demonstrating a significant reduction in plasma GSH in SLE. Thus,
our study provides further evidence that, as reported previously,43

altered GSH concentrations may play an important role in pathologic
conditions prevalently elicited and maintained by inflammatory and
immunologic response mediated by oxidative stress reactions.

Nrf2 is a master regulator of cellular antioxidant defense, being
a transcriptional activator of glutamate cysteine ligase catalytic
subunit,44 and driving the GSH redox pair (GSH/oxidized GSH)
toward a more reduced state through enhanced biosynthesis of
GSH.45 In the present study, the levels of nuclear Nrf2 were
repressed in monocytes from APS patients, in parallel with the
reduced intracellular levels of GSH. These data might suggest a
defect in the Keap1-Nrf2 pathway that prevents the nuclear
translocation of Nrf2 in response to an increased oxidative status in
the APS cells, thus hampering the necessary elevation in intracellu-
lar GSH under these conditions. Further experiments are needed to
elucidate the role of Keap1-Nrf2 pathways in APS.

Reduced activities of CAT and GPx were found in monocytes
and neutrophils of APS patients, perhaps because of the inactiva-
tion of the enzymes by overproduction of hydrogen peroxide
(H2O2).46 These data further paralleled the results found in recent
studies in plasma of SLE and rheumatoid arthritis patients.40,47 On
the contrary, the manganese-SOD levels were found significantly
increased. It seems possible that increased SOD dismutation of O2

�

into H2O2 may exceed the capability of GPx and CAT in that
patients. Our data further agree with the results found by Zhang
et al in plasma of SLE patients.48

In the present study, the overall oxidative status was mostly
evaluated in WBCs, instead of plasma. Thus, our results confirm
previous studies and show that oxidative stress is further promoted
in circulating WBCs, including monocytes and neutrophils of APS

Figure 6. Changes in mitochondrial ultrastructure and dynamics in IgG-APS–treated cells and effects of CoQ10 pretreatment. Monocytes were treated with IgG-APS or
IgG-NHS in the presence or in the absence of CoQ10 and then fixed with aldehydes, postfixed with osmium tetroxide, dehydrated, and embedded in epoxy resin. Thin sections
were cut and stained with uranyl acetate and lead citrate for observation with an electron microscope. Alternatively, after cell treatments extracts were obtained as described
under “Western blotting and EMSAs,” the proteins were separated by SDS-PAGE, transferred to nitrocellulose sheets, and stained with antibodies against proteins controlling
mitochondrial fission (Drp1 and Fis1) and fusion (Mfn1, Mfn2, and Opa1). (A) Representative pictures of mitochondria from cells treated as indicated. Bar represents 1 �m.
(B) Western blot detection of proteins controlling mitochondrial dynamics. Approximately 20 �g protein was loaded in each lane. This figure depicts a representative result from
3 independent determinations.
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patients. Moreover, the observed increase in the activity of the
mitochondrial SOD isoform in those cells suggests the direct
involvement of this organelle in the oxidative process. Accord-
ingly, our data revealed that monocytes and neutrophils of APS
patients had significant losses in ��m, indicating that a large
proportion of white blood cells contained mitochondria that have
lost the capacity to function optimally. Mitochondrial perturbations
were related to the autoimmune condition, as well as to the
inflammatory and prothrombotic status of APS patients, as sug-
gested by strong positive correlations with the titers of aCL
antibodies of IgG isotype, as well as by the association found
between the increased percentage of cells with depolarized mito-
chondria and the heightened occurrence of thrombotic events.
Moreover, the presence of an increased CMIT in those patients was
associated with that mitochondrial alteration.

The association found in vivo between the titers of aPL-IgG and
various parameters related to oxidative stress, inflammation, and
thrombosis in APS encouraged us to further analyze new molecular
insights in the pathway triggering atherothrombosis in this autoim-
mune disease. Our in vitro studies indicated that the binding of
IgG-APS to the monocytes elicited a redox-sensitive signaling
pathway that controls the prothrombotic phenotype. The IgG-APS–
induced ROS production exerted a prominent effect in the activa-
tion of a specific signaling cascade: the activation of p38 MAPK

and the subsequent induction of NF-�B activation. The latter
contributes to the aPL-mediated increase in TF expression,3 and the
former also is involved in the induced expression of VEGF and
Flt1.7 Inhibiting the rise in ROS levels by NAC and Vit C prevented
both p38 MAPK and NF-�B activation, and protein up-regulation
of TF, VEGF, and Flt1 in response to IgG-APS. Similar results
were found in a study by Simoncini et al in endothelial cells.49 We
could further demonstrate the involvement of the mitochondrial
electron transport chain in the generation of peroxides induced by
IgG-APS, as suggested by the significant inhibition by rotenone,
antimycin A, and the mitochondrial cofactor CoQ10.

Several studies have detached the beneficial effects of CoQ10

supplementation on cardiovascular disease (reviewed in Littarru
and Tiano27). The rationale for the use of CoQ10 as a therapeutic
agent is based on its fundamental role in mitochondrial function.
Our results indicated that CoQ10 not only improves the ultrastruc-
tural preservation of mitochondria and increases mitochondrial size
but also prevents the IgG-APS–induced mitochondrial fission.
Recent studies suggest that changes in mitochondrial morphology
and function may affect a variety of aspects of cardiovascular
biology (reviewed in Ames37), and inhibiting mitochondrial fission
has been reported to be cardioprotective.50 Accordingly, our study
demonstrated 2 beneficial effects of CoQ10 in vitro, namely, the
prevention of mitochondrial dysfunction and oxidative stress and

Figure 7. IgG-APS–induced mitochondrial fragmentation. (A) Monocytes were plated in glass-bottomed Petri dishes in phenol red-free RPMI 1640, pretreated for
15 minutes with 50nM MitoTracker Red (excitation 581 nm/emission 644 nm), and then incubated for 6 hours with NHS-IgG or APS-IgG at 37°C in a humidified 5% carbon
dioxide atmosphere. Cells were imaged in vivo at 1-hour intervals by confocal microscopy under exactly identical instrument settings for all stimuli. Samples were viewed with
an EC Plan-Apochromal 63�/1.40 numerical aperture oil objective. Fragmented mitochondria were prevalent after 2 hours of APS-IgG treatment. CoQ10 pretreatment
prevented mitochondrial fission and restored the mitochondrial size found in untreated or IgG-NHS–treated monocytes. (B) Percentage of cells with fragmented mitochondria
at each time point is shown. (C-D) Analysis of mitochondrial morphologies by computer-assisted morphometric analyses that calculated the number of mitochondria per cell
and their area. Asterisks (*) indicate significant differences (at P  .05) versus IgG-NHS–treated cells.
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the suppression of the expression of prothrombotic markers
relevant to the pathophysiology of APS (supplemental Figure 8).
Clinical trials are required to evaluate the beneficial effects of
CoQ10 supplementation in the treatment of APS patients.

In conclusion, our results support the following: (1) The
binding of aPL-IgG to the monocyte membrane elicits a redox-
sensitive signaling pathway that controls the procoagulant and
proinflammatory phenotype of these cells in the setting of APS.
(2) The occurrence of oxidative stress associated with an increased
atherothrombotic risk in APS patients in vivo agrees with the
induction of oxidative stress by IgG-APS in vitro. (3) Mitochon-
drial dysfunction is crucial in the pathophysiology of APS. The
binding of aPL-IgG to the monocyte membrane compromises
mitochondrial activity, and mitochondrial dynamics is altered
toward enhanced rates of fission. (4) CoQ10 treatment ameliorates
mitochondrial dysfunction and oxidative stress and reduces the
expression of prothrombotic and proinflammatory markers. Thus,
CoQ10 may be considered as a safe adjunct to standard therapies in
APS patients, particularly in those suffering thrombosis.
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The Fusarium oxysporum gnt2, Encoding a Putative N-
Acetylglucosamine Transferase, Is Involved in Cell Wall
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Abstract

With the aim to decipher the molecular dialogue and cross talk between Fusarium oxysporum f.sp. lycopersci and its
host during infection and to understand the molecular bases that govern fungal pathogenicity, we analysed genes
presumably encoding N-acetylglucosaminyl transferases, involved in glycosylation of glycoproteins, glycolipids,
proteoglycans or small molecule acceptors in other microorganisms. In silico analysis revealed the existence of
seven putative N-glycosyl transferase encoding genes (named gnt) in F. oxysporum f.sp. lycopersici genome. gnt2
deletion mutants showed a dramatic reduction in virulence on both plant and animal hosts. Δgnt2 mutants had
αalterations in cell wall properties related to terminal αor β-linked N-acetyl glucosamine. Mutant conidia and
germlings also showed differences in structure and physicochemical surface properties. Conidial and hyphal
aggregation differed between the mutant and wild type strains, in a pH independent manner. Transmission electron
micrographs of germlings showed strong cell-to-cell adherence and the presence of an extracellular chemical matrix.
Δgnt2 cell walls presented a significant reduction in N-linked oligosaccharides, suggesting the involvement of Gnt2 in
N-glycosylation of cell wall proteins. Gnt2 was localized in Golgi-like sub-cellular compartments as determined by
fluorescence microscopy of GFP::Gnt2 fusion protein after treatment with the antibiotic brefeldin A or by staining with
fluorescent sphingolipid BODIPY-TR ceramide. Furthermore, density gradient ultracentrifugation allowed co-
localization of GFP::Gnt2 fusion protein and Vps10p in subcellular fractions enriched in Golgi specific enzymatic
activities. Our results suggest that N-acetylglucosaminyl transferases are key components for cell wall structure and
influence interactions of F. oxysporum with both plant and animal hosts during pathogenicity.
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Introduction

The amino sugar N-acetylglucosamine (GlcNAc) plays
important roles in a wide range of organisms from bacteria to
humans. One major role for GlcNAc is shaping the structure of
the extracellular cell surface. GlcNAc is converted to UDP-
GlcNAc, which is a substrate for the transfer of the GlcNAc
moiety to macromolecules. In fungi, UDP-GlcNAc is the
substrate for chitin synthases that form the cell wall chitin, a β-
(1→4) GlcNAc polymer.

In the fungal plant pathogen Fusarium oxysporum, integrity
of the cell wall structure has been associated with plant
interaction [1]. Chitin plays an important role in the pathotypic

behaviour toward tomato plants (Lycopersicon esculentum).
Deletion of the Chs V class V chitin synthase demonstrated
that this enzyme plays different roles in fungal pathogenesis on
plants [2] and mammalian systems [3]. Evidence has been
obtained showing that perturbation of fungal cell wall
biosynthesis causes avirulence by elicitation of the induced
plant defence-response leading to the restriction of fungal
infection [4].

UDP-GlcNAc is also used in eukaryotes to initiate N-linked
glycosylation and for the synthesis of glycosyl-
phosphatidylinositol (GPI) anchors on membrane proteins. In
addition to its structural roles, GlcNAc is an important signalling
molecule in bacteria, fungi and animal cells. The glycosylation
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reaction is catalysed by the action of glycosyl transferases,
which transfer different mono-saccharides from nucleotide
activated sugar donors in α-conformation to various glycans on
glycoproteins, glycolipids, proteoglycans or small molecule
acceptors [5]. Oligosaccharide structures attached to proteins
are conserved in eukaryotes, being one of the most abundant
post-translational modification reactions [6]. Glycosylation plays
numerous roles in protein folding and conformation, targeting,
recognition, and other biological functions. Changes in glycan
structures are associated with many physiological and
pathological events, including cell adhesion, migration, cell
growth, cell differentiation, and tumour invasion [7,8].
Oligosaccharides of glycoproteins are classified as N-glycans
and O-glycans [9]. N-linked protein glycosylation, present in all
domains of life, has two characteristics in common: the
oligosaccharide is preassembled on a lipid carrier (dolichyl
pyrophosphate), and then transferred in bloc to an asparagine
residue within the consensus sequence Asn- X- Ser/Thr of the
protein, as opposed to O-glycans which are attached to a
subset of Ser and Thr [10,11]. Once the N-glycoproteins have
been correctly folded and passed the endoplasmic reticulum
(ER) quality control mechanism, they are transported to the
Golgi where they are further modified [12–14]. Among the
enzymes involved in the glycosylation process, the N-
acetylglucosaminyl transferases (GnTs) transfer N-acetyl
glucosamine residues from UDP-GlcNAc to the specific
acceptor protein-linked structures, converting them into hybrid
or complex glycan types.

Protein glycosylation pathways of 12 filamentous fungal
species were investigated using a systems biology approach
and developing a composite representation [15]. The N-
glycosylation pathway in the cytoplasm and ER was
evolutionarily conserved across the species studied, and highly
specialized N-glycan structures with galactofuranose residues,
phosphodiesters, and other insufficiently trimmed structures
were identified.

In the basidiomycete Coprinopsis cinerea, N-glycans of cell
wall proteins from the fruiting body have been characterized
[16]. The authors identified a novel oligosaccharide structure
with at least five mannoses and a bisecting α, 1→4 N-
acetylglucosamine linked to the -mannose of the N-glycan
core, resembling a bisecting-hybrid-type glycan as in higher
eukaryotes. The transferase responsible for this modification,
CcGnt1, was described as a retaining glycosyltransferase from
family 8 (GT8), as classified in the CaZY database [17], and
predicted to be a type II membrane protein.

In the model fungus S. cerevisiae, protein glycosylation has
been extensively studied for decades, revealing much of the
enzymology of both Golgi and ER glycosylation pathways.
Several authors examined the oligosaccharides attached to
endogenous proteins, including invertase, exoglucanase and
carboxypeptidase Y [18–20]. These studies indicated that the
structure of yeast N-linked glycans is based solely on mannose
and phosphomannose, without evidence for the addition of
further N-acetylhexosamine residues beyond the two GlcNAc
residues of the core structure. Nevertheless, an ortholog of the
GNT1 gene (YOR320c) encoding an open reading frame
related to known N-acetylglucosaminyl transferases has been

identified. Deletion of this ORF resulted in loss of the extra
mass on the N-linked glycans and of lectin binding [21]. The
phenotype of yeast mutants lacking GNT1 provided few clues
for its likely function. The gnt1 mutants showed no change in
sensitivity to caffeine, calcofluor white, or hygromycin, all of
which have increased toxicity toward strains with cell wall
defects [22], and there was no change in the mobility of
invertase, or increased secretion of the ER resident protein
Kar2p.

In the human pathogens Candida albicans, Cryptococcus
neoformans and Aspergillus fumigatus, glycosylation is
essential for virulence [23–31]. Although the role of
glycosylation is poorly understood in plant pathogens, it was
recently shown to be crucial for virulence in Ustilago maydis
[32–35] and Mycosphaerella graminicola [36].

The present study was initiated following an in silico analysis
of the N- and O-glycosylation pathway components of the
tomato pathogen F. oxysporum f.sp. lycopersici. As a result, a
family of seven members of genes presumably encoding for N-
acetyl glucosamine transferases (Gnts) was identified.
Targeted gene disruption generated a double knock out mutant
lacking a Golgi-localized Gnt, that displayed altered physico-
chemical cell wall properties indicating severe structural
changes, and a significant decrease in virulence on tomato
plants. These conclusions were corroborated by functional
complementation of the deletion mutant. This work opens the
question to advance in the characterization of the N- and O-
glycosylation as key enzymes decorating the outer cell surface
of fungal plant pathogens.

Materials and Methods

Fungal isolates, culture conditions and treatments
F. oxysporum f.sp. lycopersici wild type strain 4287 (race 2)

was obtained from J. Tello, Universidad de Almería, Spain, and
stored at -80°C with glycerol as a microconidial suspension.
The pathotype of the isolates was periodically confirmed by
plant infection assays. For extraction of DNA and microconidia
production, cultures were grown in potato dextrose broth (PDB)
(Difco) at 28°C as described previously [37]. For inhibition
assays in axenic cultures freshly obtained microconidia from
the wild type, the Δgnt2 mutant resistant to hygromycin (HygR)
[38] and the cΔgnt2 complemented strain resistant to
phleomycin (PhlR) [39] were transferred on 1.5% (w/v) agar
plates of synthetic medium (SM) [37] containing 1% (w/v)
glucose. For phenotypic analysis of colony growth, water
droplets containing 5 x103, 5 x102 or 50 freshly obtained
microconidia were spotted onto SM plates containing the
indicated compounds. Plates were incubated at 28 °C for 3
days, or at 35°C for 6 days for heat stress assessment, before
being photographed. For determination of sensitivity to cell
wall-degrading enzymes, germlings were incubated with
protoplasting enzyme (Glucanex G100, Denmark) at 30 °C,
and protoplast release over time was determined
microscopically as described previously [40]. To test sensitivity
to Brefeldin A (BFA, Sigma) treatment, germlings grown for 12
h in PDB were washed with sterile water and incubated for 5
min in the presence of BFA (dissolved in ethanol) at 100 g mL-1
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 final concentration. Cells were then subjected to fluorescence
and light microscopy analyses.

Nucleic acid manipulations and cloning
Total RNA and genomic DNA (gDNA) were extracted from F.

oxysporum mycelium according to previously reported
protocols [41–43]. Southern analyses and probe labelling were
carried out as described previously [37] using the non-isotopic
digoxigenin labelling kit (Roche Applied Science). F.
oxysporum cDNA from duplicated genes FOXG_12436/
FOXG_14101 including the complete ORFs, was amplified
from total RNA using primers gnt2-31N corresponding to the
eight initial codons of the ORF plus the Nsi I restriction site and
an additional cytosine, and gnt2-33X corresponding to the
reverse complement of the last eight codons of the ORF plus
the Xma I restriction site and an additional cytosine (Table 1),
derived from F. oxysporum genome sequence database (http://
www.broad.mit.edu/annotation/genome/fusarium_group). The

resulting amplified band was cloned into pGEMT vector
(Promega, Madison-WI) and then subcloned in frame into the
appropriate sites of the Aspergillus nidulans vector p1902
(kindly provided by Dr. M.A. Peñalva, CIB-CSIC, Spain),
resulting in a GFP::Gnt2 fusion protein under the transcriptional
control of the gpdA promoter and terminator. Sequencing of
both DNA strands of the obtained clones was performed at the
Servicio de Secuenciación Automática de DNA (Universidad de
Córdoba, Spain) using the Dyedeoxy Terminator Cycle
Sequencing Kit (Applied Biosystems, Foster City-CA) on an
ABI Prism 377 Genetic Analyser apparatus (Applied
Biosystems, Foster City-CA). DNA and protein sequence
databases were searched using the BLAST algorithm [44] at
the National Centre for Biotechnology Information (Bethesda,
MD).

Table 1. Oligonucleotides used in this study.

