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Abstract

Mitochondria play an essential role in ageing and longevity. During ageing, a 

general deregulation of metabolism occurs, affecting molecular, cellular and 

physiological activities in the organism. Dysfunction of mitochondria has been 

associated with ageing and age-related diseases indicating their importance in 

the maintenance of cell homeostasis. Three major nutritional sensors, mTOR, 

AMPK and Sirtuins are involved in the control of mitochondrial physiology. 

These nutritional sensors control mitochondrial biogenesis, dynamics by 

regulating fusion and fission processes, and turnover through mito- and 

autophagy. Apart of the known factors involved in fusion, OPA1 and mitofusins, 

and fission, DRP1 and FIS1, emerging factors such as prohibitins and sestrins 

can play important functions in mitochondrial dynamics regulation. Mitochondria 

are also affected by sexual hormones that suffer drastic changes during ageing. 

The recent literature demonstrates the complex interaction between nutritional 

sensors and mitochondrial homeostasis in the physiology of adipose tissue and 

in the accumulation of fat in other organs such as muscle and liver. In this 

article, the role of mitochondrial homeostasis in ageing and age-dependent fat 

accumulation is revised. This review highlights the importance of mitochondria 

in the accumulation of fat during ageing and related diseases such as obesity, 

metabolic syndrome or type 2 diabetes mellitus. 

Keywords: mitochondria; ageing; fat; gender; inflammation
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Introduction 

Ageing is a natural and progressive process occurring in all living organisms 

and characterized by the deterioration of structure and functional capacities. 

Ageing is multifactorial involving different molecular and cellular processes such 

as genomic instability, telomere attrition, epigenetic alterations, loss of 

proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular 

senescence, stem cell exhaustion, and altered intracellular communication 

(Kennedy et al., 2014; Lopez-Otin et al., 2013). Ageing is also characterized by 

the appearance of different chronic diseases such as sarcopenia, type 2 

diabetes mellitus (T2DM), cardiovascular disease, hypercholesterolemia, 

hypertension or neurodegenerative diseases among others (Kennedy et al., 

2014).

A tendency towards higher visceral adiposity associated with a greater 

morbidity due to the increase of risk for cardiovascular disease (CVD), 

hypertension and T2DM has been associated with the progression of ageing 

(Matsumoto, 2002). Obesity is associated with adipose tissue dysfunction 

characterized by adipocyte hypertrophy, proinflammatory processes, impaired 

insulin signalling and insulin resistance (Karakelides et al., 2010). The decrease 

in the capacity to respond to insulin induces ectopic fat deposition in other 

organs producing lipotoxicity in muscle, liver and also in pancreas. Thus, the 

prevalence of obesity in older people has been considered the major cause of 

metabolic syndrome (Karakelides et al., 2010) and changes in adipose tissue 

have been recently associated with the development of T2DM (Abranches et 

al., 2015). Losses of lean mass and shifts to central adiposity have been related 
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to functional decline and considered as predictors of mortality (Kirkland et al., 

2002). 

Fat depots sizes in humans reach a peak by middle and early old age 

(Cartwright et al., 2007). However, in advanced old age, a decrease in fat tissue 

occurs although this decrease has been associated with the accumulation of fat 

in liver, muscle and bone marrow and other organs (Kirkland et al., 2002). In a 

recent study performed in 70-79 years old men and women, it was determined 

that loss of weight was accompanied by the reduction of visceral fat mass 

accompanied by a gain of intermuscular thigh fat area (Santanasto et al., 2016). 

This redistribution of fat can be related with the preservation of thight muscle 

since this study demonstrated a strong relationship between loss of thight 

muscle and mortality whereas no relationship was found with visceral mass 

(Santanasto et al., 2016).

The role of mitochondria in fat reduction in older old people has been also 

suggested. In adipose tissue, dysfunctional adipose-like cells appear. These 

cells are smaller than normal adipocytes and show a low response to insulin. 

Their dedifferentiation occurs by the decrease of adipogenic factors such as 

CCAAT/enhancer binding alpha (C/EBPalpha) and peroxisome proliferator 

activated receptor gamma (PPAR-γ), a known mitochondrial regulator (Kirkland 

et al., 2002). 

Mitochondria are key organelles in the metabolism of eukaryotic cells (Lopez-

Lluch et al., 2008). Their activity is modulated by the availability of energy in 

cells. Key regulators of metabolism not only affect the activity of mitochondria 

but also their dynamics and turnover. One of these regulators is the mammalian 

Target of Rapamycin (mTOR) which is activated by high calorie intake or high 
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levels of aminoacids (Laplante and Sabatini, 2009). Opposite regulators are 

AMP-activated kinase (AMPK) and sirtuins that are activated when energy 

uptake is limited (Hardie, 2011).

The term mitochondrial dysfunction is widely used in bioenergetics although 

there is not a precise definition. Any abnormality in the key physiological 

functions of mitochondria: generation of ATP, detoxification of ROS and ROS-

related damage, regulation of cytosolic calcium levels, synthesis of lipids, etc., 

can be considered as mitochondrial dysfunction (Brand and Nicholls, 2011). 

Mitochondrial dysfunction is associated with the functional decline found in 

tissues and organs during ageing (Riera et al., 2016) and, for this reason, it has 

been associated with a number of age-related diseases such as neurological 

disorders, CVD, liver and kidney diseases, diabetes and cancer (Lane et al., 

2015; Payne and Chinnery, 2015; Ryan et al., 2015; Wallace, 2012). Recently, 

a study carried out with 248 non-diabetic participants from the Baltimore 

Londigutinal Study of Aging has associated impaired mitochondrial capacity 

with greater insulin resistance (Fabbri et al., 2016).

Information about the role of mitochondria on white adipose tissue (WAT) is 

limited in animal models and humans. Since the regulation of mitochondrial 

activity in WAT can be associated with the accumulation of fat and a putative 

disruption of mitochondrial physiology, the study of mitochondrial homeostasis 

is important to develop strategies or therapies to avoid or delay the progression 

of fat accumulation-derived diseases. For this reason, in this review, the role of 

mitochondrial activity, dynamics and turnover on fat accumulation in WAT, 

muscle or liver and the molecular factors involved in these processes is 

reviewed in deep. 
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Molecular mechanisms involved in the regulation of mitochondrial 

physiology. 

Mitochondrial physiology, dynamics and turnover respond to the relationship 

between the activities of key regulators of cell metabolism. In high calorie intake 

situations, mTOR, an ubiquitous serine/threonine kinase involved in cell growth 

and the control of metabolism, is activated. This regulator is a complex of 

different proteins and regulates different pathways involved in angiogenesis, 

tumour development, insulin resistance, adipogenesis and activation of immune 

cells (Laplante and Sabatini, 2009). It is present in two different complexes, 

mTOR complex I (mTORC1) and mTOR complex II (mTORC2). Both 

complexes promote the transcription of genes involved in carbohydrate 

metabolism and lipogenesis, enhance protein translation by activating 

ribosomal protein 6 kinase (S6K) and, at the same time, downregulate catabolic 

processes through inhibiting the transcriptional activity of the forkhead box 

transcription factors family (FoxO) and autophagy (Duvel et al., 2010; 

Wullschleger et al., 2006). 

The signalling pathway triggered by mTOR competes against other regulators 

of the cell metabolism such as AMPK and sirtuins, NAD+-dependent 

deacetylases that induce more efficient energy consumption in situations of low 

intake, starvation or calorie restriction (CR), (Fig. 1). AMPK is one of the major 

sensitive energy sensors in cells and organisms. This kinase is activated in 

response to the increase of the AMP/ATP ratio, for example, after deprivation of 
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glucose, whereas its activity is reduced when cells are full of energy and the 

AMP/ATP ratio decreases (Hardie, 2011). 

Another of the most important sensors of energy in cells and regulators of 

mitochondrial activity are sirtuins. This family of NAD+-dependent deacetylases 

is found in all the organisms, from prokaryotes to humans, and regulates the 

activity of many enzymes by removing acetyl residues, except in the case of 

mammalian SIRT4 and SIRT5 that show ADP-ribosyl-transferase activity 

(Santa-Cruz Calvo et al., 2012). Sirtuins also act as metabolic sensors by 

detecting fluctuations in the NAD+/NADH ratio in cells. When the amount of 

nutrients decrease, especially in the case of glucose, levels of NAD+ increase 

and sirtuins are then activated. The number of proteins regulated by 

deacetylation has increased enormously from their discovery. The importance 

of these proteins in the regulation of metabolism is increasing since they are 

involved in different key aspects of cell physiology from cell cycle control to 

metabolism and antioxidant protection (Santa-Cruz Calvo et al., 2012). 