NaName Sequence (5´→ 3´) Position AT Experimental use
FOXG_12436F GTTCGACATAAGGATAATACGGA +350 (s) RT-PCR
FOXG_12436R TATTTCGGAGCCCAGATACTTG +824 (as) RT-PCR
chs V-3 ACAGCTCCAACGAACTCT 2910 (s) Fungal quantification
chs V-26 GGAGGTACTTGGTCATGT 3402 (as) Fungal quantification
tomQB-1 CCTCATCAACCAATCCTCCAA  Fungal quantification
tomQB-2 TCATTCACAACAACTCCAGGG  Fungal quantification
Actin-1 GAGGGACCGCTCTCGTCGT 898 (as) RT-PCR
Actin-2 GGAGATCCAGACTGCCGCTCAG 674 (s) RT-PCR
gnt2-sceIF tagggataacagggtaatCCTCGTGAGTTTATCCAGCAG -821 (s) Delsgate disruption vector/ probe
gnt2-sceIR attaccctgttatccctaCCCAGAAATCCAACAAGATAGG +2030 (as) Delsgate disruption vector
gnt2-attB1 ggggacaagtttgtacaaaaaagcaggctaaCAGGTACTCGCTATTGGTCAC +166 (as) Delsgate disruption vector
gnt2-attB2 ggggaccactttgtacaagaaagctgggtaGACTTCCAAATGAAACGCAAGG +1032 (s) Delsgate disruption vector
gnt2-3 AGTGAAGTTGTTGATTTTTGGTGG +1461 (as) Complementation
gnt2-7 GTGATCCTCTCGACGCAGAC -1201 (s) Complementation
gnt2-8 CTATTCAGCTACCTGCGCCAT -232 (as) Complementation/Probe
gnt2-18B cgcggatccATGATAGGTGTCGCCCGATTA +1 (s) gnt2 ORF amplification
gnt2-19S acgcgtcgacCTAGTTCAGCTGCAGATTTCC +1110 (as) gnt2 ORF amplification
gnt2-31N catgcatATGATAGGTGTCGCCCGATTACTC 1 (s) gnt2 ORF amplification
gnt2-33X ccccgggCTAGCTGCAGATTTCCTTGCGTTTCAT +1110 (as) gnt2 ORF amplification
gpdA-15B AATAGTGGTGAAATTGATCGTGT gpdA Promoter GFP fusion
tripter-8B TCGACCATCCGGTGCTCTG gpdA Terminator GFP fusion
chi3-5 TCTTGTCTCTTTTTCTTGTTCC  qRTPCR plant-defence
chi3-6 GCAGTATCATCACCAGCAGT  qRTPCR plant-defence
chi9-5 GCCTTCTTGTCACGATGTCA  qRTPCR plant-defence
chi9-2 CTCCAAGAATTCCGCAATACC  qRTPCR plant-defence
gluB-7 ATTCTGTTTATGCTGCGATGG  qRTPCR plant-defence
gluB-8 CTTTCTCGGACTACCTTCTTT  qRTPCR plant-defence
pr1-7 GCATCCCGAGCACAAAACTA  qRTPCR plant-defence
pr1-8 TGGTAGCGTAGTTATAGTCTG  qRTPCR plant-defence
efα1-1 TACTGGTGGTTTTGAAGCTGG  qRTPCR plant-defence
efα1-2 AACTTCCTTCACGATTTCATCA  qRTPCR plant-defence

Italics and lower case indicate restriction sites and nucleotide sequences added for cloning purposes. Positions are referred to the start codon, (+) downstream or (-)
upstream of ATG. Orientation is indicated, (s) sense, (as) antisense.
doi: 10.1371/journal.pone.0084690.t001
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Quantification of F. oxysporum biomass during plant
infection

Plant roots were maintained immersed in microconidial
suspensions of the different strains (5 x 106 microconidia mL-1),
for five days. To avoid amplification of gDNA from external
fungal mycelium that had not penetrated the roots, only the
stems were collected for DNA analysis 5 plants were used per
treatment. Real-time PCR assays for the quantification of
fungal gDNA from infected stems were performed using primer
pair chs V-3 and chs V-26 (Table 1). Reaction mixtures
contained 7.5 μL of FastStart Essential DNA Green Master
(Roche Diagnostics), 300 nM of each primer and 60 ng of total
DNA extracted from stems in a final volume of 15 L. Three
simultaneous replicated amplifications were carried out for
each DNA sample, using 15-μL aliquots from a 50-μL mixture.
Amplification reactions were performed in 96-well microtitre
plates (Bio-Rad). PCRs were performed in an iCycler
apparatus (Bio-Rad) using the following cycling protocol: an
initial step of denaturation (5 min, 94 °C) followed by 40 cycles
of 30 s at 94 °C, 30 s at 62 °C, 45 s at 72 °C and 20 s at 80 °C
for measurement of the fluorescence emission. After this, a
melting curve programme was run for which measurements
were made at 0.5 °C temperature increases every 5 s within a
range of 55-95 °C. The DNA concentration of each sample was
extrapolated from standard curves, which were developed by
plotting the logarithm of known concentrations (10-fold dilution
series from 100 ng to 1 ng/15 μL reaction) of F. oxysporum
gDNA against the Ct values. In order to normalize the
amplification conditions of the serially diluted DNA samples,
100 ng of DNA from non-inoculated plants were added to each
sample in the dilution series. Additionally, tomato gDNA
concentration was extrapolated from standard curves
developed by plotting the logarithm of known concentrations
(10-fold dilution series from 200 ng to 1 ng/15 μL reaction) of
plant gDNA against the Ct values, using a primer pair
corresponding to Solanum lycopersicum tomQB gene (β, 1-3
glucanase) (Table 1). Graphs represent the amount of fungal
gDNA relative to 100 ng tomato gDNA. The experiment was
repeated three times using independent infected tissues. Data
were analysed with the software SPSS 15.0 for Windows®
(LEAD Technologies, Inc.). ANOVA was performed and the
Duncan post hoc test was executed to assess the differences
among treatments within each day at P ≤ 0.05.

Quantitative RT-PCR of defence-related genes
Real-time RT-PCRs were performed in an iCycler apparatus

(Bio-Rad) using 7.5 μL FastStart Essential DNA Green Master
(Roche Diagnostics), 6.9 μL of cDNA template and 300 nM of
each gene-specific primer (Table 1) in a final reaction volume
of 15 μL. All primer pairs amplified products of 200-250 bp. The
following PCR program was used for all reactions: an initial
step of denaturation (5 min, 94 °C), followed by 40 cycles of 30
s at 94 °C, 30 s at 60 °C, 30 s at 72 °C and 20 s at 80 °C for
measurement of the fluorescence emission. A melting curve
program was run for which measurements were made at 0.5 °C
temperature increments every 5 s within a range of 55-95 °C.
Each sample reaction was performed in duplicate for each
gene assay. Relative levels of the RT-PCR products were

determined using the DDCt method [45]. Ct values were
normalized to the Ct value of the elongation factor (EFα1)
housekeeping gene. Normalized transcript levels of each gene
in infected samples were compared with levels in non-
inoculated samples. The experiments were repeated three
times with independent infected tissues. Data were analysed
with the software SPSS 15.0 for Windows® (LEAD
Technologies, Inc.). ANOVA was performed to assess
differences among treatments for each gene at P ≤ 0.05.

Targeted gene replacement and complementation
Simultaneous targeted replacement of the duplicated

FOXG_12436/FOXG_14101 alleles (gnt2) was performed
using the DelsGate technique [46]. The 5´and 3’ gnt2 genomic
flanking sequences, were obtained by PCR amplification of wild
type gDNA, and the resulting 1025 bp and 1020 bp fragments,
5´and 3´ respectively, were cloned into pDONR vector
containing the HygR cassette (Figure S1A). For each
transformation, the Sce I lineal DNA deletion construct (6000
bp), was introduced into protoplasts of wild type strain 4287 as
reported previously [37]. Complementation of the Δgnt2 mutant
was achieved by reintroducing the gnt2 wild type allele
obtained by DNA amplification using primer pair gnt2-7/gnt2-3
(Table 1), and co-transformation with the PhlR cassette as
selective marker. In all cases, HygR or PhlR resistant
transformants were selected and the homologous
recombination or complementation events were confirmed by
Southern analysis of gDNA using the indicated probe (Figure
S1B).

Subcellular fractionation
Golgi-enriched fractions were isolated from fungal mycelia

grown for 14h on PDB by ultracentrifugation on discontinuous
sucrose gradients as previously described [47] with some
modifications. Cells were thoroughly washed with water,
disrupted by freezing liquid nitrogen and resuspended in 1 mL
ice-cold HM buffer containing 10 mM HEPES, 1 mM MgCl2 pH
7.5, 1 mM PMSF and 1% protease inhibitor cocktail (Sigma).
The cell homogenate was centrifuged at 4 °C during 5 min at
1,000 g to remove un-lysed cells. The supernatant was
recovered and centrifuged at 4 °C during 10 min at 10,000 g to
generate a pellet, corresponding to endoplasmic reticulum
enriched fraction (P10) that was resuspended in 350 μL ice-
cold HM and stored at -20 °C for further analyses, and a
supernatant (S10) that was loaded on a 4 mL sucrose step
gradient (26 to 54%). Sucrose solutions were prepared in HM
buffer and the gradient column was incubated over night at 4
°C before use. Gradient was subjected to centrifugation at 4 °C
for 90 min at 160,000 g in a SW50.1 rotor (Beckmann Coulter,
Fullerton, CA) and 14 fractions of approx. 350 μL each were
collected from the top of the gradient. The remaining pellet
(P160) was resuspended in 350 μL ice-cold HM and stored at
-20 °C for further analyses. Sucrose concentration of each
fraction was measured using a refractometer (Atago Co., LTD).
Aliquots of each fraction were mixed with SDS sample buffer
and proteins were resolved by SDS-PAGE and detected by
immunoblotting using the anti-GFP anti-body (Roche) or anti-
Vps10p (Life Technologies). Guanidine diphosphate (GDP)
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hydrolysis and NADPH cytochrome c reductase assays were
used to detect Golgi and endoplasmic reticulum enrichment,
respectively, in the different fractions. Hydrolysis of GDP
(GDPase) was measured as previously described [48] with
some modifications. Five-μL aliquots of each fraction were
mixed with 20 μL of reaction buffer containing 0.2 M imidazole
pH 7.5, 10 mM CaCl2, 0.1% Triton X-100 and 2 mM GDP. The
reactions were incubated in 96-well plates at 30 °C for 30 min
and stopped by transferring them to ice and adding 2 μL of
10% SDS. Finally, 40 μL of water and 140 µL of AMES reagent
(1:6 mixture of 10% ascorbic acid and 0.42% ammonium
molybdate in 1 N sulfuric acid) were added to each well and the
reactions were incubated at 42 °C for 20 min. GDPase activity
of each fraction was determined as the absorbance at 660 nm.

To determine NADPH cytochrome c reductase activity, 10 µL
aliquots of each fraction were assayed using the cytochrome c
reductase (NADPH) Assay Kit (Sigma) following the
manufacturer’s instructions, except that reactions were scaled
to a final volume of 224 µL.

Staining of Golgi complexes
For visualization of Golgi compartments, germlings from

Fusarium were stained using the selective fluorescent
sphingolipid BODIPY-TR (Molecular Probes) [49]. Aliquots
containing 105 microconidia from the different strains were
inoculated on 1 % agarose plates containing 0.5 % casamino
acids, and incubated at 28 °C for 14 h before treatment at RT
with 2.5 % glucanex during 10 min. After washing three times
with Hanks´ Balance Salt Solution (sodium chloride 8 g L-1;
potassium chloride 0.4 g L-1; potassium phosphate monobasic
0.06 g L-1; glucose 1 g L-1; sodium phosphate dibasic 0.048 g
L-1; magnesium sulphate 0.098 g L-1; calcium chloride 0.14 g
L-1; sodium bicarbonate 0.35 g L-1) containing 10mM HEPES
pH 7.4 (HBSS/HEPES), samples were stained during 30 min at
4 °C with 5 μM BODIPY-TR complexed with defatted BSA.
Following three washes with HBSS/HEPES samples were
flooded with liquid SM and further incubated at 28 °C during 60
min. Fixation of samples was achieved by treatment during 40
min at RT with fixation solution (50 mM phosphate buffer pH
7.0; 3.7 % formaldehyde; 0.2 % Triton X-100), followed by two
washes with PBS buffer containing 0.0125 mM manganesium
chloride and 0.0125 mM calcium chloride. Finally, samples
were observed under optical and fluorescence microscopy.

Phylogenetic analysis
Amino acid sequences were aligned using the CLUSTALW

algorithm [50] with the Bioedit 7.0.0 program [51] and cleaned
by GBlocks v0.91b [52]. The PHYML 3.0 program [53] was
used to perform a 1,000 nonparametric bootstrap phylogenetic
analysis of the resulting alignment with the maximum likelihood
method after optimization of the settings by the
MODELGENERATOR program, version 0.85 [54].
Phylogenetic relationships among sequences were depicted in
a phylogenetic tree constructed using MEGA version 4 [55].

Alcian Blue staining
Alcian Blue binding assay was carried out using the method

of Herrero et al. [48]. A series of solutions containing different

amounts of Alcian Blue (Sigma) was prepared in HCl 0.002 N,
and the optical density at 620 nm (OD620) of each solution was
determined. A standard curve was plotted of the OD values
versus amounts of Alcian Blue. To quantify Alcian Blue bound
to the cell surface, fresh aliquots containing 5 x 108

microconidia were centrifuged, and the cells were washed with
0.002 N HCl, resuspended in 0.025 % Alcian Blue (w/v),
incubated 20-30 min at RT, and then centrifuged for 2 min to
pellet the cells. The OD620 of the supernatant was measured
and the amount of Alcian Blue was determined by using the
standard curve. The percentages of dye bound to the cells
were calculated from the total values.

Cell surface labelling with GS II-FITC lectin and flow
cytometry analysis

The lectin GSII from Grifonia simplifolia labelled with
Fluorescein isothiocyanate (FITC) was used in this study due
to its specific binding capacity to terminal N-acetylglucosamine
residues [56–58]. Lectin GSII-FITC stock was prepared at 1 mg
mL-1 in 10 mM phosphate buffer, containing 15 mM NaCl and
50 mM CaCl2. Aliquots containing 107 fresh microconidia or
germlings grown for 3 h on PDB were collected, centrifuged at
5,000 g for 5 min, washed twice with water and twice with
labelling buffer (50 mM phosphate buffer pH7.5, containing 150
mM NaCl, 1 mM CaCl2, 0.5 mM MgCl2 and 0.1 mM MnCl2) and
then resuspended in 180 μL of the same buffer. Samples were
stained by adding 20 μL GS II-FITC (F-2402-2, EY laboratories,
USA) at final concentration 0.1 mg mL-1 and incubated for 30
min at 28 °C, 170 rpm, in the dark. After washing twice with
labelling buffer, samples were resuspended at 5 x 106 cells
mL-1. The fluorescent emission of cell surface labelling was
determined by flow cytometry analysis. Fluorescence intensity
measurements were performed by flowing labelled cells at a
rate of 200-300 sec-1, excited at 488 nm, through a FACScan
(BD Biosciences, San Jose, CA) equipped with an Innova 90
argon laser at the Department of Cell Biology, Immunology and
Physiology (University of Cordoba, Sian). The green emission
(550 nm) was collected by a FL1 detector. For each strain, a
total number of 20,000 FITC event data files were collected
and analysed with Lysis II on a Hewlett-Packard 340 computer.
The data of independent fluorescence emission were
processed as frequency distribution histograms and the flow
cytometer light scattering measurement, corresponding to the
size and shape of cell population, were represented by a two-
parameter, forward and side light scatter histogram, FSC and
SSC, respectively.

Single-cell and aggregated conidia in the whole population
were identified by plotting all FITC events and representing
their relative fluorescence intensity (FL1 channel) vs. their
lineal fluorescence intensity (auxiliary channel) values. Single
cell populations were classified as those positive events (H3)
that fell below the relative fluorescence value of 101 considered
as a single cell maximal emission, as deduced from the flat
slope observed in the strain graphs. Thus, aggregated cell
population (H4) was identified as scattered values showing
higher lineal fluorescence intensities. This approach was
further supported by morphological analyses using light
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scattering assessments. All experiments were performed at
least three times.

Cell wall material preparation and fractionation
Glycans linked to cell wall glycoproteins were extracted from

fungal mycelium, grown for 3 days in minimal medium
containing 1 % sucrose as the carbon source, following the
previously described protocol [59] with minor modifications.
Freeze-dried mycelium (3 g) was ground using an IKA 10A
grinder and O-linked glycans were released after four
consecutive extractions at 20 °C with 40 mL 0.1 M NaOH
containing 0.3 M NaBH4, with shaking during 8 h. After
centrifugation at 10.000 g for 20 min at 10 °C, the supernatants
were combined and two volumes of absolute ethanol were
added. The samples were incubated at 4 °C over night and the
precipitate was collected by centrifugation, resuspended in 30
mL of water and dialyzed (3.5 kDa cut-off) against distilled
water for 4 days. The resulting insoluble (F1) and water-soluble
fractions were freeze-dried and the latter was again
fractionated by ethanol-water 1:1 (v/v) solubility followed by
centrifugation. The resulting insoluble fraction (F2) was freeze-
dried, and the soluble fraction, containing O-linked glycans,
was dialyzed against distilled water for 8 h and freeze-dried
(F3). N-linked glycans were released from the solid residue
obtained after the fourth treatment with 0.1 M NaOH/0.3 M
NaBH4, by four consecutive extractions with 40 mL 1 M NaOH
at 20 °C with shaking during 8 h, followed by centrifugation at
15,300 g for 20 min at 10 °C. The resulting solid residue,
containing the β-glucan-chitin complex (F4), was dialyzed (12
kDa cutoff) and freeze-dried, and the supernatants were
subjected to precipitation with absolute ethanol followed by
consecutive solubilisation with water and ethanol: water 1:1
(v/v), as described above. The resulting water and ethanol:
water insoluble fractions (F5 and F6, respectively), as well as
the ethanol: water soluble fraction, containing N-linked glycans
(F7), were dialyzed against distilled water for 8 h, and freeze-
dried. Finally, the dry-weight of each fraction was quantified,
and the amount of O- and N-linked glycans was determined
relative to the cell wall total dry weight (fractions F1 to F7).
Experiments were repeated three times.

Aggregation and cell-to-cell adhesion assays
Spore and hyphal aggregation ability was assessed at

different pH values following a method previously described
[60]. Briefly, 50 mL of liquid SM were adjusted to pH 2.0, 3.5 or
6.0, inoculated with 106 microconidia mL-1, incubated at 28 °C
and 80 rpm for 5 to 7 h. To quantify spore aggregation, aliquots
of each culture were observed under a light microscope and
15-20 random pictures of every strain were taken, resulting in
300-500 cell counts. To avoid errors caused by non-spore
particles, all images were controlled and false measurements
erased. In parallel, GSII-FITC labelled cells were observed
under the fluorescence and light microscope, and a number of
random pictures were taken, resulting in 300-500 cell counts.