However, the most studied aspect of Sirtuins has been their role in longevity 

(Guarente, 2011, 2013). In mammals, CR induces the expression and the 

activity of sirtuins in many organs and their activities have been associated with 

most of the metabolic effects produced by CR (Imai and Guarente, 2010). For 

example, SIRT1 has been suggested to play an important role since this 

enzyme activates eNOS by deacetylation in human vascular cells 

(Mattagajasingh et al., 2007). Further, it has been demonstrated that eNOS is 

induced by CR in mice and human muscle (Civitarese et al., 2007; Nisoli et al., 

2005) being essential in the CR-induced mitochondrial biogenesis since in 

eNOS-/- mice this induction is blocked (Nisoli et al., 2005). 
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The peroxisome proliferator-activated receptor gamma coactivator 1α (PGC1α) 

is the central factor involved in the regulation of mitochondrial mass and the 

adaptation to energy demand since this transcriptional coactivator stimulates 

mitochondrial biogenesis, regulates mitochondrial dynamics, modulates 

oxidative phosphorylation and controls mitochondrial genome copy number 

(Gouspillou et al., 2014; Handschin and Spiegelman, 2006). Importantly, AMPK 

and SIRT1,  two major metabolic sensors in cells, modulate directly PGC1α 

activity through phosphorylation and deacetylation respectively (Jager et al., 

2007; Nemoto et al., 2005). Thus, SIRT1 and AMPK modulate PGC1α activity 

at the transcriptional and post-translational level (Martin-Montalvo and de Cabo, 

2013) (Fig. 1). 

Into the sirtuins family, SIRT3, a member located in the mitochondria, seems to 

a very important role in the regulation of mitochondrial activity especially in fat 

metabolism (Kendrick et al., 2011). SIRT3 levels increase in skeletal muscle 

after CR and decrease under high-fat diet feeding indicating a regulation 

depending on the calorie intake (Palacios et al., 2009). SIRT3 has been also 

involved in the regulation by deacetylation of electron transport chain complex II 

activity (Kendrick et al., 2011), modulation of the activity of Mn-SOD (Qiu et al., 

2010) or regulation of autophagy by deacetylation of FOXO3 (Kume et al., 

2010). Furthermore, SIRT3 KO mice show repression of PGC1α down 

regulation and low levels of AMPK phosphorylation after CR indicating a key 

role of this mitochondrial sirtuin in metabolic adaptation to calorie intake 

(Palacios et al., 2009). 
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Interestingly, these mechanisms regulate each other in all the organisms 

studied in an evolutionary conserved response that avoids fruitless energy 

expenditure and use recycled structures to maintain organisms’ survival. 

Regulation of AMPK and mTOR controls energy metabolism. 

Control of mitochondrial biogenesis and turnover through AMPK and mTOR 

activities is key in the regulation cell metabolism and, in particular, 

mitochondria. AMPK stimulates cellular catabolism of sugars, proteins and 

lipids. AMPK inhibits by phosphorylation several anabolic enzymes such as 

acetyl-coenzyme A (CoA) carboxylase (ACC), glycerol phosphate acyl 

transferase (GAPT), 3-hydroxyl-3-methylglutaryl CoA reductase (HMGCR) and 

glycogen synthase (GS) affecting glycogen and lipid biosynthesis (Hardie et al., 

2012). At the same time, AMPK also inhibits the transcriptional activity of sterol 

regulatory element binding protein (SREBP) decreasing the expression of 

genes involved in fatty acid synthesis (Li et al., 2011). But, more importantly, 

AMPK inhibits mTORC1 activity both directly (Gwinn et al., 2008) or indirectly 

(Inoki et al., 2003). 

One of the most important aspects of AMPK and mTORC1 regulation is their 

contrary effect on autophagy and mitophagy. Whereas mTORC1 negatively 

regulates autophagy through phosphorylating the mediators, unc-51-like kinase 

1/2 (ULK-1 and ULK-2), in inhibitory sites (Chan, 2009; Kim et al., 2011), AMPK 

positively regulates autophagy by phosphorylating these proteins in their 

activating sites (Alers et al., 2012). The regulation of Forkhead box proteins 

(FoxO) plays an essential role in mito- and autophagy. These proteins are a 
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family of transcription factors playing key roles in the regulation of cell growth, 

proliferation, differentiation and longevity. FoxO are involved in the induction of 

several stress response genes (Goto and Takano, 2009) highlighting their 

importance in the induction of protective mechanisms in the organisms. In fact, 

the regulation of FoxO proteins during ageing and their modulation by metabolic 

regulators such as mTOR, AMPK and sirtuins have associated these proteins 

with the protective effect of CR, polyphenols or exercise against mitochondrial 

damage by regulating autophagy and antioxidant protection preventing by these 

mechanisms the progression of ageing-related disease  (Lopez-Lluch and 

Navas, 2016) (Fig. 1).

Mitochondrial activity and turnover are affected during ageing.

Mitochondria play a key role in the pathophysiology of ageing and in earlier 

stages of the events leading to the ageing phenotype (Gonzalez-Freire et al., 

2015). Some evidence indicate that ageing is associated with the accumulation 

of deficient mitochondria that produce a significant increase of ROS generation 

(Chistiakov et al., 2014; Merry, 2002). In human muscle, ageing is accompanied 

by a higher need of mitochondria to maintain the same respiratory capacity as 

in young people indicating decay in mitochondrial efficiency (Larsen et al., 

2012). Although the role of mitochondria as the major source of intracellular 

ROS production in ageing has been questioned during the last years (Gram et 

al., 2015; Payne and Chinnery, 2015), most data suggest that there is an 

increase in oxidative damage in the elderly affecting senescence (Lu and 

Finkel, 2008), fertility declining (Benkhalifa et al., 2014), skin ageing (Kammeyer 
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and Luiten, 2015), neutrophils’ activity (Kovalenko et al., 2014) or skeletal 

muscle (McDonagh, 2016). 

Due to the dual role of ROS as damaging and signalling factors, a moderate 

level of ROS production during life can be beneficial by inducing hormetic 

responses that reinforce the capacity of the organism to respond to stronger 

injury (Rattan, 2008). In model organisms, a recent study in Drosophila 

indicates that ROS increase with age as mitochondrial function deteriorates but 

high levels of ROS during the life of the organism seems to act as secondary 

messengers inducing endogenous protective mechanisms in the animals that 

can increase lifespan (Scialo et al., 2016). If ROS production is balanced with 

antioxidant enzymes, oxidative damage did not occur, but if these enzymes 

decay during aging, as has been found in different models (Rodriguez-Bies et 

al., 2015; Rodriguez-Bies et al., 2016; Tung et al., 2014; Tung et al., 2015b), 

oxidative damage accumulates.

In any case, evidence indicate that damaged mitochondria show low efficiency 

producing lower ATP and higher release of ROS through a deficient activity of 

the mitochondrial electron transport chain complexes. Near all the complexes of 

the mitochondrial electron transport chain are involved in ROS production and it 

has been recently shown that, the assembly of these complexes in 

supercomplexes seems to regulate ROS production (Goncalves et al., 2015). 

Thus, a progressive deterioration of supercomplexes during ageing could be the 

cause of an irreversible increase in ROS in older organisms (Genova and 

Lenaz, 2015). 
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Accumulation of damaged mitochondria during ageing is also associated with 

the decline of the mitochondrial turnover through inhibiting mitophagy; a specific 

autophagy process that removes damaged mitochondria (Chistiakov et al., 

2014). The correct activity of the quality control of mitochondria is considered a 

crucial factor in counteracting ageing process (Weber and Reichert, 2010). 

Renovation of the mitochondrial network plays a key role in health-span 

increase after CR (Lopez-Lluch et al., 2008) indicating that the control of the 

accumulation of damaged mitochondria is an important factor in the progression 

of ageing. In fact, prolongevity factors such as CR, exercise and polyphenols 

prevent the accumulation of damaged mitochondria at least in part by inducing 

mito- and autophagy  (Lopez-Lluch and Navas, 2016) (Fig. 2). 

Another factor involved in the decay in mitochondrial turnover during ageing is 

the impairment of mitochondrial biogenesis, especially in high energy 

demanding tissues such as muscle, brain or heart (Conley et al., 2000; Short et 

al., 2005). As in the case of induction of autophagy, ageing delaying 

interventions such as CR, exercise or nutraceuticals as resveratrol also induce 

mitochondrial biogenesis in humans and other organisms (Baur et al., 2010; 

Feige et al., 2008; Rodriguez-Bies et al., 2015). Thus, it seems clear that 

maintenance of mitochondrial turnover removing ROS-producing damaged 

mitochondria at the same time that biogenesis produces new components is 

essential in the prolongevity effects of these factors.

The bioenergetic state of the cell is directly related with the regulation of 

mitochondrial dynamics; the balance in fusion/fission processes occurring in the 

mitochondrial network. Mitochondrial fusion is associated with optimized 

mitochondria whereas fission is associated with damaged mitochondria and 
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their removal by mito- or autophagy (Lopez-Lluch et al., 2008). Mitochondrial 

dynamics are regulated by a group of proteins that regulate fusion and fission in 

mitochondria. The major proteins involved in fusion are mitofusins 1 and 2 

(Mfn1 and Mfn2) and autosomal dominant optic atrophy-1 (OPA1) (Wai and 

Langer, 2016). All these proteins are large GTPases localized in mitochondria. 

Mitofusins are located at the outer membrane of mitochondria acting in the 

fusion of these membranes whereas OPA1 is located in the intermembrane 

space and acts in the fusion of the inner membranes. Mfn2 is also associated in 

the connection between mitochondria and the endoplasmic reticulum (ER) 

playing a role in the development of endoplasmic reticulum (ER) stress and fat 

accumulation in conditions of metabolic stress (de Brito and Scorrano, 2008, 

2009). 

Fission segregates components of the network that are irreversibly damaged or 

unnecessary for subsequent removal (Twig et al., 2008). The major proteins 

involved in mitochondrial fission are dynamin related protein 1 (DRP1) and 

fission protein 1 (FIS1). DRP1 is also a GTPase protein located mainly in the 

cytosol although a fraction is localized on mitochondria (Smirnova et al., 2001). 

DRP1 is recruited on the outer mitochondrial membrane by FIS1 which is 

already inserted in this membrane (Santel and Frank, 2008; Yoon et al., 2003). 

However, other factors such as mitochondrial fission factor (Mff) or 

mitochondrial dynamics proteins of 49 and 51 kDa (MiD49 and MiD51) can also 

mediate DRP1 recruitment in absence of FIS1 (Loson et al., 2013; Shen et al., 

2014), although mutations in FIS1 disrupt downstream mitochondrial 

degradation events indicating the importance of this protein in mitochondrial 

turnover (Shen et al., 2014). 
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During ageing, the equilibrium of fusion and fission is disturbed producing the 

accumulation of damaged mitochondria. Blocking the fission process by 

depleting FIS1 or blocking DRP1 activity leads to cell senescence in human 

cells accompanied by the accumulation of damaged mitochondria showing 

lower mitochondrial potential and higher ROS production (Lee et al., 2007; Park 

et al., 2010). In fact, senescence has been associated with the accumulation of 

giant dysfunctional mitochondria characterized by highly interconnected 

networks and ultrastructural abnormalities in human lymphocytes and mice cells 

(Beregi and Regius, 1987) accompanied by higher production of ROS and 

lower mitochondrial respiratory activity (Yoon et al., 2006). These facts highlight 

the importance of a functional fission machinery to discard damaged 

mitochondria by autophagy or mitophagy (Gomes and Scorrano, 2008; Twig et 

al., 2008). 

It is not clear, how different morphologies affect mitochondrial function, although 

changes in mitochondrial shape during development suggest a close 

relationship between morphology and function. Placenta, skeletal muscle, 

vascular smooth cells and neurons suffer mitochondrial defects by deficiencies 

in mitochondrial dynamics (Chen and Chan, 2005). Further, RNAi studies have 

demonstrated an inverse relationship between fusion capacity and respiration 

rates mainly affecting complexes I, III and IV in mammals and humans (Chen et 

al., 2005). This effect was reversed by restoring Mfn and OPA1 proteins and 

was not a consequence of changes in biogenesis regulators such as PGC1α, 

indicating a direct relationship of mitochondrial dynamics and regulation of 

OXPHOS subunits activities (Chen et al., 2005). In other organs, defects in 

mitochondrial fusion/fission dynamics are also essential for the quality control of 
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mitochondria in many age-related diseases as in the case of cardiac 

homeostasis and senescence (Biala et al., 2015), or in neurodegeneration and 

hypothalamic dysfunction (Zorzano and Claret, 2015). On the other hand, it has 

been recently proposed that a decrease in the levels of mitochondrial fission 

proteins can be an adaptive response to increase the resistance against 

oxidative stress promoting a resistance phenotype in response to a higher ROS 

production by mitochondrial dysfunction (Mai et al., 2010) or even a defensive 

response to maintain functional cell mitochondria (Chen and Chan, 2005). 

Thus, the decrease of fission process would allow mitochondria to escape 

autophagic degradation maintaining enough ATP production even with deficient 

mitochondria (Gomes and Scorrano, 2011). All these evidence found in 

mammals models and humans indicate that dysfunction in the control of 

mitochondrial dynamics can be associated with the accumulation of damaged 

mitochondria during ageing in different organs including adipose tissue. 

Accumulation of damaged mitochondria during ageing increases the production 

of ROS that can not only produce damage in molecules and structures but also 

modulate cell responses such as antioxidant response, removal of damaged 

molecules, induction of organelle turnover and regulation of mitochondrial 

activity (Ristow, 2014). This means that the balance between ROS production 

and the capacity of the cells to respond to ROS levels could affect cell 

homeostasis during ageing. Low levels of ROS have been also involved in the 

modulation of glucose metabolism and the increase in oxidative metabolism 

and stress resistance in CR conditions or after exercise indicating a role of ROS 

in the regulation of metabolism (Barbieri et al., 2013). Moreover, in a model of 

longevity in Drosophila it has been recently demonstrated that moderated levels 
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of ROS can induce prolongevity effects (Scialo et al., 2016) by activating 

recycling mechanisms such as mitophagy and autophagy (Weber and Reichert, 

2010). Although the ROS-dependent mechanisms involved in the increase of 

mitochondrial metabolism have to be clarified, it seems that the AMPK-

dependent modulation of FoxO-dependent autophagy and PGC1α-regulated 

mitochondrial biogenesis are involved (Li et al., 2015). In resume, a moderate 

production of ROS accompanied by the maintenance of the capacity to respond 

to them is enough to maintain the population of mitochondria in a balanced 

status, creating new mitochondria and eliminating damaged components. 

Mitochondrial turnover can be regulated by different factors during 

ageing.

Control of mitochondrial dynamics including turnover seems to play an essential 

role in ageing. Multiple factors affect mitochondrial activity and many of them 

have been associated with cell senescence and ageing as has been recently 

reviewed (Ziegler et al., 2015). Unfortunately the factors that control the change 

in mitochondrial dynamics during ageing have not been determined yet (Collins 

et al., 2002). The identification of these factors will be essential to understand if 

they are dysregulated during ageing or in pathological situations. Among them 

PGC1β can be one of the candidates since this transcription factor control basal 

mitochondrial biogenesis and stimulates mitochondrial fusion through the 

modulation of Mfn2 (Liesa et al., 2008) (Fig. 2). 

Another interesting candidate is the mitochondrial E3-ubiquitin ligase 1 (Mul1), 

a mitochondrial membrane protein showing different functions (Peng et al., 



17

2016). Mul1 acts as an ubiquitin-ligase that ubiquitinate proteins such as Mfn2, 

p53 or ULK1, leading to their degradation. Further, Mul1 also acts as small 

ubiquitin-like modifier (SUMO) E3-ligase, sumoylating other proteins such as 

DRP1 enhancing its stabilization. Then, Mul1 controls mitochondrial dynamics 

by inducing fission at the same time that reduce fusion by inducing Mfn2 

degradation (Peng et al., 2016). In fact, Mul1 has been associated with the 

fragmentation, depolarization and clearance of mitochondria through mitophagy 

in a mechanism regulated by FoxO (Lokireddy et al., 2012). Furthermore, the 

activity of this ubiquitin ligase has been recently associated with the 

maintenance of muscle mass (Palus et al., 2014). 

Further, SIRT3 also emerges as an important factor in the control of 

mitochondrial dynamics during ageing since it deacetylates OPA1 elevating its 

GTPase activity and then, increasing fusion processes (Samant et al., 2014). 

For further information, this mechanism and others have been recently reviewed 

in deep in its role in ageing and ageing-related diseases (Benigni et al., 2016). 

Recent research has found another component in the control of cell metabolism 

and mitochondrial activity, sestrins. Sestrins are another highly conserved 

protein family encoded by genes known as Sens that are upregulated after 

environmental stress, hypoxia and DNA damage (Budanov and Karin, 2008). 

Whereas invertebrates’ genome contains only a single sens gene, vertebrates 

express three sestrins (Sens1-3). Their importance in metabolism regulation 

resides in their regulation of mTORC1 activity. Sestrins are able to bind AMPK 

activating it and, by this mechanism, repress mTORC1 activity (Budanov and 

Karin, 2008). The prolongevity effect of sestrins have been recently proposed 

after the experiments performed in dSens-deficient D. melanogaster (Lee et al., 
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2010) and in C. elegans (Yang et al., 2013). In mice, these proteins have also 

been associated with the regulation of metabolism producing a prolongevity 

effect (Lee et al., 2012).