Optical, fluorescence and transmission electron
microscopy

For optical and fluorescence microscopy analyses cell
aliquots were embedded in 1% agarose blocks, and observed
using the Nomarsky technique or the appropriate filter set,
respectively, in a Zeiss Axio Imager M2 microscope (Carl Zeiss
MicroImaging GmbH, Göttingen, Germany). Images were
captured with an Evolve Photometrics digital camera using the
Axiovision 4.8 software. Images were processed using Adobe
Photoshop C5 (Adobe Systems, Mountain View, CA, USA).

For transmission electron microscopy (TEM), germlings
grown on PDB for 14 h at 28 °C and 150 rpm were initially fixed
overnight at 4 °C, in a mixture of 2.5 % glutaraldehyde and 2 %
paraformaldehyde in 0.1 M sodium cacodylate buffer pH 7.0,
then washed in buffer and post-fixed in 1 % osmium tetroxide
at 4 °C. After dehydration in an ethanol series, the samples
were treated with propylene oxide and embedded in EMBed
812. After curing, the blocks were sectioned with a thickness of
about 80 nm in an ultramicrotome and mounted on Cu grids.
The samples were stained in 2 % aqueous uranyl acetate for 2
min at 37 °C, and then transferred to Reynold’s lead citrate for
3 min at room temperature. Micrographs were obtained using a
Philips CM 10 electron microscope.

Plant and animal infection assays
Tomato root inoculation assays were performed as described

[37], using 2-week-old tomato seedlings (cultivar Monika,
seeds kindly provided by Syngenta, Spain) and F. oxysporum
strains, by immersing the roots in a suspension of 5 × 106

spores mL-1 for 30 min, planted in vermiculite and maintained in
a growth chamber. Ten plants were used for each treatment.
Severity of disease symptoms and plant survival was recorded
daily for 30 days as previously described [61].

Galleria mellonella larvae in the final larval stage were
obtained from the company Animal Center S.C.P. (Valencia,
Spain), and inoculated as previously described [62]. Fifteen
larvae per treatment between 0.2 to 0.3 g in weight were
employed in all assays. A Burkard Auto Microapplicator (0.1-10
µL; Burkard Manufacturing Co. Limited, Hertfordshire, UK) with
a 1 mL syringe was used to inject 8 µL of a microconidial
suspension, containing 1.5 x 105 spores resuspended in sterile
phosphate-buffered saline (PBS), into the hemocoel of each
larva through the last left proleg. The area was cleaned using
an alcohol swab before injection. Larvae injected with 8 µL
PBS served as controls. After injection, larvae were incubated
in glass containers at 30 °C, and the number of dead larvae
was scored daily. Larvae were considered dead when they
displayed no movement in response to touch.

The Mantel-Cox method was used to assess statistical
significance of differences in survival among groups. Data was
plotted using Graph Pad Prism software version 4 for Windows.
Differences showing a P value < 0.05 were considered
significant. Experiments were repeated three times with similar
results. Data presented are from one representative
experiment.
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Results

Identification and sequence analysis of glycosylation-
decorating enzymes in the Fusarium oxysporum
genome

Since glyco- structures are excellent targets for host
recognition in animal and plant model systems, we conducted
an in silico analysis of the N- and O-glycosylation pathway
components of the tomato pathogen F. oxysporum f.sp.
lycopersici strain 4287 genome sequence database. The
results of the protein blast search revealed that the F.
oxysporum genome contains homologous sequences to 49 S.
cerevisiae genes involved in O- and N- protein glycosylation.
Remarkably, we detected the existence of seven α-1-4,N-
acetylglucosamine transferase paralogs and the apparent
absence of 17 orthologs to yeast genes in this pathogenic
fungus (Table S1). We were conservative in our selection,
requiring E values ≤ than e-9 to consider candidate sequences
as putative F. oxysporum protein homologs.

The family of seven members encoding for N-acetyl
glucosamine transferases (all named gnt in this work) was
further studied: FOXG_12436 (gnt2) and FOXG_14101 (gnt5)
are identical copies located within duplicated genomic regions
on chromosomes 3 and 6, respectively (here after gnt2);
FOXG_01495 (gnt1) on chromosome 5; FOXG_12874 (gnt3)
and FOXG_12897 (gnt4) both on chromosome 9;
FOXG_14149 (gnt6) and FOXG_16408 (gnt7) both on
chromosome 14. The deduced amino acid sequences from
FOXG_12436, FOXG_14101 and FOXG_14149 genes
presented 31-33% identities to S. cerevisiae GNT1 [21], a
fungal enzyme belonging to the glycosyl transferases family 8
that catalyses the addition of N-acetyl-D-glucosamine to
mannose side chains by high mannose N-glycan synthesis
[10].

Cloning and sequencing of the complete cDNAs from gnt2,
gnt4, gnt6 and gnt7 allowed manual curing of the genomic
sequences in the F. oxysporum genome database using
BLAST and the non-redundant database of NCBI. Gnt2
consists of an ORF of 987 bp organized in 3 exons interrupted
by 2 introns: exon I starts 264 nucleotides upstream from the
annotated start codon and the first intron of 81 bp is 376 bp
downstream of this putative start codon. Exon II is interrupted
by a previously not annotated 58 bp intron, causing a frame
shift and giving rise to a new exon III which ends 5 nucleotides
upstream from the previously annotated stop codon, resulting
in a 328 amino acid protein with a predicted trans-membrane
domain between amino acids 12 to 34. Gnt4 contains an ORF
of 1023 bp organized in 3 exons interrupted by 2 introns. Intron
2 is 55 bp shorter than in the annotated version, followed by a
new exon 3 of 63 bp and a stop codon 158 bp upstream of the
previous annotation, resulting in a new open reading frame that
codes for a 341 amino acid protein with a predicted trans-
membrane domain between amino acids 7 to 24. Gnt6 contains
an ORF of 990 bp organized in 3 exons interrupted by 2
introns. Exon I starts 267 nucleotides upstream from the
annotated start codon and the first intron of 81 bp is 379 bp
downstream of this putative start codon, Exon II is interrupted
by a new 58 bp-long intron, causing a frame shift and giving

rise to a new exon III which ends 26 nucleotides upstream from
the previous stop codon, resulting in a 329 amino acid protein
with a predicted trans-membrane domain between amino acids
12 to 34. Gnt7 contains an ORF of 1077 bp organized in 3
exons interrupted by 2 introns. The first intron is 126 bp shorter
than the annotated one, giving rise to a 126 bp longer exon II
and resulting in a 358 amino acid deduced protein.

Gnt1 has an ORF of 1065 bp encoding a 354 amino acid
polypeptide organized in 3 exons interrupted by 2 introns. The
first intron of 75 bp is 415 bp downstream of the putative start
codon, and the second of 53 bp is 54 bp upstream of the stop
codon. The putative trans-membrane domain comprises amino
acids 22 to 44. Gnt3 has an ORF of 1269 bp encoding a 422
amino acid polypeptide organized in 3 exons interrupted by 2
introns. The first intron of 49 bp is 607 bp downstream of the
putative start codon, and the second of 53 bp is 69 bp
upstream of the stop codon.

The deduced six proteins (Gnt1, Gnt2, Gnt3, Gnt4, Gnt6 and
Gnt7) show an overall identity among each other ranging from
53 to 97 %. Alignment of the F. oxysporum f.sp lycopersici
putative Gnts with other orthologs revealed identities of 31-33
% to S. cerevisiae GNT1 [21] and of 16-19 % to Coprinopsis
cinerea Ccgnt1 [16] (Figure 1A). All seven deduced proteins
present the main features described for N-glycosyltransferases,
located at highly conserved positions: a single pass trans-
membrane domain (type II) near the N-terminus characteristic
of a Golgi localized enzyme [63], and two/three DXD motifs
essential for the coordination of the catalytic cations, most
commonly Mn2+, and cysteine residues for establishment of
disulfide bridges (Figure 1B).

Gnt representation in multiple family members is
unique for F. oxysporum

To investigate the representation of gnt genes among
Fusaria and other fungal species, we performed an in silico
search of the Fusarium comparative database (http://
www.broadinstitute.org/annotation/genome/fusarium_group/)
using the six deduced Gnt amino acid sequences identified in
F. oxysporum. This search detected two or three orthologs in
the majority of the species analysed, whereas S. cerevisiae
contained only one (GNT1), indicating low genomic
redundancy in all species, in contrast to the six genes located
in seven loci at five different chromosomes in F. oxysporum. F.
oxysporum Gnts were aligned together with other Gnts
available at the National Centre for Biotechnology Information
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp)
(Figure S2). The phylogram revealed that F. oxysporum Gnts
are grouped in two clades, one containing Gnt1, Gnt2, Gnt4,
Gnt6 and Gnt7 and the other containing Gnt3 (Figure 2). It is
remarkable that four of the loci are located on three
dispensable F. oxysporum f.sp. lycopersici chromosomes [64].
And thus, it could be assumed that genes gnt1 (on
chromosome 5), gnt3 and gnt4 (both on chromosome 9) were
the ancestors of the other four genes which might be originated
by genomic-duplication. This hypothesis is also supported by
the number of orthologues found in the close related species F.
verticillioides and F. graminearum (three and two genes,
respectively).
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Figure 1.  Fusarium oxysporum contains six putative N-acetyl glucosaminyltransferase genes.  (A) Alignment of the
conserved domains of six predicted Gnts encoded by F. oxysporum f.sp lycopersici genes FOXG_01495 (Gnt1), FOXG_12436/
FOXG_14101 (Gnt2), FOXG_12874 (Gnt3), FOXG_12897 (Gnt4), FOXG_14149 (Gnt6), and FOXG-16408 (Gnt7), with the
corresponding orthologs from Saccharomyces cerevisiae Gnt1 (YOR320c) and Coprinopsis cinerea Gnt1 (CC1G 14119). Identical
amino acids are highlighted on a grey background. Conserved motifs: DXD triads (black rectangle), Asp residues involved in ion
binding (filled black circle), and conserved Cys residues (open triangles) are indicated. Amino acid sequences were aligned using
Clustal W. (B) Scaled diagrams with conserved features of F. oxysporum f.sp. lycopersici Gnt proteins. Positions of the conserved
DXD domains, Cys residues (C), and transmembrane domains (dashed boxes) are indicated.
doi: 10.1371/journal.pone.0084690.g001
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Targeted disruption of F. oxysporum gnt2 genes
To determine whether Gnts are necessary for pathogenicity

of F. oxysporum f.sp. lycopersici, we performed double
targeted replacement of the gnt2 genes FOXG_12436 and
FOXG_14101. The disruption vector was introduced into wild-
type protoplasts (Figure S1A), and homologous recombination
events were confirmed by Southern analyses (Figure S1B).
The wild type strain showed a 2 kb EcoR I/Xho I hybridizing
band corresponding to gnt6 plus a 3.5 kb double hybridizing
band corresponding to the duplicated gnt2 allele. The 3.5 kb
band was replaced by a 7 kb fragment in the homologous
integrative transformant #55, indicating that it has undergone
simultaneous disruption of both gnt2 alleles (gnt2) (Figure
S1B). Transformant #46 displayed the original 3.5 and 2 kb
EcoR I-Xho I hybridizing bands plus an additional band,
indicating ectopic insertion of the disruption construct (Figure
S1B).

Complementation of mutant Δgnt2 was done by
cotransformation with the gnt2 wild type allele and the PhlR

cassette as the selective marker. Cotransformants were
identified by Southern analysis of gDNA digested with EcoR I
and Xho I (Figure S1B). In the case of complemented strain 6
(cΔgnt2), the hybridizing patterns allowed the verification of the
integration events.

Gnt2 is essential for virulence of Fusarium oxysporum
The role of Gnt2 in F. oxysporum f.sp. lycopersici virulence

was determined by plant infection assays, performed by
immersing the roots of 2-week-old tomato plants in
microconidia suspensions of the fungal strains. Severity of wilt
symptoms in plants inoculated with the wild type strain, the
ectopic transformants (not shown) and the complemented
cΔgnt2 strain increased steadily throughout the experiment,
showing characteristic wilt symptoms 10 days after inoculation

Figure 2.  gnt2 is part of a gene family expanded in the pathogenic fungus F. oxysporum.  Phylogenetic tree constructed
using the neighbour-joining method from Clustal W multiple-sequence alignment of 146 aa of GT8 proteins. Numbers at the branch
points represent percentage bootstrap values based on 1,000 replicates. F. oxysporum (FOXG_01495; FOXG_12436/
FOXG_14101; FOXG_12874; FOXG_12897; FOXG_14149; FOXG_16408), F. graminearum (FGSG_10936; FGSG_10956*), F.
verticillioides (FVEG_07859; FVEG_11624; FVEG_11649*), Aspergillus fumigatus (AFUB_08390), A. niger (An11g10206;
An03g02990), A. oryzae (AO09001000), Chaetomium globosum (CHGG_09837; CHGG_08452), Saccharomyces cerevisiae
(GNT1, YOR320C), Nectria haematococca (NHA_39806; NHA_79931; NHA_79932), Verticillium dahliae (VDBG_01023;
VDBG_03984), Penicillium chrysogenum (PC_16g00820; PC_22g12650).
*These genes were manually cured as follows: FGSG_10956, 120 amino acids were added upstream of the annotated start codon;
FVEG_11649, 78 amino acids were added upstream of the annotated start codon.
doi: 10.1371/journal.pone.0084690.g002
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with most plants dead 8 days later. By contrast, plants
inoculated with the Δgnt2 mutant showed a significant delay in
symptom development with most plants alive (P < 0.0001) and
healthy 25 days after inoculation (Figure 3A). Virulence
experiments were performed three times with similar results.

In order to examine the role of Gnt2 in F. oxysporum f.sp.
lycopersici virulence on animals, we performed infection
experiments using the greater wax moth Galleria mellonella as
host, which has been recently described as an useful non-
vertebrate infection model for studying virulence mechanisms
of F. oxysporum on animal hosts [62]. Injection of microconidia
of the wild type strain into the hemocoel of G. mellonella
resulted in rapid killing of the larvae (Figure 3B). By contrast,
the gnt2 mutant showed a moderate but significant (P <
0.0001) reduction in killing. The complemented strain cΔgnt2

 did not show significant differences in killing efficiency
compared to the wild type strain.

To determine the ability of the Δgnt2 mutant to colonize
tomato plants, we performed quantification of specific fungal
DNA within stems using real-time PCR. The amount of fungal
biomass present in tomato stems increased during the course
of infection in wild type-inoculated plants (up to 5 % of total
DNA from infected tissues five days post-inoculation) (Figure
4A). A significant decrease in the amount of fungal DNA was
observed in plants inoculated with the Δgnt2 mutant (up to 1 %
of total DNA from infected tissues five days post-inoculation).
These data suggest that Δgnt2 mutant colonizes the stem
tissues with strong reduced efficiency in comparison with wild
type strain. No significant differences were observed in
complemented strain cΔgnt2 compared to wild type. No DNA

Figure 3.  Gnt2 contributes to virulence of F. oxysporum on plant and animal systems.  (A) Groups of ten plants (cultivar
Monika) were inoculated by immersing the roots into a suspension of 5 x 106 freshly obtained microconidia mL-1 of the wild type (wt),
the Δgnt2 mutant and cΔgnt2 complemented strains, and planted in minipots. Percentage survival was recorded after different time
points. All experiments were performed at least three times with similar results. The data shown are from one representative
experiment. (B) Mantel-Cox plots of Galleria mellonella larvae survival after injection of 1.6 x 105 microconidia of the indicated
strains into the hemocoel and incubation at 30 °C. Data shown are from one representative experiment. Experiments were
performed three times with similar results.
doi: 10.1371/journal.pone.0084690.g003
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amplification was observed in the un-inoculated controls
(Figure 4A).

The plant defence reaction in response to infection with the
wild type and non-virulent Δgnt2 strains was analysed by the
quantification of transcript levels of defence-related genes
encoding basic glucanase (gluB) [65], acidic chitinase 3 (chi3),
basic chitinase 9 (chi9) [66] and pathogenesis-related protein 1
(pr-1) [65] in tomato plant roots at three days post-inoculation,
using quantitative real-time RT-PCR (Figure 4B). The
expression level of each defence-related gene was compared
among plants infected with the wild-type strain, non-virulent
Δgnt2 mutant, or the complemented strain cΔgnt2 as well as
non-inoculated control plants, and referred to the relative levels
of the constitutive reference gene efα1 encoding elongation
factor alpha 1 [67]. The expression levels of the four genes
detected in plants inoculated with the mutant were significantly

higher than those observed in plants inoculated with either the
wild type or the complemented strains (Figure 4A).

Δgnt2 mutant cell wall has altered physico-chemical
properties

The role of F. oxysporum Gnts on cell wall structure and
integrity was investigated by determining the sensitivity to
membrane or cell wall interfering agents and to heat stress
conditions. As shown in Figure 5A, the Δgnt2 mutant exhibited
higher sensitivity to Sodium Dodecyl Sulfate (SDS) and
Calcofluor white (CFW), as well as to heat stress (35 °C), than
the wild type strain. As expected, reintroduction of the wild type
allele completely restored the resistance to the cell wall
interfering agents tested, suggesting that these phenotypes
may be a general consequence of compromised cell wall
integrity.

Figure 4.  Δgnt2 mutants have reduced colonization ability and induce higher defence response of tomato plants.  (A)
Comparative analysis of fungal biomass using quantitative real-time polymerase chain reaction during disease progression caused
by the wild type (wt), the Δgnt2 mutant and the complemented cΔgnt2 strains. Data represent nanograms of fungal DNA amplified
from 100 ng of DNA extracted from infected stems. Each column represents the mean from three independent inoculation
experiments with three replicates each. Standard error bars are indicated. (B) Expression of defence-response genes in tomato
plants three days after inoculation with the indicated strains. Transcript abundance was determined by quantitative reverse
transcriptase-polymerase chain reaction. Expression levels in each sample were normalized to the expression of the tomato efα
gene and were calculated relative to the uninfected control plants by the DDCt method. Error bars indicate the standard error
calculated from three independent inoculation experiments with three replicates each.
doi: 10.1371/journal.pone.0084690.g004
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The tetra-cationic compound Alcian Blue is able to detect
negatively charged heteropolysaccharides, such as sulfated
and carboxylated muco-polysaccharides and sialomucins
(glycoproteins) in fungal cell surfaces. Reversible electrostatic
bonds are formed between this cationic dye and the negative
sites on the polysaccharides [68]. To further identify possible
structural differences in the cell wall of the Δgnt2 mutant,
microconidial suspensions were added to Alcian Blue solution
and the absorbance of the remaining supernatant was
measured at 620 nm. As shown in Figure 5B, the Δgnt2 mutant
displayed a 33% decreased binding affinity to Alcian Blue

compared to the wild type or the complemented strains. These
phenotypes prompted us to further examine the cell wall
properties of the Δgnt2 mutant. Germinated microconidia were
exposed to a mixture of cell wall-degrading enzymes and the
release of protoplasts was monitored over time. The extent of
protoplast formation was followed by microscopic observation
of the cell suspension at timed intervals and standardized to
viable cells. As shown in Figure 5C, the Δgnt2 mutant showed
dramatically decreased sensitivity to the activity of the
protoplasting enzyme in comparison.