If sestrins expression decays during ageing, accumulation of damaged 

mitochondria will increase due to reduction of mito- or autophagy. In agreement 

with this hypothesis, it has been recently demonstrated that the protective effect 

of sestrins depends on the promotion of autophagic degradation of Keaps 1 and 

Nrf2 activation by inhibition of mTORC1 (Rhee and Bae, 2015) probably by 

eliminating damaged mitochondria as in the case of rat kidney cells (Ishihara et 

al., 2013). The same mechanism has been associated with the protective effect 

of sestrin2 in rodent dopaminergic neurons against rotenone toxicity (Hou et al., 

2015). Future research about these proteins and its role in the control of 

metabolism in muscle, adipose tissue and liver during ageing will clarify their 

importance in the accumulation of fat, especially in humans (Fig.2).

Interestingly, other factors, such as mitochondrial signaling peptides have been 

recently described to mitochondrial homeostasis. Defects in mitochondrial 

activity activate a retrograde response that communicat mitochondrial 

dysfunction to nucleus through activation of AMPK/PGC1α signalling axis 

(Quiros et al., 2016). The short open reading frame found within the 

mitochondrial 12S rRNA known as MOTS-C (mitochondrial open reading frame 

of the 12S rRNA-c) appears mainly in skeletal muscle and activate AMPK (Lee 

et al., 2016). Interestingly, treatment with MOTS-C in mice prevent age-

dependent and high-fat diet induced insulin resistance and obesity indicating an 

important role of mitochondria in the control of fat metabolism probably 

producing prolongevity effects (Fuku et al., 2015; Lee et al., 2015). Other 
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mitochondrial-derived peptide is humanin, a 24 aminoacid peptifde encoded 

within the 16S ribosomal RNA gene (Capt et al., 2016), this peptide has been 

proposed to produce strong cytoprotective actions against various stress and 

diseases (Lee et al., 2013a). Humanin has demonstrated protective capacity in 

age-related diseases such as T2DM and Alzheimer’s disease (Mahboobi et al., 

2014) and is able to restore mitochondrial function after oxidative injury in retinal 

pigment epithelial cells (Sreekumar et al., 2016). These peptides open a new 

field in the study of regulatory mechanisms involved in the regulation of 

mitochondrial homeostasis associated with ageing and bioenergetics.

Mitochondrial dysfunction is associated with age-dependent fat 

accumulation. 

A considerable body of evidence demonstrate that mitochondrial dysfunction 

also plays an important role in obesity and obesity-related diseases such as 

insulin resistance and fatty liver. Impaired mitochondrial function and dynamics 

have been associated with diet induced obesity mainly affecting liver and 

skeletal muscle (Putti et al., 2015). These dysfunctions have been modulated 

by CR and exercise (Putti et al., 2015). Further, induction of mitochondrial 

dysfunction by blocking respiration or knocking down the mitochondrial 

transcription factor A induce insulin resistance in human adipocytes and affects 

the secretion of adiponectin in an effect attributed to the increase in ROS 

production by defective mitochondria (Wang et al., 2013). 

Regulators of mitochondrial activity and turnover such as sirtuins have been 

associated with the biogenesis of adipocytes. Very recently, a key role of SIRT1 
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in hyperplasia, the increase of cell number, of adipocytes, has been suggested. 

Interestingly, hyperplasia has been also associated with dysregulation of 

metabolism and enhanced differentiation in adipocytes (Abdesselem et al., 

2016). This indicates that SIRT1 is needed for a correct regulation of the 

adipose tissue function (Abdesselem et al., 2016).  

In relationship with mitochondrial dynamics, changes in the mitochondrial 

network have been associated with obesity-related diseases. Apart of the 

effects due to defects in Mfn1 and 2 found in neurons, skeletal muscle or 

monocytes, a screen of differentially expressed genes from skeletal muscle of 

obese rats has identified Mfn2 as a suppressor of obesity (Bach et al., 2003). 

Further, conditions that increase energy expenditure such as cold exposure, 

chronic exercise or nutraceuticals as resveratrol are associated with higher 

Mfn2 expression in skeletal muscle and brown adipose tissue in mice and 

humans (Cartoni et al., 2005; Dolinsky et al., 2013; Soriano et al., 2006). 

Interestingly, these conditions are known to induce SIRT1 that has been 

recently associated with the suppression of mitochondrial dysfunction in a 

mouse model of ischemia by modulating Mfn2 activity by deacetylation 

indicating a connection between SIRT1 and mitochondrial dynamics (Biel et al., 

2016). On the other hand, higher mitochondrial fission has been also 

associated with fat accumulation in genetically induced obesity (ob/ob) mice or 

in high-fat induced obesity (Jheng et al., 2012) and with insulin resistance in the 

same mice model (Holmstrom et al., 2012). 

Prolongevity CR mimetics such as rapamycin and metformin have also been 

proposed to modulate mitochondrial dynamics in obesity and age-related 

diseases (Mercken et al., 2012). Although rapamycin has been associated with 
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the prevention of age-related diseases and the extension of lifespan in both, 

obese and lean mice (Liu et al., 2014) and to avoid hyperlipidemia and 

diabetes-like syndrome in aged obese rats (Scarpace et al., 2016), a recent 

paper indicate that rapamycin reduces lifespan in the obese db/db mice 

(Sataranatarajan et al., 2016). In the case of metformin, it has been associated 

with the prevention of sedentarism-dependent damages (Senesi et al., 2016). 

Further, metformin-dependent AMPK activation has recently demonstrated 

protection of mitochondria in huntington’s disease by affecting mitochondrial 

dynamics (Jin et al., 2016). These results demonstrate that these 

pharmaceuticals compouds are promising in modulation of mitochondrial activity 

in ageing and obesity although more studies are needed to demonstrate their 

effectivity in mammals and humans.

In T2DM and obese people abnormalities due to lower mitochondrial 

functionality have been shown. Interestingly, in these cases a transient increase 

in oxidative capacity was found in human liver at the same time that oxidative 

stress increases (Koliaki and Roden, 2016). These changes have been 

associated with the increase in mitochondrial fragmentation and down 

regulation of fusion-regulatory factors associated with impaired bioenergetics in 

human muscle (Bach et al., 2005). Reduced expression of Mfn2 has been 

found in skeletal muscle in both, obese and T2DM patients (Bach et al., 2005). 

Lower levels of Mfn2 have been associated with the fragmentation of the 

mitochondrial network and the decrease of membrane potential in rat skeletal 

muscle (Pich et al., 2005). This reduction is directly proportional to BMI and 

inversely proportional to insulin response (Pich et al., 2005). Mfn2 depleted rat 

muscle cells show a reduced proton leak and lower bioenergetics efficiency 
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indicated by lower glucose oxidation and mitochondrial respiration (Bach et al., 

2003). This lower bioenergetics efficiency due to Mfn2 loss of function has been 

associated with the development of obesity by reducing energy expenditure and 

increasing fat energy store in mammals and humans (Liesa et al., 2009). On the 

other hand, physical exercise increases Mfn1 and 2 in human skeletal muscle 

indicating the importance of mitochondrial dynamics in the bioenergetic 

response of mitochondria to energy requirements (Cartoni et al., 2005). 

Prohibitin has been recently linked to the regulation of mitochondrial activity and 

the development of obesity. Prohibitin is a complex of two proteins, PHB-1 and 

PHB-2, that has been associated with longevity in studies carried out in worms 

(Lourenco et al., 2015). Prohibitins are ubiquitous, evolutionary conserved 

proteins that form a ring-like complex at the inner membrane of the 

mitochondria (Artal-Sanz and Tavernarakis, 2009). They have been associated 

with mitochondrial fusion by stabilizing OPA1 that mediates inner membrane 

fusion and cristae morphogenesis. However, the exact function of this complex 

in mitochondria is not completely clear although it has been associated with 

mitochondrial function, fat metabolism and oxidative stress response in mice 

(Theiss et al., 2009). Interestingly, overexpression of prohibitin in adipocytes 

produces the development of obesity in mice accompanied by the induction of 

mitochondrial biogenesis (Ande et al., 2014). This effect contrasts with the 

higher mitochondrial fission associated with fat accumulation in obese mice 

(Jheng et al., 2012). On the other hand, downregulation of PHB by microRNA-

27a and 27b resulted in impaired mitochondrial biogenesis and structure 

integrity, lower activity of complex I and higher ROS production in adipose-

derived stem cells (Kang et al., 2013). Moreover, inactivation of PHB-2 in mice 
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brain affects mitochondrial structure and activity resulting in neurodegeneration 

by hyperphosphorylation of Tau (Merkwirth et al., 2012) or alters beta-cell 

function in pancreas producing diabetes (Supale et al., 2013). All these facts 

highlight the importance of a balanced mitochondrial dynamics in the physiology 

adipose and other tissues and the complex regulation of the different factors 

involved in mitochondrial fusion and fission. Further studies are needed to 

understand how this balance is controlled and how ageing can affect it 

producing a cascade of events leading to the age-related diseases associated 

with fat accumulation. 

Regarding sestrins, transgenic mice deficient in Sens2 and Sens3 genes have 

demonstrated the important role of these proteins in the suppression of age and 

obesity-associated mitochondrial disorders (Bae et al., 2013; Lee et al., 2012). 

Sesn2 KO mice show glucose intolerance, lower insulin response and 

development of hepatosteatosis (Lee et al., 2013b; Lee et al., 2012). On the 

other hand, Sens3 has been recently associated with the activation of mTORC2 

and Akt phosphorylation enhancing insulin sensitivity and glucose metabolism 

in mice (Tao et al., 2015). It has been suggested that hypernutrition and lack of 

exercise can induce chronic mTORC1 activation that is accompanied by Sesn2 

up-regulation in order to control the excessive activity of mTORC1 (Lee et al., 

2010). Other studies carried out in rats proposed that sestrins-dependent 

mTORC1 inactivation through AMPK induction is critical in the maintenance of 

autophagy and, then, the elimination of dysfunctional mitochondria (Ishihara et 

al., 2013). Interestingly, sestrins are also regulated by oxidative stress through 

p53, NRF-2, AP-1 and FOXO and they regulate several components that 

reduce ROS production, increase mitochondrial biogenesis and induce 
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mitophagy increasing the efficiency of oxidative metabolism in mice (Lee et al., 

2013b). 

All these evidences suggest that sestrins could be considered key factors in the 

control of mitochondrial homeostasis in ageing and obesity and probably T2DM. 

Research performed in invertebrates demonstrate that the inactivation of 

sestrins results in metabolic pathologies that include oxidative damage, 

mitochondrial dysfunction and fat accumulation (Lee et al., 2013b). However, to 

date there is no information available about the activity of sestrins in adipose 

tissue and its behaviour during ageing. Indirect evidences indicate a putative 

role of this family of proteins in fat accumulation. Resveratrol (RSV), a 

polyphenol that prevents lipid accumulation in liver, blocks Liver X receptor 

(LXRα)-mediated hepatic lipogenesis by inducing Sens2 gene (Jin et al., 2013), 

indicating a putative role of this family of proteins in fat accumulation. LXRα is a 

transcription factor that modulates lipid synthesis in liver (Joseph et al., 2002) 

and regulates insulin-stimulated lipogenesis (Chen et al., 2004). LXRα induces 

the expression of fatty acid synthesis (FAS), acetyl-CoA carboxylase (ACC) and 

sterol regulatory element binding protein 1c (SREBP-1c) (Grefhorst et al., 2002; 

Repa et al., 2000). Therefore, the Sens2-dependent repression of LXRα 

induced by RSV would indicate a key role of these proteins in fat accumulation 

during ageing. 

Do sestrins affect fat accumulation and modulate mitochondrial activity and 

turnover during ageing? No information is available to date. However, the above 

indicated evidences point to these proteins as putative key regulators. In fact, 

although no studies have been performed yet in humans, the activity of sestrins 
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has been recently suggested in the effect of exercise to prevent sarcopenia, 

frailty and obesity in the elderly (Sanchis-Gomar, 2013). 

All these reports indicate that there is a downregulation of fusion in 

mitochondria in obesity related diseases. When fat accumulates, mitochondrial 

activity can decrease by increasing fission processes and accumulating then, 

low potential small mitochondria. This response is opposite to the behaviour 

found during ageing in which mitochondrial network tends to increase by 

inducing fusion in a response that probably is triggered to maintain the capacity 

of mitochondria (Fig. 2). It is probable that the incapacity to control 

mitochondrial dynamics during ageing, when fat accumulates in WAT, liver or 

muscle, produces the accumulation of damaged mitochondria and the resulting 

consequences as metabolism unbalance, insulin resistance or oxidative stress.

Metabolic syndrome, fat accumulation and mitochondria. 

Obesity and T2DM are considered age-related diseases. In several of the 

models studied including rodents and humans, these diseases are associated 

with mitochondrial dysfunction indicated by low expression of mtDNA and 

reduction of the levels of proteins involved in oxidative phosphorylation 

(OXPHOS). Thus, mitochondrial dysfunction has been described in the main 

organs involved in the development of metabolic syndrome during ageing such 

as muscle, liver and adipose tissue (Patti and Corvera, 2010).
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The increase in fat mass is one of the major determinants of insulin resistance 

(Larson-Meyer et al., 2006). In humans, it has been shown that insulin 

resistance is responsible of the increase of lipids in liver and skeletal muscle 

and the decrease of the capacity of adipose tissue to store lipids (Toledo and 

Goodpaster, 2013). On the other hand, deficiency in mitochondrial activity in 

muscle is associated with obesity and T2DM. These mitochondrial deficiencies 

include reduction of fatty acid oxidation, lower expression of genes involved in 

oxidative activity and decrease of electron transport chain activities (Mootha et 

al., 2003; Patti and Corvera, 2010; Simoneau et al., 1999; Toledo and 

Goodpaster, 2013). Further, alterations in mitochondrial dynamics and in 

particular in Mfn2, have been associated with a reduced mitochondrial function 

in skeletal muscle in obesity and T2DM (Zorzano et al., 2009) and recently 

aberrant mitochondrial fission has been also associated with insulin resistance 

in mouse skeletal muscle (Jheng et al., 2012). The deficiency in the capacity of 

mitochondria to metabolize lipids has been proposed to predispose WAT and 

skeletal muscle to accumulate lipids and then, to the development of insulin 

resistance (Lowell and Shulman, 2005). However, other studies performed in 

rats suggested that insulin resistance is accompanied by an increase in 

mitochondrial content and an increase in oxidation of lipids (Dela and Helge, 

2013; Garcia-Roves et al., 2007; Hancock et al., 2008; Turner et al., 2007). 

These discrepancies indicate that the role of mitochondria in muscle in high-fat 

diet induced T2DM is not completely clear. Probably, the accumulation of fat in 

muscle induces a higher oxidative metabolism based on fatty acids catabolism 

but this can be accompanied by the increase of mitochondria including 

damaged and ROS-producing structures that accumulate by a deficient 
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mitochondrial turnover and fusion/fission mechanisms. In fact, it has been 

shown that, in both, rodents and humans, skeletal muscle from high-fat fed 

conditions show higher H2O2-mitochondrial production affecting the redox state 

of the cells but without changes in the mitochondrial respiratory function 

(Anderson et al., 2009). Further experiments performed in rats demonstrated 

that exposure to prepregnancy maternal obesity impairs the activity of factors 

involved in mitochondrial dynamics in the offspring (Borengasser et al., 2014). 

The accumulation of damaged mitochondria would explain the increase of ROS 

in skeletal muscle associated with insulin resistance of obese individuals and 

the appearance of T2DM and muscle malfunction during normal ageing as 

results of the deteriorated physiology of the organs (Barbieri et al., 2013). In 

fact, the elucidation of the mechanisms affecting mitochondrial dynamics in 

skeletal muscle from obese people has been suggested to be essential to 

understand muscle insulin resistance and to find therapeutic targets (Jheng et 

al., 2015).

On the other hand, obesity is associated with the impairment of the ability to 

transit between fatty acid and glucose metabolism. This impairment is known as 

“metabolic inflexibility” (Griffin et al., 2015), that is present in obese people since 

they are able to oxidize lipids in insulin-stimulated conditions instead to 

metabolize glucose being mitochondria the key organelles affecting this 

incapacity (Storlien et al., 2004). 

Among the regulators of metabolism, AMPK seems to be the key component in 

the progression of metabolic syndrome and insulin resistance in WAT. 

Phosphorylated AMPK modulates the activity of many downstream substrates 

resulting in the increase in lipid oxidation and the uptake of glucose (Jager et 
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al., 2007). Moreover, deficiency in AMPK results in glucose intolerance, lower 

physical capacity and obesity; symptoms of metabolic disease (Steinberg et al., 

2010). Taken into consideration the central role of AMPK in the control of 

metabolism and mitochondria (Burkewitz et al., 2014), modification of levels or 

activity of AMPK could explain the deterioration of adipose tissue physiology 

during ageing. Regarding this aspect, a new regulator of AMPK, prolyl 

isomerase, Pin1, has been shown to rise in high fat state in mouse liver 

(Nakatsu et al., 2011). This increase is associated with the accumulation of fat 

since in Pin1 KO mice, a high fat diet-induced obesity resistant phenotype has 

been described (Nakatsu et al., 2015). Interestingly, the deregulation of Pin1 

has been also implied in ageing and age-related diseases (Lee et al., 2011). 