Figure 5.  Gnt2 mutants show increased sensitivity to stress conditions.  (A) Fungal colonies from the wild type (wt), the Δgnt2
mutant and the complemented cΔgnt2 strains grown for 3-4 days at 28 °C on SM plates containing Sodium Dodecyl Sulphate (SDS)
or Calcofluor white (CFW), or on SM plates under heat stress conditions (120 h at 35 °C). The number of inoculated spores is
indicated. (B) Alcian Blue binding affinity of F. oxysporum wild type (wt), Δgnt2 mutant and cΔgnt2 complemented strains.
Microconidial suspensions (5 x 108 mL-1) from the indicated strains were added to an Alcian Blue containing suspension (0.025%
w/v), incubated 20 min at RT, and centrifuged. The ability to bind the dye was determined by measuring the absorbance at 620 nm
of the remaining supernatant after centrifugation, and represented as % of Alcian Blue bound to the cells. Photographs above the
diagram show the remaining colour in the supernatants of the different strains. (C) Sensitivity of F. oxysporum wild type (wt), Δgnt2
mutant and cΔgnt2 complemented strains to the treatment with 50 mg mL-1 Glucanex lytic enzyme. The graph shows the number of
protoplasts released from each strain during incubation for the indicated time period in min. Bars indicate the standard error from
three independent experiments.
doi: 10.1371/journal.pone.0084690.g005
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gnt2 deficient mutant exhibits altered aggregation
behaviour

Plant lectins are used extensively in purification, detection
and structural characterization of glyco-conjugates,
investigation of cell-surface architecture, blood typing and
fractionation of cells [69,70]. Especially plant and invertebrate
lectins have proved to be valuable for the detection of specific
carbohydrate sequences [71]. Lectin GS II from Griffonia
simplicifolia, a tetrameric protein with an aggregate molecular
weight of ~113 kDa with each site binding a single
carbohydrate, is the only known lectin that binds with high
selectivity to terminal non-reducing α- and β-N-acetyl-D-
glucosamine residues of glycoproteins [56–58]. Because of its
affinity, lectin GS-II conjugates are useful to identify GlcNAc-
containing oligosaccharides. The ability of pre-germinated
microconidia (3 h) to bind GS II-FITC conjugate was
determined using flow cytometer separation and fluorescence
detection. Unexpectedly, in all the experiments the mean
values corresponding to the fluorescence emission in Δgnt2
mutant cells were significantly higher than those for wild type or
the complemented strain (10.5, 7.1, and 4.4 in microconidia, or
12.3, 7.1 and 4.2 in germlings, respectively). To discover the
basis for the increased binding capacity, we performed
fluorescence analysis using the auxiliary channel adjusted to
allow discrimination between single and aggregated cells
(Figure 6A). Additionally, the abundance of each cell population
was determined for the three strains, by microscopic
observation and cell counting. As shown in Figure 6A the
percentage of aggregated microconidia in Δgnt2 was about
25%, while in the wild type and the complemented strains it
was significantly lower (12 and 4%, respectively, P < 0.05).
Analyses of separate cell populations, single (H3), or
aggregated cells (H4) for the three strains are shown in the
histograms of relative fluorescence determined by FL1 channel
(Figure 6B). The relative fluorescence medium values
observed in each segregated cell population were similar for
the three strains, around 4 to 6 for single cells and 19 to 25 for
aggregated cells. Morphological analysis of cell populations
was performed by cytometer light scattering detection, using
the forward and side scattered light shape (FSC and SSC,
respectively). As represented in Figure 6C, the shapes of the
three populations are in accordance to the relative
fluorescence value analyses (FL1 channel), showing less
uniformity in strains with more aggregated cells. These results
were further supported by optical and fluorescence microscopy
analysis of GS II-FITC bound cell populations, where we
observed a slightly higher number of aggregated cells in the
Δgnt2 mutant in comparison with the wild type and the
complemented strains, resulting in a slightly higher
fluorescence intensity of the mutant samples (Figure 7A).

Recently, it has been reported that changes of the physico-
chemical properties of the spore surface may be related to the
zeta potential of spores at different pH values [60]. To further
analyse the altered aggregation pattern of the Δgnt2 mutant,
we compared the spore aggregation ability of the different
strains in glucose-containing SM at pH values 2.0, 3.5 and 6.0.
Conidial aggregation was inhibited at pH 2.0 in all strains, while
aggregation was comparable at pH values 3.5 and 6.0. The

wild type strain showed around 15-20% aggregation after
seven hours incubation at pH 6.0, while this value was up to
40% in the Δgnt2 mutant (data not shown).

Comparative TEM analysis of sections through 14 h-old
germlings from the wild type strain and the Δgnt2 mutant
showed abnormally aggregated mutant hyphae, supporting an
altered aggregation phenotype in this strain in comparison with
the wild type (Figure 7B). Furthermore, Δgnt2 hyphae in close
proximity appeared to be fixed to each other by a newly
existing extracellular matrix of unknown nature, which was not
detected in the wild type strain, whose hyphae were not
adhered to each other. Detailed analysis of TEM micrographs
revealed that Δgnt2 hyphae contained aberrant twisted septa
compared to those of the wild type, suggesting defects in
septum architecture. Despite these findings, no obvious
consistent differences in overall cell wall structure were
detected.

gnt2 mutant cell walls contain reduced levels of N-
linked glycans

To demonstrate the role of Gnt2 in protein glycosylation, O-
and N-linked glycans were released from cell wall glycoproteins
by alkali treatment in the wild type strain, the Δgnt2 mutant and
the cΔgnt2 complemented strain, and estimated relative to total
cell wall dry weight. Similar amount of O-linked glycans were
detected in the three strains, representing 1.2 to 1.25% of the
total cell wall biomass (Figure 8). By contrast, the Δgnt2 mutant
showed a 30% reduction of N-linked glycans in comparison
with the wild type strain, suggesting a deficient N-glycosylation
pattern in the mutant strain. The complemented strain partially
restored the wild type phenotype.

GFP::Gnt2 fusion protein localizes in Golgi-like
compartments

Gnt2 comprises an N terminal trans-membrane domain and
a Golgi retention signal, suggesting that it may be localized to
Golgi-like compartments. To investigate its subcellular
localization we fused the GFP gene encoding the green
fluorescent protein in frame to the 5’-end of the gnt2 gene
(Figure S3). This construct was used to transform protoplasts
of both the wild type strain and the Δgnt2 mutant, resulting in
wt (GFP::Gnt2) and Δgnt2 (GFP::Gnt2) strains, respectively.
Microscopic analysis revealed a strong GFP fluorescence that
was enriched in distinct intracellular compartments of both
strains (Figure 9A). These large spot-like structures
disaggregated into smaller fluorescent spots after treatment
with Brefeldin A, which is known to disrupt the Golgi apparatus
[72].

To further confirm its localization, mixed vesicle populations
from both, the wt (GFP::Gnt2) and Δgnt2 (GFP::Gnt2) strains
were subjected to centrifugation in a sucrose gradient.
Enzymatic activities of specific Golgi and ER markers, GDPase
[48] and NADPH cytochrome c reductase, respectively, allowed
determination of the enriched Golgi fractions, 1, 2 and 3, as
well as the ER enriched fraction P10, in both strains (Figure
9B). Western analyses of those fractions using the specific
antibody against the trans-Golgi resident membrane protein
Vps10 from S. cerevisiae [85] or the anti-GFP antibody
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Figure 6.  GS II-FITC lectin binding affinity of the indicated F. oxysporum strains.  Intensity of fluorescence emitted by GS II-
FITC bound to cell surface was measured for 20,000 events in microconidia from wild type (wt), Δgnt2 mutant and cΔgnt2
complemented strain, using flow cytometer separation and fluorescence detection. (A) Fluorescence analysis using the auxiliary
channel adjusted to allow discrimination of single cell population (H3 in the histograms and white columns in the graph) from
aggregated cells population (H4 and stripped columns). The percentages of each cell population are represented for the three
strains. (B) Histograms showing relative fluorescence determined by FL1 channel for single cells (H3) or aggregated cells (H4) from
the three strains. Columns in the graph represent the relative fluorescence medium values observed for single cells (white) and
aggregated cells (stripped). The standard errors from three independent experiments are indicated. (C) Morphological analyses of
cell populations from the different strains by cytometer light scattering detection. Forward and side scattered light shape (FSC and
SSC, respectively) is represented.
doi: 10.1371/journal.pone.0084690.g006
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Figure 7.  Deletion of gnt2 gene results in increased cell aggregation and aberrant septum morphology.  (A) Light (upper
panels) and fluorescence (lower panels) micrographs of GS II-FITC labelled swollen spores (after 3 h incubation in PDB) from wild
type (wt), Δgnt2 mutant and cΔgnt2 complemented strains. Scale bars, 10 µm. (B) Transmission electron micrographs showing
aggregation and ultra-structure characteristics of 14 h-old germlings from the indicated strains. Black arrows, septa; white arrows,
cell-to-cell contact area; black star, extracellular matrix.
doi: 10.1371/journal.pone.0084690.g007
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confirmed the co-localization of both proteins in the Golgi-
enriched fractions (Figure 9C). Localization of Gnt2 was further
confirmed by selective staining of Golgi compartments using
the red fluorescent BODIPY-TR ceramide in both wt
(GFP::Gnt2) and Δgnt2 (GFP::Gnt2) strains (Figure 9D). All
together these results support the hypothesis that Gnt2 is
retained in Golgi-like structures of F. oxysporum.

Discussion

During most host-pathogen interactions, a complex crosstalk
between the pathogen and its host is established. In the case
of fungal pathogens many infection processes involve two
important features: secretion of fungal effector proteins, which
interact with a variety of plant responses, and recognition of
fungal cell wall proteins during host invasion, which modulates
the plant immune response [73–75]. Both fungal secreted
effectors and cell wall proteins are generally subjected to post-
translational modifications in the endoplasmic reticulum and
Golgi apparatus. Protein glycosylation is the most common
post-translational modification in eukaryotes and confers the
appropriate stability, functionality and localization of cellular
proteins [9,10]. Therefore, glycosylation is likely to have an
important role in modulating the interaction between F.
oxysporum and its hosts.

In this study we performed an in silico analysis of the N- and
O-glycosylation pathway components from the tomato
pathogen F. oxysporum f.sp. lycopersici. As reported for the
plant pathogen U. maydis [34], glycosylation in F. oxysporum
appears to be simpler, involving less components [24] than the
large families described for S. cerevisiae or C. albicans [76].
Nevertheless, it was remarkable to find seven members of
putative N-acetyl glucosaminyl transferases (Gnts) in the
genome of F. oxysporum f.sp. lycopersici. This feature appears
to be unique for a fungal species, as demonstrated by
comparative genomic analysis with the two closely related
species F. graminearum and F. verticilloides, and other related
species. This putative glycosyltransferase ‘family’ may have

arisen through exon shuffling, or by gene duplication and
subsequent divergence. The different number and
chromosome location of Gnt encoding genes in F. oxysporum
in comparison with the two other Fusarium spp. may point to
divergent evolutionary mechanisms during adaptation of the
infection process in root and aerial plant pathogens, due to the
specific requirements encountered during host colonization
[64]. Similar results have been previously reported for
cutinolytic encoding genes, in F. oxysporum with one single
cutinase gene [77], as opposed to three in F. solani [78].

Gnts are Golgi-localized membrane-bound enzymes involved
in key steps of biosynthesis of complex and hybrid N-glycans
from oligomannose-type N-glycans [79]. Gnt genes were
cloned from various eukaryotic species including mammals,
insects, nematodes [80] and higher plants [81,82]. All Gnt
proteins have N-terminal transmembrane and conserved
central catalytic domains. Since most Gnts are resident and
anchored in the membranes lining the ER and the trans-Golgi
network (cis-, medial- trans-), they contain sequences, in or
around their trans-membrane region, for targeting or retention
in the Golgi apparatus (mostly unknown) analogous to the
K(H)DEL for ER location signal. The N-glycans from
glycoproteins that move to and through the Golgi may be
processed into complex type N-glycans by trimming of
mannose residues and/or addition of specific sugar residues,
before they get to other subcellular organelles, the plasma
membrane, the cell wall, or the extracellular space. Fusarium
Gnts share conserved structural motifs including a
transmembrane domain, a Golgi targeting or retention signal, C
residues for establishing di-sulfide linkages, and the so-called
DXD motifs thought to play a role in metal ion binding and
catalysis, and/or DSD as their catalytic active sites for sugar-
donor/receptor molecules [81]. We have localized a GFP::Gnt2
fusion protein in intracellular compartments that are sensitive to
Brefeldin A and accumulate the fluorescent sphingolipid
BODIPY-TR, strongly suggesting that they correspond to
Fusarium Golgi-like structures. Localization of the fusion
protein was further verified by immune-detection in subcellular

Figure 8.  Gnt2 is required for efficient N-glycosylation of cell wall proteins.  Protein-associated glycans were released from
fungal cell walls in the wild type strain (wt), and the Δgnt2 mutant and the cΔgnt2 complemented strain by alkali treatment, and the
amount of N- (grey bars) and O-linked glycans (white bars) was calculated relative to cell wall total dry weight. The standard errors
from three independent experiments are indicated.
doi: 10.1371/journal.pone.0084690.g008
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Figure 9.  Gnt2 co-localizes with Golgi sub-cellular compartment proteins.  (A) Light (left panels) and fluorescence (right
panels) micrographs of germlings from the wild type (wt) and the Δgnt2 mutant, both harbouring the GFP::Gnt2 fusion protein, after
5 min treatment with (+) or without (-) Brefeldin A (BFA). Scale bars, 10 µm. (B) Enzymatic activities of sub-cellular fractions (1 to
14) obtained after velocity sucrose gradient ultracentrifugation of cell lysates from the indicated strains. Aliquots of the 10,000 g x
10-min pellet (P10) and the 160,000 g x 90-min pellet (P160) were also included in the analyses. Dashed line, sucrose
concentration; black diamonds, NADPH cytochrome c reductase activity (endoplasmic reticulum marker); white diamonds, GDPase
activity (Golgi marker). (C) Proteins contained within the indicated fractions were resolved by SDS-PAGE and detected by Western
blotting analyses using anti-GFP or anti-Vps10p antibodies, as indicated. (D) Colocalization of GFP::Gnt2 (green) with the Golgi
apparatus (red) as stained with BODIPY TR ceramide in the indicated strains. Bar, 10 μm.
doi: 10.1371/journal.pone.0084690.g009
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compartments enriched in GDPase enzymatic activity,
described as a Golgi located enzyme in C. albicans, S.
cerevisiae and Kluyveromyces lactis [48,83,84], which also
contained Vps10, a membrane protein that resides in late-Golgi
compartments [85].

In order to address the role of N-glycosylation in
pathogenicity of F. oxysporum f.sp. lycopersici, we constructed
a disruption mutant lacking functional Gnt2. The resulting
Δgnt2 strain showed a dramatic reduction of its infection
capacity on tomato plants, suggesting that correct protein
glycosylation may be influencing virulence in this pathogenic
fungus. The increased defence-reaction detected in tomato
plants inoculated with the Δgnt2 mutant might be reflecting
recognition of the altered glycosylation pattern of the fungal cell
wall surface and/or secreted effectors. Additionally, the Δgnt2
mutant showed attenuated virulence on G. mellonella, an
invertebrate model host that is widely used for the study of
microbial human pathogens and has been described as a
useful infection model for studying virulence mechanisms of F.
oxysporum on animal hosts [62]. Protein glycosylation has
been identified as an important process for the virulence of
various fungal pathogens of animals. To date, most reports
have described the importance of O-linked glycosylation,
frequently O-mannosylation. For example, the role of PMTs
has been well established to support both morphological
transitions and animal host infection by C. neoformans [29], C.
albicans [23–25] and A. fumigatus [31]. Other studies have also
revealed a role of N-glycosylation in virulence of C. albicans
through the analysis of mutants affected in the subsequent
processing of high mannose-type glycans, following the initial
transfer of the core oligosaccharide structure onto proteins
[26,27]. For plant infecting fungi, to date there are only three
examples where defects in protein glycosylation had an effect
upon pathogen development and virulence. In the
basidiomycete fungus U. maydis, mutants lacking an ER
associated glycan processing enzyme Glucosidase II grew
normally in vitro but failed to effectively establish a host–
pathogen interface with the plant [35], and the O-
mannosyltransferase PMT4 was found to be essential for
appressorium formation and penetration [32]. Recently, in the
wheat leaf infecting fungus M. graminicola, the α-1,2-
mannosyltransferase MgAlg2, which functions in the early
stages of asparagine-linked protein N-glycosylation, was
shown to play an important role in the virulence of this fungus.
Loss of MgAlg2 function gave rise to an inability of spores to
extend hyphal filaments, which normally permit leaf penetration
by the fungus through stomata [36]. Recently it was found that
N-glycosylation might also play a role in plant pathogen
interactions through functional pattern recognition receptors
[86]. In mammalian cells the glycans on the glycoproteins have
been proven to be involved in a wide range of biological
functions such as receptor binding, cell signalling, protein
folding, subcellular distribution and localization, protein stability,
endocytosis, immune recognition, inflammation and
pathogenicity [9]. Our results on F. oxysporum putative N-
acetylglucosamine transferase Gnt2 suggest that N-
glycosylation might represent a key virulence mechanism

important for the interaction of the pathogen with both plant and
animal hosts.