Taken into consideration the plasticity of mitochondria and the complex 

relationship between the different regulators of mitochondrial dynamics and 

turnover, the study of the control of these regulators during ageing and fat 

overloading must be studied in deep to design efficient strategies against 

ageing-related diseases caused by deficient fat metabolism.

Inflammation and lipid accumulation. 

Another important fact to be taken into consideration in the accumulation of fat 

during ageing is the proinflammatory status that accompanies obesity. It is 

known that visceral fat is an important source of proinflammatory cytokines 

contributing to insulin resistance. In this process, the activation of different 

forms of inflammasome is one of the key factors. Nod-like receptors (NLRs) are 

an evolutionary conserved family of cytoplasmic receptors whose function is to 
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recognize pathogen- and danger-associated molecular patterns (PAMPs and 

DAMPs). These receptors form multimeric protein complexes that bind to a 

caspase activation and recruitment domain (CARD) and caspase 1 (Casp-1). 

After recognizing PAMPs or DAMPs, Casp-1 is activated and catalyses the 

transformation of proinflammatory cytokines to their mature forms (Lupfer and 

Kanneganti, 2012). The release of danger signals from mitochondria promotes 

the formation of inflammasomes. In fact, mitochondria is considered a central 

regulator of NLRP3 inflammasome activation through ROS, Ca2+, decrease of 

NAD+, Mfn or mitochondrial DNA (Gurung et al., 2015). In patients with 

diabetes, the inhibition of autophagy results in the accumulation of dysfunctional 

mitochondria leading to higher ROS production and activating inflammasome 

(Harijith et al., 2014). On the other hand, Casp-1 activates several pathways 

that precipitate mitochondrial disassembly, increase ROS production and 

breaks up mitochondrial network, triggering a vicious cycle in which 

mitochondrial dysfunction activates inflammasome and Casp-1 induces 

mitochondrial dysfunction (Yu et al., 2014). Prolongevity effectors such as CR 

or resveratrol would reduce NLRP3-inflammasome activation preventing the 

activation of this vicious cycle. In fact, we have recently found that NLRP3 

activity increases in mouse liver during ageing but this activity is inhibited by 

RSV probably by reducing the level of oxidative stress increasing the 

mitochondrial turnover and eliminating by this mechanism ROS-producing 

deficient mitochondria (Baur et al., 2006; Tung et al., 2015a). 

Recently, a relationship between lipid accumulation in liver and inflammasome 

complex activity has been suggested. Lipogenesis in liver is modulated by sterol 

regulatory element binding proteins (SREBPs). These proteins are activated by 



30

hepatitis C virus and induce the accumulation of lipid droplets probably by 

activation of the NLRP3-inflammasome complex (McRae et al., 2015). 

Moreover, chronically overactive inflammasome activity and production of IL-1β 

has been associated with the abnormal lipid accumulation in old rat liver 

resulting in steatohepatitis (Chung et al., 2015). The activity of inflammasome 

has been associated with dysregulation of PPARα and SREBP1c (Chung et al., 

2015). Furthermore, a NLRP3 KO mice model has demonstrated that the 

activity of this inflammasome is essential in the development of high-fat diet-

induced obesity and in the development of insulin resistance (Stienstra et al., 

2011). On the other hand, the increase of the levels of proinflammatory 

cytokines such as TNF-α and IL-6 found in obesity produce inhibitory effects on 

Mfn2 expression in human cultured cells (Bach et al., 2005) probably inducing a 

dysfunction in mitochondrial homeostasis.

These studies suggest that mitochondria can be on the origin of the 

overactivation of inflammasome in liver and other organs and then, 

accumulation of fat and development of steatohepatitis. Obesity is, at the same 

time, responsible of the maintenance of a chronic inflammatory status producing 

a vicious cycle. Furthermore, the inflammasome activation in fat tissues will 

trigger fat cell senescence, a phenomenon connected with the senescence-

associated secretory phenotype (SASP) (Newsholme and de Bittencourt, 2014). 

Then, fat accumulation would promote inflammasome associated SASP that 

would induce cellular senescence in other tissues of the organism aggravating 

by this mechanism the obesity-dependent chronic inflammation in another 

vicious cycle (Newsholme and de Bittencourt, 2014) (Fig.3). 



31

Do fat accumulation and mitochondrial dysfunction depend on sexual 

hormones?

In humans, fat deposits depend on the gender of the individual (Palmer and 

Clegg, 2015). Men tend to accumulate visceral fat whereas women accrue more 

subcutaneous depots prior to menopause but, after menopause, fat depots in 

women shift to visceral depots (Palmer and Clegg, 2015). The cause of this 

difference resides in sexual hormones. Oestrogens and their receptors favour 

lipid accumulation in subcutaneous depot in women but visceral fat deposition 

in men. The differences in the metabolism of visceral and subcutaneous fat has 

been related to a higher risk of metabolic syndrome in men than in women due 

to a higher free fatty acid production in visceral fat than in subcutaneous fat 

(Palmer and Clegg, 2015). This will explain why women, with higher levels of 

subcutaneous fat, show less risk for diseases associated with obesity than men 

that show higher levels of visceral fat deposition. Visceral fat accumulation is 

associated with many age-related diseases (Huffman and Barzilai, 2009) 

accompanied by the accumulation of fat in tissues such as the heart, liver and 

skeletal muscle which increases risk for insulin resistance and cardiovascular 

disease (Kuk et al., 2009).

Some data indicate that oestrogens control the accumulation of fat during 

ageing. In premenopausal women, oestrogens protect against weight gain by 

increasing energy expenditure, whereas postmenopausal women gain weight 

by the natural decrease in endogenous estradiol levels (Gambacciani et al., 

1997). These reductions can be prevented by oestrogen replacement therapy, 

indicating a direct relationship between the levels of these hormones and 

metabolic control and probably mitochondrial activity (Gambacciani et al., 
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1997). In men, the decrease in testosterone levels can be responsible of the 

increase of adiposity and fat accumulation in non-adipose tissue during ageing 

(Mudali and Dobs, 2004). In a similar response that women, testosterone 

therapy prevents the gain in visceral fat in non-obese ageing men (Allan et al., 

2008). 

Another interesting paper has associated the accumulation of fat during ageing 

with higher levels of follicle-stimulating hormone (FSH) in both men and women 

(Liu et al., 2015). In this paper, authors indicate that the increase of this 

hormone not only is responsible for fat accumulation but also affects fat 

redistribution from subcutaneous and abdominal fat to visceral fat, a fact 

associated with ageing (Zamboni et al., 2005). The accumulation of fat in heart, 

liver and skeletal muscle during ageing has been also attributed to the FSH rise 

since skeletal muscle and liver also express FSH-receptor (Liu et al., 2015). 

Changes in oestrogens levels can also modulate the genetic expression of 

mitochondrial factors and then, be also responsible of mitochondrial dysfunction 

effect in fat accumulation during ageing (Vasconsuelo et al., 2013). It has been 

proposed that estradiol and testosterone affect mitochondria during ageing 

through receptors located even in mitochondria. These oestrogens would 

directly regulate nuclear DNA-encoded proteins and mitochondrial transcription 

factors affecting by this mechanism mitochondrial biogenesis (Vasconsuelo et 

al., 2013). It has been also proposed that mitochondrial genome contains 

sequences that are similar to those of nuclear hormone-responsive elements 

(Sekeris, 1990). In fact, these elements have been found in mtDNA 

accompanied by oestrogen and androgen receptors (Demonacos et al., 1995; 

Demonacos et al., 1996). The appropriate receptors can interact with these 
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sequences to induce hormone-dependent mitochondrial gene expression 

(Psarra et al., 2006). In agreement with this, oestrogens and androgens can 

affect the transcription of mitochondria OXPHOS components (Scheller et al., 

2003). These hormone-responsible elements are also found in nuclear gene 

encoding mitochondrial transcription factors that also modulate OXPHOS gene 

expression (Psarra et al., 2006). 

Changes in oestrogens during ageing can also affect directly the activity of 

regulators of mitochondria. In rats, a model of menopause by using 

ovariectomization suggested that reduction of oestrogens produced the 

decrease of PGC1α expression and the reduction of β-oxidation in muscle 

(Cavalcanti-de-Albuquerque et al., 2014). This suggests that an oestrogen-

dependent effect can induce accumulation of fat and probably insulin resistance 

in muscle. 