Phenotypic characterization of the Δgnt2 mutant indicated
hypersensitivity to membrane and cell wall destabilizing agents,
as well as to heat stress, and reduced binding affinity to the
positively charged dye Alcian Blue. Additionally, septa in the
mutant strain showed altered structure when compared with
the wild type strain. Despite the fact that no detectable
differences in cell wall structures were observed between the
wild type and the Δgnt2 mutant by TEM, these data suggest
that the cell wall and septa in the mutant strain lack the
structural strength and/or the physical-chemical properties of
wild type cells. This is supported by the observation that mutant
cells show a high tendency to aggregate to each other, which
could be mediated by the secretion of an extracellular matrix of
unknown nature. On the other hand, quantification of cell wall
protein-associated glycans revealed a hypo-glycosylated
pattern in the Δgnt2 mutant, due to either a significant
reduction or a different structure of the N-linked
oligosaccharides, suggesting that Gnt2 is required for efficient
N-glycosylation of cell wall proteins in F. oxysporum. Studies
on protein N-glycosylation mutants in S. cerevisiae pointed that
defects in cell wall strength might arise from alterations in the
chemical composition of the glycans present in this structure.
One hypothesis explaining this link was that under-glycosylated
proteins led to incorrectly processed and localized proteins,
with loss of enzymatic activities that were critical for
biosynthesis of cell wall β1,6-glucan in the mutant strain [87]. A
similar explanation was proposed for the M. graminicola N-
glycosylation mutant ΔMgAld2. In this pathogenic fungus N-
glycosylation plays key roles in regulating the switch to hyphal
growth, possibly as a consequence of maintaining correct
folding and localization of key proteins involved in this process
[36]. The biochemical GlcNAc transferase activity on fungal cell
wall proteins has been reported in C. cinerea, where depletion
of CcGnt1 gene expression by RNAi strongly reduced the
GlcNAc modification in N-linked glycans of the silenced
transformants fruiting bodies [16].

In conclusion, our results support that F. oxysporum f.sp.
lycopersici contains a putative N-Acetyl-glucosaminyl
transferase located in Golgi-like compartments essential for
virulence and cell wall strength. The precise mechanism
underlying these phenotypes is still unknown, but it provides a
useful base to analyse in more detail the role of N-glycosylation
in host-pathogen interactions. A complete comparative analysis
of the structure and biosynthesis of cell wall glycans in the
Δgnt2 mutant will help to understand the immunological
properties of the cell wall and the relation between N-
glycosylation and pathogenesis of F. oxysporum.

Supporting Information

Figure S1.  Disruption of the predicted Gnt2 encoding gene
(gnt2). (A) Targeted replacement strategy using the DelsGate
technique and the hygromycin resistance cassette (HygR) as
selective marker. Black arrowheads indicate the primer pairs
used for amplification of DNA fragments. (B) Southern analysis
of gDNAs from F. oxysporum wild type strain (wt), targeted
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Δgnt2 mutant 55, ectopic transformant #45 and a cΔgnt2
mutant complemented with a gnt2 wild type allele (#6). DNAs
were digested with EcoR I and Xho I and hybridized with the
probe indicated in A (dashed bar).
(TIF)

Figure S2.  Alignment of deduced amino acids from 25 N-
acetylglucosamine transferases belonging to eleven
fungal species. F. oxysporum (FOXG_01495; FOXG_12436/
FOXG_14101; FOXG_12874; FOXG_12897; FOXG_14149;
FOXG_16408), F. graminearum (FGSG_10936;
FGSG_10956*), F. verticillioides (FVEG_07859; FVEG_11624;
FVEG_11649*), Aspergillus fumigatus (AFUB_08390), A. niger
(An11g10206; An03g02990), A. oryzae (AO09001000),
Chaetomium globosum (CHGG_09837; CHGG_08452),
Saccharomyces cerevisiae (GNT1, YOR320C), Nectria
haematococca (NHA_39806; NHA_79931; NHA_79932),
Verticillium dahliae (VDBG_01023; VDBG_03984), Penicillium
chrysogenum (PC_16g00820; PC_22g12650). The alignment
corresponds to the G-block used for construction of the
cladogram in Figure 2.
*These genes were manually cured as follows: FGSG_10956,
120 amino acids were added upstream of the annotated start
codon; FVEG_11649, 78 amino acids were added upstream of
the annotated start codon.
(EPS)

Figure S3.  Construction of the GFP::Gnt2 fusion protein.
The gnt2 cDNA fragment was amplified with the indicated
primers, containing the Nsi I and Xma I restriction sites inserted
at 5´or 3´ end of the ORF, respectively, and cloned into the
corresponding restriction sites of the expression vector p1902.
The resulting in-frame ORF fusion is under control of the
Aspergillus nidulans gpdA promoter and terminator. Arrows
indicate the transcriptional orientation.

(TIF)

Table S1.  Identification of Fusarium oxysporum
orthologue genes involved in glycosylation pathways by
comparison to those described in Saccharomyces cerevisiae.
For protein blast search in the Broad Institute database http://
www.broadinstitute.org/annotation/genome/fusarium_group/.
the S. cerevisiae proteins were used as query sequences. The
systematic name for S. cerevisiae genes and their function
were obtained from Saccharomyces genome database (http://
www.yeastgenome.org/). F. oxysporum gene numbers and E
value parameter after WUBLAST analysis were obtained
directly from http://www.broadinstitute.org/annotation/genome/
fusarium_group/.
(DOCX)

Acknowledgements

The authors gratefully acknowledge Dr. A. Di Pietro for
valuable suggestions and critical reading of the manuscript, Dr.
J.A. González-Reyes for his advice with electron microscopy,
Dr. J.M. Villalba for his helpful expertise with the cytometer
experiments, and Esther Martínez Aguilera for technical
assistance (all from Universidad de Cordoba).

Author Contributions

Conceived and designed the experiments: LLF CRR YPJ AP
HK MIGR. Performed the experiments: LLF CRR YPJ AP HK
MIGR. Analyzed the data: LLF CRR YPJ AP MIGR.
Contributed reagents/materials/analysis tools: LLF CRR YPJ
HK MIGR. Wrote the manuscript: LLF CRR MIGR.

References

1. Schoffelmeer EAM, Klis FM, Sietsma JH, Cornelissen BJC (1999) The
cell wall of Fusarium oxysporum. Fungal Genet Biol 27: 275-282. doi:
10.1006/fgbi.1999.1153. PubMed: 10441453.

2. Madrid MP, Di Pietro A, Roncero MIG (2003) Class V chitin synthase
determines pathogenesis in the vascular kilt fungus Fusarium
oxysporum and mediates resistance to plant defense compounds. Mol
Microbiol 47: 257-266. PubMed: 12492869.

3. Ortoneda M, Guarro J, Madrid MP, Caracuel Z, Roncero MIG et al.
(2004) Fusarium oxysporum as a multihost model for the genetic
dissection of fungal virulence in plants and mammals. Infect Immun 72:
1760-1766. doi:10.1128/IAI.72.3.1760-1766.2004. PubMed: 14977985.

4. Pareja-Jaime Y, Martín Urdíroz M, Roncero MIG, González Reyes JA,
Ruiz-Roldán MC (2010) Chitin synthase-deficient mutant of Fusarium
oxysporum elicits tomato plant defence response and protects against
wild-type infection. Mol Plant Pathol 11: 479-493. doi:10.1111/j.
1364-3703.2010.00624.x. PubMed: 20618706.

5. Gibson RP, Turkenburg JP, Charnok SJ, Lloyd R, Davies GJ (2002)
Insights into trehalose synthesis provided by the structure of the
retaining glucosyl transferase OstA. Chem. Biol 9: 1337-1346.

6. Apweiler A, Hermjakob H, Sharon N (1999) On the frequency of protein
glycosylation, as deduced from analysis of the SWISS-PROT database.
Biochim Biophys Acta 1473: 4-8. doi:10.1016/S0304-4165(99)00165-8.
PubMed: 10580125.

7. Chou TY, Hart GW (2001) O-linked N-acetylglucosamine and cancer:
messages from the glycosylation of c-Myc. Adv Exp Med Biol 491:
413-418. doi:10.1007/978-1-4615-1267-7_26. PubMed: 14533811.

8. Crocker PR, Feizi T (1996) Carbohydrate recognition systems:
Functional triads in cell-cell interactions. Curr Opin Struct Biol 6:
679-691. doi:10.1016/S0959-440X(96)80036-4. PubMed: 8913692.

9. Lehle L, Strahl S, Tanner W (2006) Protein glycosylation, conserved
from yeast to man: a model organism helps elucidate congenital human
diseases. Angew Chem Int Ed Engl 45: 6802-6818. doi:10.1002/anie.
200601645. PubMed: 17024709.

10. Burda P, Aebi M (1999) The dolichol pathway of N-linked glycosylation.
Biochim Biophys Acta 1426: 239-257. doi:10.1016/
S0304-4165(98)00127-5. PubMed: 9878760.

11. Kotz A, Wagener J, Engel J, Routier FH, Echtenacher B et al. (2010)
Approaching the secrets of N-glycosylation in Aspergillus fumigatus:
Characterization of the AfOch1 protein. PLoS One 12: e15729.
PubMed: 21206755.

12. Parodi AJ (2000) Protein glycosylation and its role in protein folding.
Annu Rev Biochem 69: 69-93. doi:10.1146/annurev.biochem.69.1.69.
PubMed: 10966453.

13. Helenius A, Aebi M (2004) Roles of N-linked glycans in the
endoplasmic reticulum. Annu Rev Biochem 73: 1019-1049. doi:
10.1146/annurev.biochem.73.011303.073752. PubMed: 15189166.

14. Lommel M, Strahl S (2009) Protein O-mannosylation: conserved from
bacteria to humans. Glycobiology 19: 816-828. doi:10.1093/glycob/
cwp066. PubMed: 19429925.

15. Deshpande N, Wilkins MR, Packer N, Nevalainen H (2008) Protein
glycosylation pathways in filamentous fungi. Glycobiology 18: 626-637.
doi:10.1093/glycob/cwn044. PubMed: 18504293.

Fusarium oxysporum N-acetylglucosamine Transferase

PLOS ONE | www.plosone.org 19 December 2013 | Volume 8 | Issue 12 | e84690

http://www.broadinstitute.org/annotation/genome/fusarium_group/
http://www.broadinstitute.org/annotation/genome/fusarium_group/
http://www.yeastgenome.org/
http://www.yeastgenome.org/
http://www.broadinstitute.org/annotation/genome/fusarium_group/
http://www.broadinstitute.org/annotation/genome/fusarium_group/
http://dx.doi.org/10.1006/fgbi.1999.1153
http://www.ncbi.nlm.nih.gov/pubmed/10441453
http://www.ncbi.nlm.nih.gov/pubmed/12492869
http://dx.doi.org/10.1128/IAI.72.3.1760-1766.2004
http://www.ncbi.nlm.nih.gov/pubmed/14977985
http://dx.doi.org/10.1111/j.1364-3703.2010.00624.x
http://dx.doi.org/10.1111/j.1364-3703.2010.00624.x
http://www.ncbi.nlm.nih.gov/pubmed/20618706
http://dx.doi.org/10.1016/S0304-4165(99)00165-8
http://www.ncbi.nlm.nih.gov/pubmed/10580125
http://dx.doi.org/10.1007/978-1-4615-1267-7_26
http://www.ncbi.nlm.nih.gov/pubmed/14533811
http://dx.doi.org/10.1016/S0959-440X(96)80036-4
http://www.ncbi.nlm.nih.gov/pubmed/8913692
http://dx.doi.org/10.1002/anie.200601645
http://dx.doi.org/10.1002/anie.200601645
http://www.ncbi.nlm.nih.gov/pubmed/17024709
http://dx.doi.org/10.1016/S0304-4165(98)00127-5
http://dx.doi.org/10.1016/S0304-4165(98)00127-5
http://www.ncbi.nlm.nih.gov/pubmed/9878760
http://www.ncbi.nlm.nih.gov/pubmed/21206755
http://dx.doi.org/10.1146/annurev.biochem.69.1.69
http://www.ncbi.nlm.nih.gov/pubmed/10966453
http://dx.doi.org/10.1146/annurev.biochem.73.011303.073752
http://www.ncbi.nlm.nih.gov/pubmed/15189166
http://dx.doi.org/10.1093/glycob/cwp066
http://dx.doi.org/10.1093/glycob/cwp066
http://www.ncbi.nlm.nih.gov/pubmed/19429925
http://dx.doi.org/10.1093/glycob/cwn044
http://www.ncbi.nlm.nih.gov/pubmed/18504293


16. Buser R, Lazar Z, Käser S, Künzler M, Aebi M (2010) Identification,
characterization, and biosynthesis of a novel N-Glycan modification in
the fruiting body of the basidiomycete Coprinopsis cinerea. J Biol Chem
285: 10715-10723. doi:10.1074/jbc.M109.076075. PubMed: 20061575.

17. Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V et al.
(2009) The Carbohydrate-Active EnZymes database (CAZy): an expert
resources for glycogenomics. Nucleic Acids Res 37: D233-D238. doi:
10.1093/nar/gkn663. PubMed: 18838391.

18. Ballou L, Hernandez LM, Alvarado E, Ballou CE (1990) Revision of the
oligosaccharide structures of yeast carboxypeptidase Y. Proc Natl Acad
Sci U S A 87: 3368-3372. doi:10.1073/pnas.87.9.3368. PubMed:
2185468.

19. Hernández LM, Olivero I, Alvarado E, Larriba G (1992) Oligosaccharide
structures of the major exoglucanase secreted by Saccharomyces
cerevisiae. Biochemistry 31: 9823-9831. doi:10.1021/bi00155a039.
PubMed: 1390756.

20. Lehle L, Cohen RE, Ballou CE (1979) Carbohydrate structure of yeast
invertase. Demonstration of a form with only core oligosaccharides and
a form with completed polysaccharide chains. J Biol Chem 254:
12209-12218. PubMed: 115881.

21. Yoko oT, Wiggins CAR, Stolz J, Peak-Chew S-Y, Munro S (2003) A N-
acetyl-glucosaminyl transferase of the Golgi apparatus of the yeast
Saccharomyces cerevisiae that can modify N-linked glycans.
Glycobiology 13: 581-589. doi:10.1093/glycob/cwg063. PubMed:
12651885.

22. Dean N (1995) Yeast glycosylation mutants are sensitive to
aminoglycosides. Proc Natl Acad Sci U S A 92: 1287-1291. doi:
10.1073/pnas.92.5.1287. PubMed: 7877969.

23. Timpel C, Strahl-Bolsinger S, Ziegelbauer K, Ernst JF (1998) Multiple
functions of Pmt1p-mediated protein O-mannosylation in the fungal
pathogen Candida albicans. J Biol Chem 273: 20837–20846. doi:
10.1074/jbc.273.33.20837. PubMed: 9694829.

24. Timpel C, Zink S, Strahl-Bolsinger S, Schröppel K, Ernst J (2000)
Morphogenesis, adhesive properties, and antifungal resistance depend
on the Pmt6 protein mannosyltransferase in the fungal pathogen
Candida albicans. J Bacteriol 182: 3063–3071. doi:10.1128/JB.
182.11.3063-3071.2000. PubMed: 10809683.

25. Prill SKH, Klinkert B, Timpel C, Gale CA, Schröppel K et al. (2005)
PMT family of Candida albicans: five protein mannosyltransferase
isoforms affect growth, morphogenesis and antifungal resistance. Mol
Microbiol 55: 546–560. PubMed: 15659169.

26. Bai C, Xu XL, Chan FY, Lee RTH, Wang Y (2006) MNN5 encodes an
iron-regulated alpha-1,2-mannosyltransferase important for protein
glycosylation, cell wall integrity, morphogenesis and virulence in
Candida albicans. Eukaryot Cell 5: 238–247. doi:10.1128/EC.
5.2.238-247.2006. PubMed: 16467465.

27. Bates S, Hughes HB, Munro CA, Thomas WPH, MacCallum DM et al.
(2006) Outer chain N-glycans are required for cell wall integrity and
virulence of Candida albicans. J Biol Chem 281: 90-98. doi:10.1074/
jbc.M510360200. PubMed: 16263704.

28. Rouabhia M, Schaller M, Corbucci C, Vecchiarelli A, Prill SK et al.
(2005) Virulence of the fungal pathogen Candida albicans requires the
five isoforms of protein mannosyltransferases. Infect Immun 73:
4571-4580. doi:10.1128/IAI.73.8.4571-4580.2005. PubMed: 16040968.

29. Olson GM, Fox DS, Wang P, Alspaugh JA, Buchanan KL (2007) Role
of protein O-mannosyltransferase Pmt4 in the morphogenesis and
virulence of Cryptococcus neoformans. Eukaryot Cell 6: 222-234. doi:
10.1128/EC.00182-06. PubMed: 17142566.

30. Lengeler KB, Tielker D, Ernst JF (2008) Protein O-mannosyl
transferases in virulence and development. Cell Mol Life Sci 65:
528-544. doi:10.1007/s00018-007-7409-z. PubMed: 17975704.

31. Mouyna I, Kniemeyer O, Jank T, Loussert C, Mellado E et al. (2010)
Members of protein O-mannosyltransferase family in Aspergillus
fumigatus differentially affect growth, morphogenesis and viability. Mol
Microbiol 76: 1205-1221. doi:10.1111/j.1365-2958.2010.07164.x.
PubMed: 20398215.

32. Fernández-Álvarez A, Elías-Villalobos A, Ibeas JI (2009) The O-
mannosyltransferase PMT4 is essential for normal appressorium
formation and penetration in Ustilago maydis. Plant Cell 21: 3397-3412.
doi:10.1105/tpc.109.065839. PubMed: 19880800.

33. Fernández-Álvarez A, Elías-Villalobos A, Ibeas JI (2010) The
requirement for protein O-mannosylation for Ustilago maydis virulence
seems to be linked to intrinsic aspects of the infection process rather
than an altered plant response. Plant Signal Behav 5: 412-414. doi:
10.4161/psb.5.4.10805. PubMed: 20061799.

34. Fernández-Álvarez A, Elías-Villalobos A, Ibeas JI (2010) Protein
glycosylation in the phytopathogen Ustilago maydis: From core
oligosaccharide synthesis to the ER glycoprotein quality control system,

a genomic analysis. Fungal Genet Biol 47: 727-735. doi:10.1016/j.fgb.
2010.06.004. PubMed: 20554055.

35. Schirawski J, Böhnert HU, Steinberg G, Snetselaar K, Adamikowa L et
al. (2005) Endoplasmic reticulum glucosidase II is required for
pathogenicity of Ustilago maydis. Plant Cell 17: 3532-3543. doi:
10.1105/tpc.105.036285. PubMed: 16272431.

36. Motteram J, Lovegrove A, Pirie E, Marsh J, Devonshire J et al. (2011)
Aberrant protein N-glycosylation impacts upon infection-related growth
transitions of the haploid plant-pathogenic fungus Mycosphaerella
graminícola. Mol Microbiol 81: 415-433. doi:10.1111/j.
1365-2958.2011.07701.x. PubMed: 21623954.

37. Di Pietro A, Roncero MIG (1998) Cloning, expression, and role in
pathogenicity of pg1 encoding the major extracellular
endopolygalacturonase of the vascular wilt pathogen Fusarium
oxysporum. Mol Plant-Microbe Interact 11: 91-98. doi:10.1094/MPMI.
1998.11.2.91. PubMed: 9450333.