Despite these reports, a question remains to be answered; can mitochondrial 

dysfunction be a response to the reduction of sexual hormones during ageing? 

Low levels of oestrogens decrease PGC1α expression indicating a putative 

decrease in mitochondrial biogenesis (Cavalcanti-de-Albuquerque et al., 2014). 

Further, mitochondrial dynamics are also regulated by these hormones. In the 

human breast cancer cell line MCF-7, the mRNA levels of mitochondrial fusion 

genes increase during estradiol treatment whereas FIS1 gene expression 

decreases (Sastre-Serra et al., 2012). In these cells, estradiol treatment also 

induced mitochondrial biogenesis (Sastre-Serra et al., 2012). The same effect 

was found in other breast cancer cell lines (Sastre-Serra et al., 2013). Further, 

in rat models, the expression of prohibitins responds to the levels of oestrogens 

in WAT. The level of prohibitins were stimulated by estradiol in WAT and liver in 
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both, controls and high-fat fed rats (Choi et al., 2015). Studies performed in 

other tissues demonstrated that prohibitin genes are induced by oestrogen 

receptors (He et al., 2011). Taken into consideration the role of all these 

proteins in the fusion process in mitochondria, it is clear that modifications in the 

levels of sexual hormones during ageing will affect mitochondrial dynamics and 

probably affect the accumulation of damaged mitochondria in adipocytes and 

other fat-accumulating organs. The relationship between oestrogen levels, 

ageing and mitochondrial activity in fat must be further studied (Fig.4). 

Mitochondrial function in POMC neurons and its effect on the control of 

satiety. 

Satiety and hunger is controlled by neuropeptide-Y (NPY), agouti-related 

protein (Agrp) and pro-opiomelanocortin (POMC) neurons located in the arcuate 

nucleus of the hypothalamus. Both obesity and ageing are associated with 

rewiring of a principal brain pathway modulating energy homeostasis through 

promoting reduced activity of satiety pro-opiomelanocortin (POMC) neurons. It 

has been suggested that the activity of these neurons is importantly affected by 

mitochondrial dynamics (Nasrallah and Horvath, 2014). In studies performed in 

mice it has been demonstrated that mitochondrial fusion increases in orexigenic 

NPY/Agrp neurons inducing neuronal activity that control the storage of excess 

of energy in fat when mice are fed with high-fat diet (Dietrich et al., 2013). The 

activity of these neurons is impaired when the mitochondrial fusion mechanism 

is altered producing resistance to fat gain during high fat diet (Dietrich et al., 

2013). However, the depletion of Mfn2 in the anorexigenic POMC neurons 
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causes severe obesity and leptin resistance probably by affecting ER-stress 

(Schneeberger et al., 2013). Moreover, a dysregulation of the control of 

mitochondrial activity and turnover could be also associated with dysfunctions in 

the control of satiety. A recent paper indicates that mTOR activity is elevated in 

POMC neurons in aged mice. This increase produces cell hypertrophy that the 

authors associate with obesity-related deterioration of POMC neurons (Yang et 

al., 2012). On the contrary, the inhibition of mTOR in these neurons caused 

reduction of food intake and weight loss in old mice indicating the importance of 

this regulator in satiety control (Yang et al., 2012). These and other results 

suggest that mitochondrial dynamics in NPY/Agrp and POMC neurons also play 

an important role in the regulation of the energy balance and in diet and age-

related obesity. 

Concluding remarks. 

Many evidences indicate that mitochondrial dysfunction is associated with the 

development of obesity and the appearance and progression of age-related 

diseases (Fig.5). Regulators of metabolism such as mTOR, AMPK and sirtuins 

are involved in this effect and the complex equilibrium between their activities 

modulates mitochondrial biogenesis, dynamics and turnover. This regulation is 

affected by sexual hormones that change during ageing and probably the 

reduction of oestrogens is one of the key factors involved in mitochondrial 

dysfunction and fat accumulation in humans. During ageing a tendency to 

increase fusion in mitochondria has been reported in order to maintain 

mitochondrial activity; however, fat accumulation induces a higher activity of 
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fission mechanisms promoting the accumulation of small and less efficient 

mitochondria. Probably these two opposite processes end in the accumulation 

of damaged mitochondria that increase oxidative damage that contribute to the 

appearance and impairment of insulin resistance, metabolic dysfunction and the 

release of proinflammatory mediators. In a vicious cycle, insulin resistance and 

proinflammatory cytokines promote more damage in mitochondria. The study of 

the response of these metabolic regulators to prolongevity effectors such as 

CR, nutra- and pharmaceuticals or exercise and the role of new modulators 

such as prohibitins or sestrins in ageing progression will help us to develop 

therapeutic strategies to delay the damaging effect of fat accumulation during 

ageing. 
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Figure legends. 

Graphical abstract. Mitochondrial homeostasis is basic to maintain a balanced 

metabolic activity in fat accumulating tissues including adipose tissue, muscle 

and liver. Ageing and the decay of oestrogens produce an unbalance in 

mitochondrial homeostasis causing the accumulation of damaged mitochondria 

as giant or small and damaged mitochondria. Decay of mito- and autophagy 

processes is also affected. These events produce the reduction of respiration, 

membrane potential and the increase of reactive oxygen species. Prolongevity 

factors such as calorie restriction, exercise or several nutraceutical such as 

polyphenols can reduce mitochondrial dysfunction by maintaining mitochondrial 

biogenesis, fusion/fission balance and mito- and autophagy during ageing 

preventing then fat accumulation. 

Fig. 1. Molecular mechanisms involved in the maintenance of 

mitochondrial lipid metabolism. Two major systems are involved in the 

control of metabolism in cells: mTOR and AMPK/SIRT. High fat diets, fat 

accumulation of T2DM activates mTORC1 that reduces lipid consumption by 

affecting mitochondrial biogenesis, turnover and dynamics through inhibiting 

PGC1α. On the other hand, effectors such as CR, exercise of polyphenols 

activate AMPK/SIRT that inhibit mTORC1 and induce mitochondrial biogenesis 

through PGC1α and mitophagy maintaining a mitochondrial balanced activity. 

Fig. 2. Mitochondrial dynamics during fat accumulation and ageing. 

Balanced mitochondrial activity maintains a control of mitochondrial population 

by fusion/fission balance regulated by Mfn1 and 2, OPA1 and prohibitins 

(fusion) and DRP1 and FIS1 (fission) cooperation and the biogenesis of the 
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components of mitochondria. A dysfunction in these factors can cause the 

accumulation of giant mitochondria in ageing or small and damaged 

mitochondria that increase ROS production by decreasing fusion mechanisms 

and blocking autophagy processes. Regulation of these processes by AMPK 

and mTOR1 regulate these processes. 

Fig 3. Role of the inflammasome in fat accumulation during ageing. 

Mitochondrial dysfunction produces NLRP3 inflammasome activation by 

increasing ROS that acts as Damage-activating molecular pattern. This 

activation is associated with cell senescence and SASP and the evolution of 

hepatosteatosis, obesity and T2DM. 

Fig 4. Hormonal control of mitochondrial activity can affect fat 

accumulation. Age-dependent oestrogen decay will affect mitochondrial 

dynamics by decreasing mitochondrial fusion and PGC1α activity. This will 

produce mitochondrial dysfunction. At the same time, the increase of FSH found 

in aged individuals will contribute to the accumulation of visceral fat that, in a 

vicious cycle, will contribute to higher mitochondrial dysfunction by inhibiting 

mito- and autophagy through mTORC1 activity as bas been indicated in Fig. 2. 

Visceral fat accumulation is associated with the appearance and impairment of 

T2DM, evolution of hepatosteatosis and obesity.

Fig. 5. Mitochondrial dysfunction is at the centre of the regulation of fat 

metabolism during ageing. The balanced activity of mitochondria is essential 

to control satiety and prevent the appearance and progression of T2DM, obesity 

and inflammation, hallmarks of age-dependent accumulation of fat. Ageing, high 

fat diet and sexual hormones decay causes mitochondrial dysfunction whereas 
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prolongevity interventions such as calorie restriction, exercise and diet rich in 

nutraceuticals prevent mitochondrial decay and improve the progression of 

ageing and fat accumulation during ageing. 
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Mitochondrial dysfunction is associated with age.-related fat accumulation. 

Mitochondrial dynamics are key components in fat and aging. 