38. Carroll AM, Sweigard JA, Valent B (1994) Improved vectors for
selecting resistance to hygromycin. Fungal Genet Newsl 41: 22.

39. Punt PJ, van den Hondel CA (1992) Transformation of filamentous
fungi based on hygromycin B and phleomycin resistance markers.
Methods Enzymol 216: 447-457. doi:10.1016/0076-6879(92)16041-H.
PubMed: 1479914.

40. Caracuel Z, Di Pietro A, Madrid MP, Martínez-Rocha AL, Roncero MIG
(2005) Fusarium oxysporum gas1 encodes a β-1,3-
glucanosyltransferase required for virulence on tomato plants. Mol
Plant-Microbe Interact 18: 1140-1147. doi:10.1094/MPMI-18-1140.
PubMed: 16353549.

41. Chomczynski P, Sacchi N (1987) Single-step method of RNA isolation
by acid guanidinium thiocyanatephenol- chloroform extraction. Anal
Biochem 162: 156-159. doi:10.1006/abio.1987.9999. PubMed:
2440339.

42. Aljanabi SM, Martinez I (1997) Universal and rapid salt-extraction of
high quality genomic DNA for PCR-based techniques. Nucleic Acids
Res 25: 4692-4693. doi:10.1093/nar/25.22.4692. PubMed: 9358185.

43. Raeder U, Broda P (1985) Rapid preparation of DNA from filamentous
fungi. Lett Appl Microbiol 1: 17-20. doi:10.1111/j.1472-765X.
1985.tb01479.x.

44. Altschul SF, Gish W, Miller, Myers EW, Lipman DJ (1990) Basic local
alignment search tool. J Mol Biol 215: 403-410. doi:10.1016/
S0022-2836(05)80360-2. PubMed: 2231712.

45. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2(–Delta Delta C(T))
method. Methods, 25: 402–408. doi:10.1006/meth.2001.1262. PubMed:
11846609.

46. García-Pedrajas MD, Nadal M, Denny T, Baeza-Montáñez L, Paz Z et
al. (2010) Delsgate: a robust and rapid method for gene deletion.
Methods Mol Biol 638: 55-76. doi:10.1007/978-1-60761-611-5_5.
PubMed: 20238261.

47. Antebi A, Fink GR (1992) The yeast Ca2+-ATPase homologue, PMR1,
is required for normal Golgi function and localizes in a novel Golgi-like
distribution. Mol Biol Cell 3: 633-654. doi:10.1091/mbc.3.6.633.
PubMed: 1379856.

48. Herrero AB, Uccelletti D, Hirschberg CB, Dominguez A, Abeijon C
(2002) The Golgi GDPase of the fungal pathogen Candida albicans
affects morphogenesis, glycosylation, and cell wall properties. Eukaryot
Cell 1: 420-431. doi:10.1128/EC.1.3.420-431.2002. PubMed:
12455990.

49. Pagano RE, Martin OC, Kang HC, Haugland RP (1991) A novel
fluorescent ceramide analogue for studying membrane traffic in animal
cells: accumulation at the Golgi apparatus results in altered spectral
properties of the sphingolipid precursor. J Cell Biol 113: 1267-1279.
doi:10.1083/jcb.113.6.1267. PubMed: 2045412.

50. Thompson JD, Higgins DG, Gibson TJ (1994) Clustal W improving the
sensitivity of progressive multiple sequence alignment through
sequence weighting, position specific gap penalties and weight matrix
choice. Nucleic Acids Res 22: 4673-4680. doi:10.1093/nar/22.22.4673.
PubMed: 7984417.

51. Hall T (2004) BioEdit. Available: http://www.mbio.ncsu.edu/BioEdit/
bioedit.html.

52. Castresana J (2000) Selection of conserved blocks from multiple
alignments for their use in phylogenetic analysis. Mol Biol Evol 17:
540-552. doi:10.1093/oxfordjournals.molbev.a026334. PubMed:
10742046.

53. Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm to
estimate large phylogenies by maximum likelihood. Syst Biol 52:
696-704. doi:10.1080/10635150390235520. PubMed: 14530136.

54. Keane TM, Creevey CJ, Pentony MM, Naughton TJ, Mclnerney JO
(2006) Assessment of methods for amino acid matrix selection and
their use on empirical data shows that ad hoc assumptions for choice of

Fusarium oxysporum N-acetylglucosamine Transferase

PLOS ONE | www.plosone.org 20 December 2013 | Volume 8 | Issue 12 | e84690

http://dx.doi.org/10.1074/jbc.M109.076075
http://www.ncbi.nlm.nih.gov/pubmed/20061575
http://dx.doi.org/10.1093/nar/gkn663
http://www.ncbi.nlm.nih.gov/pubmed/18838391
http://dx.doi.org/10.1073/pnas.87.9.3368
http://www.ncbi.nlm.nih.gov/pubmed/2185468
http://dx.doi.org/10.1021/bi00155a039
http://www.ncbi.nlm.nih.gov/pubmed/1390756
http://www.ncbi.nlm.nih.gov/pubmed/115881
http://dx.doi.org/10.1093/glycob/cwg063
http://www.ncbi.nlm.nih.gov/pubmed/12651885
http://dx.doi.org/10.1073/pnas.92.5.1287
http://www.ncbi.nlm.nih.gov/pubmed/7877969
http://dx.doi.org/10.1074/jbc.273.33.20837
http://www.ncbi.nlm.nih.gov/pubmed/9694829
http://dx.doi.org/10.1128/JB.182.11.3063-3071.2000
http://dx.doi.org/10.1128/JB.182.11.3063-3071.2000
http://www.ncbi.nlm.nih.gov/pubmed/10809683
http://www.ncbi.nlm.nih.gov/pubmed/15659169
http://dx.doi.org/10.1128/EC.5.2.238-247.2006
http://dx.doi.org/10.1128/EC.5.2.238-247.2006
http://www.ncbi.nlm.nih.gov/pubmed/16467465
http://dx.doi.org/10.1074/jbc.M510360200
http://dx.doi.org/10.1074/jbc.M510360200
http://www.ncbi.nlm.nih.gov/pubmed/16263704
http://dx.doi.org/10.1128/IAI.73.8.4571-4580.2005
http://www.ncbi.nlm.nih.gov/pubmed/16040968
http://dx.doi.org/10.1128/EC.00182-06
http://www.ncbi.nlm.nih.gov/pubmed/17142566
http://dx.doi.org/10.1007/s00018-007-7409-z
http://www.ncbi.nlm.nih.gov/pubmed/17975704
http://dx.doi.org/10.1111/j.1365-2958.2010.07164.x
http://www.ncbi.nlm.nih.gov/pubmed/20398215
http://dx.doi.org/10.1105/tpc.109.065839
http://www.ncbi.nlm.nih.gov/pubmed/19880800
http://dx.doi.org/10.4161/psb.5.4.10805
http://www.ncbi.nlm.nih.gov/pubmed/20061799
http://dx.doi.org/10.1016/j.fgb.2010.06.004
http://dx.doi.org/10.1016/j.fgb.2010.06.004
http://www.ncbi.nlm.nih.gov/pubmed/20554055
http://dx.doi.org/10.1105/tpc.105.036285
http://www.ncbi.nlm.nih.gov/pubmed/16272431
http://dx.doi.org/10.1111/j.1365-2958.2011.07701.x
http://dx.doi.org/10.1111/j.1365-2958.2011.07701.x
http://www.ncbi.nlm.nih.gov/pubmed/21623954
http://dx.doi.org/10.1094/MPMI.1998.11.2.91
http://dx.doi.org/10.1094/MPMI.1998.11.2.91
http://www.ncbi.nlm.nih.gov/pubmed/9450333
http://dx.doi.org/10.1016/0076-6879(92)16041-H
http://www.ncbi.nlm.nih.gov/pubmed/1479914
http://dx.doi.org/10.1094/MPMI-18-1140
http://www.ncbi.nlm.nih.gov/pubmed/16353549
http://dx.doi.org/10.1006/abio.1987.9999
http://www.ncbi.nlm.nih.gov/pubmed/2440339
http://dx.doi.org/10.1093/nar/25.22.4692
http://www.ncbi.nlm.nih.gov/pubmed/9358185
http://dx.doi.org/10.1111/j.1472-765X.1985.tb01479.x
http://dx.doi.org/10.1111/j.1472-765X.1985.tb01479.x
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1007/978-1-60761-611-5_5
http://www.ncbi.nlm.nih.gov/pubmed/20238261
http://dx.doi.org/10.1091/mbc.3.6.633
http://www.ncbi.nlm.nih.gov/pubmed/1379856
http://dx.doi.org/10.1128/EC.1.3.420-431.2002
http://www.ncbi.nlm.nih.gov/pubmed/12455990
http://dx.doi.org/10.1083/jcb.113.6.1267
http://www.ncbi.nlm.nih.gov/pubmed/2045412
http://dx.doi.org/10.1093/nar/22.22.4673
http://www.ncbi.nlm.nih.gov/pubmed/7984417
http://www.mbio.ncsu.edu/bioedit/bioedit.html
http://www.mbio.ncsu.edu/bioedit/bioedit.html
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026334
http://www.ncbi.nlm.nih.gov/pubmed/10742046
http://dx.doi.org/10.1080/10635150390235520
http://www.ncbi.nlm.nih.gov/pubmed/14530136


matrix are not justified. BMC Evol Biol 6: 29. doi:
10.1186/1471-2148-6-29. PubMed: 16563161.

55. Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: Molecular
Evolutionary Genetics Analysis (MEGA) software version 4.0. Mol Biol
Evol 24: 1596-1599. doi:10.1093/molbev/msm092. PubMed: 17488738.

56. Yang DH, Tsuyama S, Hotta K, Katsuyama T, Murata F (2000)
Expression of N-acetylglucosamine residues in developing rat fundic
gland cells. Histochem J 32: 187-193. doi:10.1023/A:1004051408239.
PubMed: 10841313.

57. Buse E, Seifert H (1998) Glycoconjugate expression during early
mouse oculogenesis. Histochem J 30: 819-827. doi:10.1023/A:
1003550612096. PubMed: 9988349.

58. Guillen E, Abeijon C, Hirschberg CB (1998) Mammalian Golgi
apparatus UDP-N-acetylglucosamine transporter: molecular cloning by
phenotypic correction of a yeast mutant. Proc Natl Acad Sci U S A 95:
7888-7892. doi:10.1073/pnas.95.14.7888. PubMed: 9653110.

59. Ahrazem O, Gómez-Miranda B, Prieto A, Bernabé M, Leal JA (2000)
Heterogeneity of the genus Myrothecium as revealed by cell wall
polysaccharides. Arch Microbiol 173: 296-302. doi:10.1007/
s002030000149. PubMed: 10816049.

60. Priegnitz B-E, Wargenau A, Brandt U, Rohde M, Dietrich S et al. (2012)
The role of initial spore adhesion in pellet and biofilm formation in
Aspergillus niger. Fungal Genet Biol 49: 30-38. doi:10.1016/j.fgb.
2011.12.002. PubMed: 22178638.

61. López-Berges MS, Capilla J, Turrà D, Schafferer L, Matthijs S et al.
(2012) HapX-mediated iron homeostasis is essential for rhizosphere
competence and virulence of the soilborne pathogen Fusarium
oxysporum. Plant Cell 24: 3805-3822. doi:10.1105/tpc.112.098624.
PubMed: 22968717.

62. Navarro-Velasco GY, Prados-Rosales RC, Ortíz-Urquiza A, Quesada-
Moraga E et al. (2011) Galleria mellonella as model host for the
transkingdom pathogen Fusarium oxysporum. Fungal Genet Biol 48:
1124-1129. doi:10.1016/j.fgb.2011.08.004. PubMed: 21907298.

63. Levine TP, Wiggins CA, Munro S (2000) Inositol
phosphorylceramidesynthase is located in the Golgi apparatus of
Saccharomyces cerevisiae. Mol Biol Cell 11: 2267-2281. doi:10.1091/
mbc.11.7.2267. PubMed: 10888667.

64. Ma LJ, van der Does C, Borkovich KA, Coleman JJ, Daboussi MJ et al.
(2010) Comparative genomics reveals mobile pathogenicity
chromosomes in Fusarium oxysporum. Nature 464: 367-373. doi:
10.1038/nature08850. PubMed: 20237561.

65. van Kan JA, Joosten MH, Wagemakers CA, van den Berg-Velthuis GC,
de Wit PJ (1992) Differential accumulation of mRNAs encoding
extracellular and intracellular PR proteins in tomato induced by virulent
and avirulent races of Cladosporium fulvum. Plant Mol Biol 20: 513–
527. doi:10.1007/BF00040610. PubMed: 1421154.

66. Danhash N, Wagemakers CA, van Kan JA, de Wit PJ (1993) Molecular
characterization of four chitinase cDNAs obtained from Cladosporium
fulvum-infected tomato. Plant Mol Biol 22: 1017–1029. doi:10.1007/
BF00028974. PubMed: 8400122.

67. Expósito-Rodríguez M, Borges AA, Borges-Pérez A, Pérez JA (2008)
Selection of internal control genes for quantitative real-time RT-PCR
studies during tomato development process. BMC Plant Biol 8: 131.
doi:10.1186/1471-2229-8-131. PubMed: 19102748.

68. Odani T, Shimma Y, Wang H, Jigami Y (1997) Mannosylphosphate
transfer to cell wall mannan is regulated by the transcriptional level of
the MNN4 gene in Saccharomyces cerevisiae. FEBS Lett 420:
186-190. doi:10.1016/S0014-5793(97)01513-5. PubMed: 9459307.

69. Lis H, Sharon N (1998) Lectins: carbohydrate-specific proteins that
mediate cellular recognition. Chem Rev 98: 637-674. doi:10.1021/
cr940413g. PubMed: 11848911.

70. Peumans WJ, Van Damme EJM (1998) Plant lectins: specific tools for
the identification, isolation, and characterization of O-linked glycans.
Crit Rev Biochem Mol Biol 33: 209-258. PubMed: 9766939.

71. Lis H, Sharon N (1986) Lectins as molecules and as tools. Annu Rev
Biochem 55: 35-67. doi:10.1146/annurev.bi.55.070186.000343.
PubMed: 3527046.

72. Cole L, Davies D, Hyde GJ, Ashford AE (2000) Brefeldin A affects
growth, endoplasmic reticulum, Golgi bodies, tubular vacuole system,
and secretory pathway in Pisolithus tinctorius. Fungal Genet Biol 29:
95–106. doi:10.1006/fgbi.2000.1190. PubMed: 10919378.

73. De Wit PJ (2007) How plants recognize pathogens and defend
themselves. Cell Mol Life Sci 64: 2726-2732. doi:10.1007/
s00018-007-7284-7. PubMed: 17876517.

74. van de Veerdonk FL, Kullberg BJ, van der Meer JW, Gow NA, Netea
MG (2008) Host-microbe interactions: innate pattern recognition of
fungal pathogens. Curr Opin Microbiol 11: 305-312. doi:10.1016/j.mib.
2008.06.002. PubMed: 18602019.

75. Stukenbrock EH, McDonald BA (2009) Population genetics of fungal
and oomycete effectors involved in gene-for-gene interactions. Mol
Plant Microbe Interact 22: 371-380. doi:10.1094/MPMI-22-4-0371.
PubMed: 19271952.

76. Gemmill TR, Trimble RB (1999) Overview of N- and O- linked
oligosaccharide structures found in various yeast species. Biochim
Biophys Acta 1426: 227-237. doi:10.1016/S0304-4165(98)00126-3.
PubMed: 9878752.

77. Martínez-Rocha AL, Di Pietro A, Ruiz-Roldán MC, Roncero MIG (2008)
Ctf1, a transcriptional activator of cutinase and lipase genes in
Fusarium oxysporum is dispensable for virulence. Mol Plant-Microbe
Interact 9: 293-304.

78. Li D, Sirakova T, Rogers L, Ettinger VF, Kolattukudy PE (2002)
Regulation of constitutively expressed and induced cutinase genes by
different zinc finger transcription factors in Fusarium solani f. sp. pisi
(Nectria haematococca). J Biol Chem 277: 7905-7912. doi:10.1074/
jbc.M108799200. PubMed: 11756444.

79. Breton C, Mucha J, Jeanneau C (2001) Structural and functional
features of glycosyltransferases. Biochimie 83: 713-718. doi:10.1016/
S0300-9084(01)01298-6. PubMed: 11530202.

80. Chen S, Zhou S, Sarkar M, Spence AM, Schachter H (1999)
Expression of three Caenorhabditis elegans N-
acetylglucosaminyltransferase I genes during development. J Biol
Chem 274: 288–297. doi:10.1074/jbc.274.1.288. PubMed: 9867843.

81. Strasser R, Mucha J, Schwihla H, Altmann F, Glössl J, et al. (1999)
Molecular cloning and characterization of cDNA coding for β1,2N-
acetylglucosaminyltransferase I (GlcNAc-TI) from Nicotiana tabacum
Glycobiology 9: 779–785

82. Wenderoth I, von Schaewen A (2000) Isolation and characterization of
plant N-acetylglucosaminyltransferase I (GntI) cDNA sequences:
functional analyses in the Arabidopsis cgl mutant and in antisense
plants. Plant Physiol 123: 1097-1108. doi:10.1104/pp.123.3.1097.
PubMed: 10889259.

83. Yanagisawa K, Resnick D, Abeijon CP, Robbins W, Hirschberg CB
(1990) A guanosine diphosphatase enriched in Golgi vesicles of
Saccharomyces cerevisiae. Purification and characterization. J Biol
Chem 265: 19351–19355. PubMed: 2172253.

84. Lopez-Avalos MD, Uccelletti D, Abeijon C, Hirschberg CB (2001) The
UDPase activity of the Kluyveromyces lactis Golgi GDPase has a role
in uridine nucleotide sugar transport into Golgi vesicles. Glycobiology
11: 413-422. doi:10.1093/glycob/11.5.413. PubMed: 11425802.

85. Nothwehr SF, Bryant NJ, Stevens TH (1996) The newly identified yeast
GRD genes are required for retention of late-Golgi membrane proteins.
Mol Cell Biol 16: 2700–2707. PubMed: 8649377.

86. Häweker H, Rips S, Koiwa H, Salomon S, Saijo Y et al. (2010) Pattern
recognition receptors require N-glycosylation to mediate plant
immunity. J Biol Chem 285: 4629-4636. doi:10.1074/jbc.M109.063073.
PubMed: 20007973.

87. Chavan M, Suzuki T, Rekowicz M, Lennarz W (2003) Genetic,
biochemical, and morphological evidence for the involvement of N-
glycosylation in biosynthesis of the cell wall beta 1,6-glucan of
Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 100:
15381-15386. doi:10.1073/pnas.2536561100. PubMed: 14676317.

Fusarium oxysporum N-acetylglucosamine Transferase

PLOS ONE | www.plosone.org 21 December 2013 | Volume 8 | Issue 12 | e84690

http://dx.doi.org/10.1186/1471-2148-6-29
http://www.ncbi.nlm.nih.gov/pubmed/16563161
http://dx.doi.org/10.1093/molbev/msm092
http://www.ncbi.nlm.nih.gov/pubmed/17488738
http://dx.doi.org/10.1023/A:1004051408239
http://www.ncbi.nlm.nih.gov/pubmed/10841313
http://dx.doi.org/10.1023/A:1003550612096
http://dx.doi.org/10.1023/A:1003550612096
http://www.ncbi.nlm.nih.gov/pubmed/9988349
http://dx.doi.org/10.1073/pnas.95.14.7888
http://www.ncbi.nlm.nih.gov/pubmed/9653110
http://dx.doi.org/10.1007/s002030000149
http://dx.doi.org/10.1007/s002030000149
http://www.ncbi.nlm.nih.gov/pubmed/10816049
http://dx.doi.org/10.1016/j.fgb.2011.12.002
http://dx.doi.org/10.1016/j.fgb.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22178638
http://dx.doi.org/10.1105/tpc.112.098624
http://www.ncbi.nlm.nih.gov/pubmed/22968717
http://dx.doi.org/10.1016/j.fgb.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21907298
http://dx.doi.org/10.1091/mbc.11.7.2267
http://dx.doi.org/10.1091/mbc.11.7.2267
http://www.ncbi.nlm.nih.gov/pubmed/10888667
http://dx.doi.org/10.1038/nature08850
http://www.ncbi.nlm.nih.gov/pubmed/20237561
http://dx.doi.org/10.1007/BF00040610
http://www.ncbi.nlm.nih.gov/pubmed/1421154
http://dx.doi.org/10.1007/BF00028974
http://dx.doi.org/10.1007/BF00028974
http://www.ncbi.nlm.nih.gov/pubmed/8400122
http://dx.doi.org/10.1186/1471-2229-8-131
http://www.ncbi.nlm.nih.gov/pubmed/19102748
http://dx.doi.org/10.1016/S0014-5793(97)01513-5
http://www.ncbi.nlm.nih.gov/pubmed/9459307
http://dx.doi.org/10.1021/cr940413g
http://dx.doi.org/10.1021/cr940413g
http://www.ncbi.nlm.nih.gov/pubmed/11848911
http://www.ncbi.nlm.nih.gov/pubmed/9766939
http://dx.doi.org/10.1146/annurev.bi.55.070186.000343
http://www.ncbi.nlm.nih.gov/pubmed/3527046
http://dx.doi.org/10.1006/fgbi.2000.1190
http://www.ncbi.nlm.nih.gov/pubmed/10919378
http://dx.doi.org/10.1007/s00018-007-7284-7
http://dx.doi.org/10.1007/s00018-007-7284-7
http://www.ncbi.nlm.nih.gov/pubmed/17876517
http://dx.doi.org/10.1016/j.mib.2008.06.002
http://dx.doi.org/10.1016/j.mib.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18602019
http://dx.doi.org/10.1094/MPMI-22-4-0371
http://www.ncbi.nlm.nih.gov/pubmed/19271952
http://dx.doi.org/10.1016/S0304-4165(98)00126-3
http://www.ncbi.nlm.nih.gov/pubmed/9878752
http://dx.doi.org/10.1074/jbc.M108799200
http://dx.doi.org/10.1074/jbc.M108799200
http://www.ncbi.nlm.nih.gov/pubmed/11756444
http://dx.doi.org/10.1016/S0300-9084(01)01298-6
http://dx.doi.org/10.1016/S0300-9084(01)01298-6
http://www.ncbi.nlm.nih.gov/pubmed/11530202
http://dx.doi.org/10.1074/jbc.274.1.288
http://www.ncbi.nlm.nih.gov/pubmed/9867843
http://dx.doi.org/10.1104/pp.123.3.1097
http://www.ncbi.nlm.nih.gov/pubmed/10889259
http://www.ncbi.nlm.nih.gov/pubmed/2172253
http://dx.doi.org/10.1093/glycob/11.5.413
http://www.ncbi.nlm.nih.gov/pubmed/11425802
http://www.ncbi.nlm.nih.gov/pubmed/8649377
http://dx.doi.org/10.1074/jbc.M109.063073
http://www.ncbi.nlm.nih.gov/pubmed/20007973
http://dx.doi.org/10.1073/pnas.2536561100
http://www.ncbi.nlm.nih.gov/pubmed/14676317


EXTENDED REPORT

Atherosclerosis and cardiovascular disease
in systemic lupus erythematosus: effects
of in vivo statin treatment
Patricia Ruiz-Limon,1 Nuria Barbarroja,1 Carlos Perez-Sanchez,1

Maria Angeles Aguirre,1 Maria Laura Bertolaccini,2 Munther A Khamashta,2

Antonio Rodriguez-Ariza,1 Yolanda Almadén,3 Pedro Segui,1 Husam Khraiwesh,4

Jose Antonio Gonzalez-Reyes,4 Jose Manuel Villalba,4 Eduardo Collantes-Estevez,1

Maria Jose Cuadrado,2 Chary Lopez-Pedrera1

Handling editor Tore K Kvien

▸ Additional material is
published online. To view
please visit the journal (http://
dx.doi.org/10.1136/
annrheumdis-2013-204351).
1Maimonides Institute for
Research in Biomedicine of
Cordoba (IMIBIC)/Reina Sofia
University Hospital/University of
Cordoba, Cordoba, Spain
2Graham Hughes Lupus
Research Laboratory, The
Rayne Institute, King’s College
London, London, UK
3Lipid and Atherosclerosis Unit,
IMIBIC/Reina Sofia University
Hospital/University of Córdoba,
CIBER Fisiopatología Obesidad
y Nutrición (CIBEROBN),
Instituto de Salud Carlos III,
Cordoba, Spain
4University of Cordoba,
Campus de Excelencia
Internacional Agroalimentario,
Cordoba, Spain

Correspondence to
Dr Chary López-Pedrera,
IMIBIC/Reina Sofia University
Hospital/University of Córdoba,
Avda Menéndez Pidal s/n,
Córdoba E-14004, Spain;
rosario.lopez.exts@
juntadeandalucia.es

PR-L and NB shared first
authorship.
MJC and CL-P shared last
authorship.

Received 25 July 2013
Revised 28 January 2014
Accepted 23 February 2014
Published Online First
21 March 2014

To cite: Ruiz-Limon P,
Barbarroja N, Perez-
Sanchez C, et al. Ann
Rheum Dis 2015;74:
1450–1458.

ABSTRACT
Objective Statins may have beneficial vascular effects
in systemic lupus erythematosus (SLE) beyond their
cholesterol-lowering action, although the mechanisms
involved are not completely understood. We investigated
potential mechanisms involved in the efficacy of
fluvastatin in preventing atherothrombosis in SLE.
Methods Eighty-five patients with SLE and 62 healthy
donors were included in the study. Selected patients
(n=27) received 20 mg/day fluvastatin for 1 month.
Blood samples were obtained before the start and at the
end of treatment. Monocytes from five patients were
treated in vitro with fluvastatin.
Results Increased prothrombotic and inflammatory
variables were found in patients with SLE. SLE
monocytes displayed altered mitochondrial membrane
potential and increased oxidative stress. Correlation and
association analyses demonstrated a complex interplay
among autoimmunity, oxidative stress, inflammation and
increased risk of atherothrombosis in SLE. Fluvastatin
treatment of patients for 1 month reduced the SLE
Disease Activity Index and lipid levels, oxidative status
and vascular inflammation. Array studies on monocytes
demonstrated differential expression in 799 genes after
fluvastatin treatment. Novel target genes and pathways
modulated by fluvastatin were uncovered, including gene
networks involved in cholesterol and lipid metabolism,
inflammation, oxidative stress and mitochondrial activity.
Electron microscopy analysis showed increased density
volume of mitochondria in monocytes from fluvastatin-
treated patients, who also displayed higher expression of
genes involved in mitochondrial biogenesis. In vitro
treatment of SLE monocytes confirmed the results
obtained in the in vivo study.
Conclusions Our overall data suggest that fluvastatin
improves the impairment of a redox-sensitive pathway
involved in processes that collectively orchestrate the
pathophysiology of atherothrombosis in SLE.

INTRODUCTION
Systemic lupus erythematosus (SLE) is associated
with accelerated atherosclerosis and increased risk
of cardiovascular disease (CVD),1 which is not fully
explained by traditional risk factors, suggesting that
autoimmunity helps to accelerate atherosclerosis in
a process that involves immune complex generation

and changes in innate immune responses, comple-
ment activation, oxidative stress, increased produc-
tion of adipokines, dysfunctional lipids, and
changes in the production and activity of a
complex network of cytokines.2

In addition to early-onset atherosclerosis, patients
with SLE are also at risk of vascular damage, with
vascular repair mechanisms being ineffective.3

Antiphospholipid (aPL) antibodies (present in
20–50% of patients with SLE) have also been
related to increased CVD, and a ‘two-hit’ hypothesis
has been proposed in which circulating autoanti-
bodies contribute to early endothelial cell (EC) dys-
function via interaction with β2-glycoprotein,
although other thrombotic events are necessary to
trigger plaque and clot formation.4

The inflammatory burden, along with excessive
production of reactive oxygen species (ROS) and
impaired antioxidant capacity,5 may further drive the
disease and cardiovascular complications. In fact,
most atherosclerosis risk factors accelerate disease
progression by augmenting oxidative stress. Yet, its
precise role in SLE progression remains largely
elusive.
Macrophages play important roles in the patho-

genesis of atherosclerosis. Various parameters of
circulating monocytes, including count, increased
adhesive properties, lipid metabolism alterations,
phagocytosis and low-density lipoprotein (LDL)
cholesterol, are associated with CVD.6 7 Therefore,
treatments targeting monocytes–macrophages
might effectively prevent cardiovascular events.
Statins inhibit cholesterol biosynthesis, and reduce

cardiovascular morbidity, but they also have anti-
inflammatory effects, including inhibition of inflam-
matory cytokine production, ROS formation and
T-cell activation and upregulation of nitric oxide
(NO) synthesis.8 Statins also modulate inflammatory
processes by reducing both the number and activity
of inflammatory cells in atherosclerotic plaques.
Favourable effects include modulation of cytokine
secretion and signalling, decreased monocyte–EC
adhesion, decreased expression of tissue factor (TF)
and metalloproteases in macrophages, and inhibition
of oxLDL-induced macrophage proliferation.9 10

We recently evaluated the effects of fluvastatin
on the prothrombotic tendency of monocytes from
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patients with antiphospholipid syndrome (APS), and showed
multiple effects on monocyte activity, including the suppression
of TF, protease-activated receptor (PAR) expression and macro-
phage proinflammatory activities, by inhibiting cytokines such as
vascular endothelial growth factor and its receptor, fms-related
tyrosine kinase 1 (VEGF/Flt1).11 Although there is evidence of
anti-inflammatory properties of statins, their mechanism of
action and effects on SLE monocyte gene expression are
unknown. The present study aimed to examine the anti-
inflammatory effectiveness of fluvastatin in patients with SLE
and to characterise the underlying mechanisms.

MATERIALS AND METHODS
Patients
Eighty-five patients fulfilling the classification criteria for SLE12

and 62 healthy donors were included in the study (over a
period of 24 months) after ethics committee approval had been
obtained. All patients provided written informed consent.
Exclusion criteria were: (a) severe disease activity needing
aggressive treatment/treatment changes to induce remission; (b)
any kind of infection within the 30 days before data collection;
(c) immunobiological medication (infliximab, adalimumab, eta-
nercept, rituximab, orabatacept) within the preceding 6 months;
(d) coexistence of malignant lymphoproliferative disease; (e)
HIV infection. Patients underwent a detailed clinical evaluation,
with emphasis on SLE clinical manifestations, recurrent infec-
tions, current and previous medications, other autoimmune dis-
eases, and determination of SLE Disease Activity Index
(SLEDAI).13 None of the healthy controls had a history of auto-
immune disease, bleeding disorders, thrombosis or pregnancy
loss. The characteristics of patients and controls are shown in
table 1.

Twenty-seven stable and consecutive patients with SLE were
given 20 mg/day fluvastatin for 1 month. These subjects were
selected from patients with stable disease, without infections or
changes in their treatment protocol at least 1 month before they
started statin treatment, and they were not pregnant and not
allergic or intolerant to statins. There were no statistically sig-
nificant differences in demographic characteristics (age and sex)
or in disease severity (data not shown). No treatment was given
to healthy donors. Blood samples were obtained before the start
and at the end of the treatment. During this treatment, patients
were not withdrawn from their therapy. Clinical and laboratory
variables of the patients included in the fluvastatin protocol are
displayed in online supplementary table S1.

Blood samples
The collection of peripheral venous blood samples for obtaining
plasma and serum and for purifying monocytes
(Non-Monocytes Depleting Kit; Miltenyi Biotech, Bergisch
Galdbach, Germany), lymphocytes and neutrophils (dextran
sedimentation) was performed as described elsewhere14–16; for
further details, see online supplementary methods.

In vitro studies
Monocytes isolated from five patients with SLE were treated
with fluvastatin (20 mmol/L) (Sigma) for 19 h. Oxidative stress
was measured by flow cytometry after 6 h of such treatment.
Monocytes isolated from five healthy donors were treated for
17 h with either interferon (IFN)α (20 ng/mL; Inmunostep,
Salamanca, Spain) or serum pooled from seven patients (25%).

Flow cytometry analyses, analysis of oxidative stress
biomarkers in white blood cells and plasma, western
blotting and electrophoretic mobility shift assay
See online supplementary methods for details.

B-mode ultrasound carotid intima–media thickness (CIMT)
measurements and thrombosis assessment
All patients and controls underwent B-mode ultrasound imaging
for CIMT measurements. B-mode ultrasound imaging of the
carotid arteries was performed as previously described17 18

using Toshiba equipment (Aplio platform) with 7–10 MHz
broadband linear array transducers. For further details, see
online supplementary methods.

Electron microscopy
Electron microscopy (EM) analysis of monocytes isolated from
patients with SLE before and after 1 month of fluvastatin treat-
ment, or treated ex vivo with the drug, was performed as previ-
ously described.19–21 Quantitative assessment of micrographs
was carried out using stereology software (Wimasis, Cordoba,
Spain). For further details, see online supplementary methods.

Table 1 Clinical and laboratory characteristics of the patients with
systemic lupus erythematosus and the controls

Characteristic
SLE patients
(N=85)

Healthy donors
(N=62) p Value

Clinical
Female/male 76/9 44/19
Age (years) 39.47±12.40 36.69±10.47 NS
Anti-dsDNA 28.48±47.77 1.41±2.51 <0.001
aCL-IgG (GPL) 10.30±18.77 4.43±7.75 0.020
aCL-IgM (MPL) 13.99±46.44 10.47±6.55 NS
Anti-β2GPI (SGU) 2.84±5.59 5.04±7.87 NS
LA positivity 27 (31.8) 0
SLEDAI 2.26±3.34
Thrombosis 31 (36.5) 0
Obesity 24 (28.2) 4 (6)
Hypertension 14 (16.5) 0
Diabetes 6 (7.1) 0
Smoking 29 (34.1) 10 (16.1)
Hyperlipidaemia 19 (22.4) 2 (3.2) <0.0001
Nephropathy 24 (28.2) 0
Increased CIMT 20 (23.5) 3 (5)
Corticosteroids 57 (67.1) 0
Antimalarials 59 (69.4) 0

Laboratory*
Total cholesterol (mg/dL) 187.42±34.01 197.46±35.67 NS
HDL cholesterol (mg/dL) 53.77±14.18 57.94±14.73 NS
LDL cholesterol (mg/dL) 114.08±28.04 121.33±30.41 NS
Triglycerides (mg/dL) 103.02±47.65 88.54±53.90 NS
C reactive protein (mg/dL) 3.68±6.36 1.21±1.20 0.001
Apolipoprotein A (g/L) 147.19±29.2 152.93±29.92 NS
Apolipoprotein B (g/L) 81.21±20.8 81.64±21.42 NS
C3 (mg/dL) 114.89±37.25 141.65±45.68 0.001
C4 (mg/dL) 18.84±8.59 28.15±11.81 <0.001

Values are number (%) or mean±SD.
aCL, anticardiolipin; CIMT, carotid intima–media thickness; dsDNA, double-stranded
DNA; GPL, IgG phospholipid units; LA, lupus anticoagulant; MPL, IgM phospholipid
units; SGU, standard IgG units; SLE, systemic lupus erythematosus; SLEDAI, SLE
Disease Activity Index.
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Microarray analysis and real-time quantitative PCR
validation
Complementary RNA samples were prepared for hybridisation
in an Agilent G4112F platform (Whole Human Genome
Microarray 44k) using the One-Color gene expression system
(for further details, see online supplementary methods). The
raw microarray data were deposited in the Gene Expression
Omnibus Database of the National Center for Biotechnology
Information (accession no GSE45422).

Changes in selected genes were validated by quantitative real-
time reverse transcription (RT)-PCR using the LightCycler
thermal cycler system (Roche Diagnostics, Indianapolis, Indiana,
USA), with glyceraldehyde-3-phosphate dehydrogenase as
housekeeping gene, as described elsewhere.14–16

Statistical analysis
All data are expressed as mean±SD. Statistical analyses were
performed with SSPS V.17.0. Following normality and equality
of variance tests, comparisons were made by paired Student’s t
test or by a non-parametric test (Mann–Whitney rank sum test).
Correlations were assessed by Pearson product–moment

correlation, and association studies were performed using a χ2

test. Differences were considered significant at p<0.05.

RESULTS
Prothrombotic and inflammatory variables are dysregulated
in patients with SLE
Patients with SLE showed increased monocyte surface expres-
sion of TF and increased plasma levels of VEGF, interleukin
(IL)-2, IL-6, IL-8, IL-17, IL-23, monocyte chemotactic protein-1
(MCP-1) and tissue plasminogen activator (tPA) compared with
healthy controls (see online supplementary table S2). Almost a
quarter (23.5%) of patients with SLE but only 5% of healthy
donors showed increased CIMT; 36.5% of patients with SLE
had previous thrombotic events (table 1).

Patients with SLE display a pro-oxidative status
Compared with healthy donors, monocytes and neutrophils
from patients with SLE displayed increased peroxide and perox-
ynitrite production, mitochondrial membrane potential, and
percentage of cells with altered Δψm (figures 1A–D). Total anti-
oxidant capacity was found to be reduced in plasma from

Figure 1 Cellular oxidative stress in patients with systemic lupus erythematosus (SLE). (A) Peroxide production in neutrophils, monocytes and
lymphocytes of patients with SLE and healthy donors, determined by flow cytometry with the fluorescent probe DCF-DA. (B) Peroxide and
peroxynitrite levels in neutrophils, monocytes and lymphocytes of patients with SLE and healthy donors, determined with the fluorescent probe
DHR123. (C) Mitochondrial membrane potential in neutrophils, monocytes and lymphocytes of patients with SLE, determined with the fluorescent
probe Rhodamine 123. (D) Proportion of circulating neutrophils, monocytes and lymphocytes with depolarised mitochondria, determined with the
JC-1 MitoScreen assay. Representative histograms or dot plots are shown in parallel with bar graphs showing the mean±SD of mean fluorescence
intensity (MFI) or percentage of damaged cells of all patients (dotted/solid bars) and healthy donors (empty bars) included in the study. FL1-H and
FL2-H, fluorescence channels 1 and 2.
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patients with SLE versus healthy donors (p=0.021), indicating a
reduced ability to counteract ROS and resist oxidative damage
(see online supplementary table S2). Also, plasma NO levels
were significantly lower in patients with SLE versus healthy
donors (p=0.005), probably as a consequence of its consump-
tion after reacting with ROS forming peroxynitrites, as indicated
by the augmented protein tyrosine nitration found in SLE
monocytes (p=0.018). Mitochondrial superoxide dismutase
(SOD) activity (p=0.021) was increased in patients with SLE
versus healthy donors. Yet, catalase (CAT) and glutathione per-
oxidase (GPx) activities were notably reduced (p=0.043 and
p=0.039, respectively) (see online supplementary table S2).

Correlation and association studies
Anti-double-stranded (ds)DNA antibodies correlated positively
with some plasma inflammation markers (VEGF and MCP-1). A
negative correlation was found between anti-dsDNA antibody
levels and CAT in neutrophils from patients with SLE.
Monocyte peroxide and peroxynitrite levels correlated posi-
tively with inflammatory markers such as VEGF and tPA, while
GPx activity correlated negatively with plasma IL-6, IL-17A and

IL-23 levels. A further positive correlation was demonstrated
between the percentage of monocytes with depolarised mito-
chondria and inflammatory markers (MCP-1, macrophage
inflammatory protein (MIP)1α and tPA) (see online supplemen-
tary figure S1).

Association studies (figure 2) indicated a relationship between
CIMT and anticardiolipin (aCL)-IgG levels, age, cell surface TF
expression in monocytes, plasma levels of MCP-1 and tPA, and
oxidative status markers in monocytes and neutrophils, includ-
ing DHR123 and GPx. The occurrence of thrombotic events in
SLE was associated with factors related to autoimmunity
(aCL-IgG and anti-dsDNA), inflammation (TF in monocytes,
and plasma levels of MCP-1, IL-8, tPA and sP-selectin), and oxi-
dative stress markers (DHR123 and the percentage of mono-
cytes with altered Δψm).

Monocytes are major players in atherothrombosis
development in SLE
Many cytokines and inflammatory factors analysed in this study
were altered in serum from patients with SLE and were related
to disease status, CVD risk and early atherosclerosis. Notably,

Figure 2 Association studies among inflammation, autoimmunity and oxidative stress markers, and increased carotid intima–media thickness
(CIMT) or occurrence of thrombotic events (T) in systemic lupus erythematosus. (A–H) Relationship between the presence of increased CIMT and IgG
isotype anticardiolipin antibody (aCL) levels, age, monocyte cell surface tissue factor (TF) expression, plasma levels of monocyte chemotactic protein
(MCP)-1, macrophage inflammatory protein (MIP)1α and tissue plasminogen activator (tPA), monocyte peroxynitrite levels and monocyte glutathione
peroxidase activity. (I–R) Relationship between the occurrence of thrombotic events (T) and IgG isotype aCL levels, anti-dsDNA antibody levels,
monocyte cell surface TF expression, age, plasma levels of MCP-1, soluble P (sP)-selectin, interleukin (IL)-8 and tPA, monocyte peroxynitrite levels,
and the percentage of cells with impaired Δψm (depolarised mitochondria). Significant difference versus patients without increased CIMT or versus
patients without thrombosis (*p<0.05; **p<0.01).
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gene expression analysis showed that monocytes from patients
were major players in the altered proinflammatory variables
mentioned above, while neutrophils and lymphocytes did not
show increased mRNA expression of any of the cytokines/che-
mokines analysed, except MCP-1 (see online supplementary
figure S2). The fact that SLE monocytes also showed altered oxi-
dative status underlies the relevance of these cells in SLE patho-
physiology. In support of this hypothesis, the in vitro treatment
of normal monocytes with SLE serum or exogenous IFNα
altered inflammatory and oxidative stress markers as well as
mitochondrial membrane potential and biogenesis (see online
supplementary figure S3). Effects were stronger in SLE serum-
treated monocytes, particularly on thrombotic and inflammatory
variables.

Fluvastatin reduced oxidative stress, serum chemokines/
cytokines, and disease activity in patients with SLE
Treatment with fluvastatin for 1 month significantly reduced
SLEDAI and anti-dsDNA levels in patients with SLE, while
serum levels of some prothrombotic and proinflammatory vari-
ables (ie, IL-6, IL-8 and MCP-1) were also altered (see online

supplementary table S3). Monocytes from fluvastatin-treated
patients showed significant inhibition of TF protein expression
and reversed activities of SOD2, CAT and GPx in relation to the
untreated patients, along with decreased superoxide production
and mitochondrial damage. Plasma NO and nitrotyrosine levels
also returned to control values after fluvastatin administration.

Fluvastatin altered expression of genes involved in
cholesterol and lipid metabolism, inflammation, oxidative
stress and mitochondrial activity in monocytes
A total of 799 genes showed changes in expression compared
with the control group using a twofold cut-off. In general, more
downregulated (535) than upregulated (264) genes were found
after statin treatment. Many novel target genes and pathways
modulated by fluvastatin were uncovered.

Ingenuity Pathways Analysis (Ingenuity Pathways Analysis
Knowledge Base; Ingenuity Systems) revealed a network of
genes involved in cholesterol and lipid metabolism, inflamma-
tion, haematological disease and CVD, cell signalling, oxidative
stress and mitochondrial activity (figure 3 and online

Figure 3 Fluvastatin alters gene expression in peripheral blood monocytes of patients with systemic lupus erythematosus (SLE). (A,B) Venn
diagrams showing the functional categorisation of genes differentially expressed in patients with SLE after fluvastatin treatment in the area of
atherosclerosis, inflammation and cardiovascular disease. Differentially expressed genes were classified and used for computational analysis to
identify potential functional pathways and networks using the Ingenuity Pathways Analysis Knowledge Base (Ingenuity Systems). (C) Volcano plot
between fold change absolute versus p value for genes related to atherosclerosis, lipoprotein signalling and cholesterol metabolism in
fluvastatin-treated patients with SLE. (D) Volcano plot between fold change absolute versus p value for genes related to cytokine and chemokine
signalling in fluvastatin-treated patients with SLE.
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supplementary tables S4 and S5). Protein analyses further vali-
dated the data obtained (figure 4).

Fluvastatin promoted mitochondrial biogenesis in
monocytes from patients with SLE
Our data indicate that fluvastatin prevented ROS production and
regularised mitochondrial membrane potential in monocytes from
patients with SLE (see online supplementary table S3). We next
conducted an EM analysis and detected an increase in the number
and volume density of mitochondria in monocytes from patients
with SLE after fluvastatin treatment (figures 5A,B). Moreover,
stereological analysis showed increased volume density of mito-
chondria after fluvastatin treatment (figure 5C).

In line with this observation, genes participating in mitochon-
drial biogenesis, including peroxisome proliferation-activated
receptor α (PPARα), PPAR coactivator 1α (PGC-1α), nuclear
respiratory factor (NRF)1, NRF2α, NRF2βγ and sirtuin 1
(SIRT1), were significantly increased in monocytes from
fluvastatin-treated patients (figure 5D).

The in vitro treatment with fluvastatin of monocytes purified
from patients with SLE reduced inflammatory and oxidative
stress variables and induced gene changes similar to those
observed in the microarray analysis (see online supplementary
figure S5). Furthermore, mitochondrial biogenesis was also
increased, as indicated by EM analysis and the increased expres-
sion of specific genes (see online supplementary figure S6).
Thus, fluvastatin treatment increased monocyte mitochondrial

mass, normalised mitochondrial membrane potential, and
lowered ROS levels, potentially attenuating the damage caused
by the disease.

DISCUSSION
This study covers important aspects of myeloid cell activity in
patients with SLE, including activation, inflammation and oxi-
dative stress in monocytes and neutrophils, which are master
regulators of atherothrombosis in this autoimmune disease.
Changes in the expression of a number of cytokines, chemo-
kines, cell surface receptors, and EC regulators and markers
related to autoimmunity and oxidative status in these patients
were found to be intimately connected. Although these factors
were compared with each other without statistical corrections
or a prespecified or stratified set of hypotheses, our exploratory
analysis allowed the creation of a framework for future
research.

There is increasing evidence connecting an imbalance
between various proinflammatory mediators with higher CVD
risk.1 22 Accordingly, inflammatory molecules (MCP-1, MIP1α,
TF and tPA) were associated with premature atherosclerosis
and/or the occurrence of thrombotic events in SLE in our series.
However, the classical inflammatory cytokines (ie, IFNγ,
tumour necrosis factor α, IL-1β, IL-6) that orchestrate common
pathophysiological processes in SLE (ie, nephritis, skin manifes-
tations, neurological affectations, etc) were not related to
atherothrombotic events, suggesting molecular and cellular

Figure 4 Microarray result validation by quantitative real-time reverse transcription-PCR (qRT-PCR). PCR was performed on selected genes
belonging to the functional categories of antioxidant defence ((A) superoxide dismutase 2 (SOD2), (B) glutathione peroxidase 1 (GPx1), (C)
cytochrome b-245 (CYBA)), inflammatory processes ((D) NRP1, (E) TGFβ1, (F) IL-8) and cell signalling and complement activation ((G) NFκBIA, (H)
ETS-1, (I) C1QTNF7). PCR assays were consistent with the array results. *p<0.05 vs patients with systemic lupus erythematosus before fluvastatin
treatment.
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specificity of the cardiovascular comorbidity in these auto-
immune patients. Nevertheless, because of the overlap in func-
tion, redundant activity and synergistic or antagonistic activity,
the pathophysiological involvement of classical inflammatory
cytokines cannot be ruled out.

In this study the use of purified peripheral blood subpopula-
tions allowed evaluation of their inflammatory profile, highlight-
ing the role of monocytes in SLE pathophysiology. Our results
suggest that aberrant function of SLE monocytes plays a signifi-
cant role in initiating and perpetuating the systemic autoimmune
response, specifically the inflammatory damage.

Patients with SLE display marked abnormalities in neutrophil
phenotype and function, with enhanced apoptosis and NETosis
(cell death promoted by micro-organisms, proinflammatory
cytokines and ROS) of neutrophils.23 Evidence suggests that
neutrophil dysfunction and increased NETosis might contribute
to SLE pathology and vascular complications.24 The results of
our study (increased ROS production, mitochondrial dysfunc-
tion and MCP-1 overexpression) also show a significant role for
neutrophils in the pathophysiology of SLE.

Additional risk factors involved in these processes were
closely related to the characteristic autoimmunity of SLE. In par-
ticular, aCL-IgG antibodies were associated with the develop-
ment and progression of SLE vascular inflammatory processes.
Motoki and coworkers25 recently showed that aPL antibodies
contribute to arteriosclerosis in patients with SLE through TF
induction and cytokine production by peripheral blood mono-
nuclear cells.

Our findings confirm and extend previous reports on the
existence of abnormal oxidative status profile in neutrophils
from patients with SLE, demonstrating higher constitutive ROS
production in monocytes and neutrophils compared with
healthy donors.26 Hyperactivity of oxidative metabolism in neu-
trophils and monocytes may participate in the ongoing subclin-
ical immunological disorder observed in patients with
apparently quiescent disease. This is in agreement with our cor-
relation studies showing a direct relationship between oxidative
stress markers, SLE autoantibodies (aCL-IgG and anti-dsDNA)
and inflammatory proteins.

The increased production of ROS by monocytes promotes
oxidative stress, leading to structural cell damage, including
membrane lipids and mitochondria. Accordingly, mitochondrial
perturbations were demonstrated in our series of patients,
related to the inflammatory and prothrombotic status, as sug-
gested by positive correlations with inflammatory markers and
by the association between the increased percentage of mono-
cytes with depolarised mitochondria and the occurrence of
thrombotic events. It has been reported that mitochondrial dys-
function plays a role in inducing and maintaining inflammation
and heart failure.27 Also, we recently demonstrated the potential
role of monocyte mitochondrial dysfunction in the development
of thrombosis in APS,28 extending the idea of the key mitochon-
drial involvement in the pathophysiology of both autoimmune
diseases.

To date, only one study has evaluated in vivo the relationship
between oxidative stress and vascular damage in patients with

Figure 5 In vivo fluvastatin treatment promotes mitochondrial biogenesis in monocytes of patients with systemic lupus erythematosus (SLE).
Representative electron microscope images of monocytes from a patient before (A) and after (B) fluvastatin treatment. (C) Stereological analysis
showing volume density of mitochondria after fluvastatin treatment on four fluvastatin-treated patients. **p<0.01, ***p<0.001 versus patients
before treatment. (D) mRNA levels of a set of genes involved in mitochondrial biogenesis. *p<0.05, **p<0.01 versus patients before treatment.
NRF, nuclear respiratory factor; PPARα, peroxisome proliferation-activated receptor α; PGC-1α, PPAR coactivator 1α; SIRT1, sirtuin 1.
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SLE, reporting subclinical coronary microvascular dysfunction
in the absence of traditional CVD risk factors, and associated
with underlying inflammation (increased C reactive protein
levels) and impairment of total antioxidant capacity of
plasma.29 Yet, our study is the first to demonstrate in vivo the
relationship between autoimmunity, inflammation and oxidative
stress variables in plasma and leucocytes from patients with
SLE, as well as their association with atherosclerosis and vascu-
lar damage.

The in vitro treatment of monocytes with SLE serum or IFNα
demonstrated significant alterations in inflammation and mito-
chondrial membrane potential/oxidative stress markers, support-
ing the relevance of the IFN signature in the pathogenesis of
SLE, and pointing to monocytes as major players in athero-
thrombosis development in SLE.

Our gene expression array study shows that fluvastatin treat-
ment has a global anti-inflammatory effect on macrophages,
including attenuated expression of proinflammatory cytokines
and regulated expression of molecules mediating lipid and chol-
esterol metabolism, as well as atherosclerosis and inflammatory
signalling.

As expected, some proinflammatory mediators were downre-
gulated by fluvastatin, while others exhibited increased expres-
sion. This might explain previous controversies about the
effectiveness of statins in atherosclerosis and inflammation pre-
vention in different cohorts of patients with SLE.30–32

Therefore, a complex interaction of factors related to disease
activity may also be involved in the response to the statin. It is
also important to consider that some changes may not be exclu-
sively attributed to the statin treatment, but instead to the com-
bined effect of other drugs received by the patients, including
immunosuppressive compounds or corticoids. Nevertheless, the
overall response was improvement in disease status and reduc-
tion in proinflammatory and pro-oxidant status, demonstrated
by parallel clinical and analytical follow-up studies. Thus,
although confirmatory studies are warranted, treatment of SLE
with fluvastatin may be worthwhile.

Gene expression array allowed us to better delineate the
effects of fluvastatin on patients with SLE, enabling the identifi-
cation of novel cytokines, chemokines and intracellular mole-
cules involved in the response to the drug. The
anti-inflammatory effect of fluvastatin can be at least partially
explained by its effect on proinflammatory signal-transduction
pathways. Several members of the nuclear factor (NF)κB signal-
ling pathway displayed reduced expression levels, and various
members of the signalling cascades leading to NFκB (cAMP/
protein kinase A, RhoA signalling and oxidative stress signalling)
showed altered expression. We and others have previously
shown that statins inhibit the activity of NFκB and prevent the
phosphorylation and degradation of the NFκB inhibitory
protein, IκB, in the setting of APS.11 Accordingly, fluvastatin
downregulated mRNA levels of IκBKG, an activator of
NFκB-inducing kinase,33 and upregulated mRNA levels of
NFκBIA, a potent inhibitor of NFκB nuclear import,34 in
monocytes from patients with SLE. Besides NFκB signalling,
ETS1, a potent proinflammatory transcription factor mediating
MCP-1 and phospholipase expression,35 and the family of
cAMP and Rho signalling pathways were downregulated by
fluvastatin.

CVD prevention by statins is dependent not only on their
lipid-lowering effects, but also on their beneficial effects on vas-
cular redox signalling.36 Accordingly, various markers related to
oxidative stress in patients with SLE exhibited altered expression
and/or activity in response to in vivo fluvastatin treatment.

Moreover, gene arrays allowed the identification of previously
unreported markers of oxidative stress and altered mitochon-
drial activity in response to fluvastatin treatment.

Mitochondrial studies of patients with SLE after fluvastatin
treatment demonstrated the presence of more low-potential
mitochondria in monocytes, with a lower ROS production. We
also demonstrate that fluvastatin treatment of patients with SLE
upregulated genes related to mitochondrial biogenesis, a highly
regulated process operating through PGC-1α-dependent NRFs.
The improvement in inflammatory and oxidative stress profile
and the increase in mitochondrial biogenesis after in vitro treat-
ment of purified monocytes from patients with fluvastatin
suggest that alterations in SLE monocyte phenotype are prob-
ably a direct effect of fluvastatin, although complementary
effects of global improvements in serology/disease activity
cannot be ruled out.

Our results are congruent with the beneficial effects observed
in patients with type 2 diabetes treated with thiazolidinediones
or resveratrol, which stimulate mitochondrial biogenesis and
reduce mitochondrial dysfunction.37 38 Thus, the stimulation of
mitochondrial biogenesis through pharmacological interventions
shows great promise in attenuating the clinical phenotype asso-
ciated with SLE.

CONCLUSIONS
Overall, our data suggest that: (i) several mediators of auto-
immunity, inflammation and endothelial dysfunction orchestrate
the pathophysiology of atherothrombosis in SLE; (ii) a redox-
sensitive pathway in which mitochondrial alterations have a rele-
vant role seems to elicit these pathological processes; (iii) fluvastatin
has significant anti-inflammatory and antioxidative effects on SLE
monocytes, which may partly explain the beneficial pleiotropic
effects of statins on CVD in the setting of SLE.
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