Mitochondrial damage induces inflammasome activity in adipocytes-derives proinflammatory 
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Estrogens regulate mitochondrial activity and affect age-dependent fat depots. 
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Abstract

Mitochondria play an essential role in ageing and longevity. During ageing, a 

general deregulation of metabolism occurs, affecting molecular, cellular and 

physiological functions activities in the organism. Dysfunction of mitochondria 

has been associated with ageing and age-related diseases indicating their 

importance in the maintenance of cell homeostasis. Three mainmajor nutritional 

sensors, mTOR, AMPK and Sirtuins are involved in the control of mitochondrial 

physiology. These nutritional sensors control mitochondrial biogenesis, 

dynamics, by regulating fusion and fission processes, and turnover through 

mito- and autophagy. Apart of the known factors involved in fusion, OPA1 and 

mitofusins, and fission, DRP1 and FIS1, emerging factors such as prohibitins 

and sestrins can play important functions in mitochondrial dynamics regulation. 

Mitochondria are also affected by sexual hormones that suffer drastic changes 

during ageing. The recent literature demonstrates the complex interaction 

between nutritional sensors and mitochondrial homeostasis in the physiology of 

adipose tissue and in the accumulation of fat in other organs such as muscle 

and liver. In this article, the importance role of mitochondrial homeostasis in 

ageing and during age-dependent fat accumulation is revised. This review 

highlights the importance of mitochondria in the accumulation of fat during 

ageing and related diseases such as obesity, metabolic syndrome or type 2 

diabetes mellitus. 

Keywords: mitochondria; ageing; fat; gender; inflammation
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Introduction 

Ageing is a natural and progressive process occurring in all living organisms 

and characterized by the deterioration of structure and functional capacities. 

Ageing is multifactorial involving different molecular and cellular processes such 

as genomic instability, telomere attrition, epigenetic alterations, loss of 

proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular 

senescence, stem cell exhaustion, and altered intracellular communication 

(Kennedy et al., 2014; Lopez-Otin et al., 2013). Ageing is also characterized by 

the appearance of different chronic diseases such as sarcopenia, type 2 

diabetes mellitus (T2DM), cardiovascular disease, hypercholesterolemia, 

hypertension or neurodegenerative diseases among others (Kennedy et al., 

2014).

A tendency towards higher visceral adiposity associated with a greater 

morbidity due to the increase of risk for cardiovascular disease (CVD), 

hypertension and T2DM is has been associated with the progression of ageing 

(Matsumoto, 2002). Obesity is associated with adipose tissue dysfunction 

characterized by adipocyte hypertrophy, proinflammatory processes, impaired 

insulin signalling and insulin resistance (Karakelides et al., 2010). The 

incapacity decrease in the capacity to respond to insulin induces ectopic fat 

deposition in other organs producing lipotoxicity in muscle, liver and also in 

pancreas. Thus, the prevalence of obesity in older people has been considered 

the main major cause of metabolic syndrome (Karakelides et al., 2010) and 

changes in adipose tissue have been recently associated with the development 

of T2DM (Abranches et al., 2015). Losses of lean mass and shifts to central 
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adiposity have been related to functional decline and considered as predictors 

of mortality (Kirkland et al., 2002). 

Fat depots sizes in humans reach a peak by middle and early old age 

(Cartwright et al., 2007). However, in advanced old age, a decrease in fat tissue 

occurs although this decrease has been associated with the accumulation of fat 

in liver, muscle and bone marrow and other organs (Kirkland et al., 2002). In a 

recent study performed in 70-79 years old men and women, it was determined 

that loss of weight was accompanied by the reduction of visceral fat mass 

accompanied by a gain of intermuscular thigh fat area (Santanasto et al., 2016). 

This redistribution of fat can be related with the preservation of thight muscle 

since this study demonstrated a strong relationship between loss of thight 

muscle and mortality whereas no relationship was found with visceral mass 

(Santanasto et al., 2016).

The role of mitochondria in fat reduction in older old people has been also 

suggested. In adipose tissue, dysfunctional adipose-like cells appear. These 

cells are smaller than normal adipocytes and show a low response to insulin. 

Their dedifferentiation occurs by the decrease of adipogenic factors such as 

CCAAT/enhancer binding alpha (C/EBPalpha) and peroxisome proliferator 

activated receptor gamma (PPAR-γ), a known mitochondrial regulator (Kirkland 

et al., 2002). 

 

Mitochondria are key organelles in the metabolism in of eukaryotic cells (Lopez-

Lluch et al., 2008). Their activity is modulated by the availability of energy in 

cells. Key regulators of metabolism not only affect the activity of mitochondria 

but also their dynamics and turnover. One of these regulators is the mammalian 
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Target of Rapamycin (mTOR) which is activated by high calorie intake or high 

levels of aminoacids (Laplante and Sabatini, 2009). Opposite regulators are 

AMP-activated kinase (AMPK) and sirtuins that are activated when energy 

uptake is limited (Hardie, 2011).

The term mitochondrial dysfunction is widely used in bioenergetics although 

there is not a precise definition. Any abnormality in the key physiological 

functions of mitochondria: generation of ATP, detoxification of ROS and ROS-

related damage, regulation of cytosolic calcium levels, synthesis of lipids, etc., 

can be considered as mitochondrial dysfunction (Brand and Nicholls, 2011). 

Mitochondrial dysfunction is associated with the functional decline found in 

tissues and organs during ageing (Riera et al., 2016) and, for this reason, it has 

been associated with a number of age-related diseases such as neurological 

disorders, cardiovascularCVD, liver and kidney diseases, diabetes and cancer 

(Lane et al., 2015; Payne and Chinnery, 2015; Ryan et al., 2015; Wallace, 

2012). Recently, a study carried out with 248 non-diabetic participants from the 

Baltimore Londigutinal Study of Aging has associated impaired mitochondrial 

capacity with greater insulin resistance (Fabbri et al., 2016).

Information about the role of mitochondria on white adipose tissue (WAT) is 

limited in animal models and humans. Since the regulation of mitochondrial 

activity in WAT can be associated with the accumulation of fat and a putative 

disruption of mitochondrial physiology, the study of mitochondrial homeostasis 

is important to develop strategies or therapies to avoid or delay the progression 

of fat accumulation-derived diseases. For this reason, in this review, the role of 

mitochondrial activity, dynamics and turnover on fat accumulation in WAT, 
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muscle or liver and the molecular factors involved in these processes is 

reviewed in deep. 

Molecular mechanisms involved in the regulation of mitochondrial 

physiology. 

Mitochondrial physiology, dynamics and turnover respond to the relationship 

between the activities of key regulators of cell metabolism. In high calorie intake 

situations, mTOR, an ubiquitous serine/threonine kinase involved in cell growth 

and the control of metabolism, is activated. This regulator is a complex of 

different proteins and regulates different pathways involved in angiogenesis, 

tumour development, insulin resistance, adipogenesis and activation of immune 

cells (Laplante and Sabatini, 2009). It is present in two different complexes, 

mTOR complex I (mTORC1) and mTOR complex II (mTORC2). Both 

complexes promote the transcription of genes involved in carbohydrate 

metabolism and lipogenesis, enhance protein translation by activating 

ribosomal protein 6 kinase (S6K) and, at the same time, downregulate catabolic 

processes through inhibiting the transcriptional activity of the forkhead box 

transcription factors family (FoxO) and autophagy (Duvel et al., 2010; 

Wullschleger et al., 2006). 

The signalling pathway triggered by mTOR competes against other regulators 

of the cell metabolism such as AMPK and sirtuins, NAD+-dependent 

deacetylases that induce inducing more efficient energy consumption in 

situations of low intake, starvation or calorie restriction (CR) situations, such as 

AMPK and sirtuins, NAD+-dependent deacetylases (Fig. 1). AMPK is one of the 
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mainmajor sensitive energy sensors in cells and organisms. This kinase is 

activated in response to the increase of the AMP/ATP ratio, for example, after 

deprivation of glucose, whereas its activity is reduced when cells are full of 

energy and the AMP/ATP ratio decreases (Hardie, 2011). 

Another of the most important sensors of energy in cells and regulators of 

mitochondrial activity are sirtuins. This family of NAD+-dependent deacetylases 

is found in all the organisms, from prokaryotes to humans, and regulates the 

activity of many enzymes by removing acetyl residues, except in the case of 

mammalian SIRT4 and SIRT5 that show ADP-ribosyl-transferase activity 

(Santa-Cruz Calvo et al., 2012). Sirtuins also act as metabolic sensors by 

detecting fluctuations in the NAD+/NADH ratio in cells. When the amount of 

nutrients decrease, especially in the case of glucose, levels of NAD+ increase 

and sirtuins are then activated. The number of proteins regulated by 

deacetylation has increased enormously from their discovery. The importance 

of these proteins in the regulation of metabolism is increasing since they are 

involved in different key aspects of cell physiology from cell cycle control to 

metabolism and antioxidant protection (Santa-Cruz Calvo et al., 2012). 

However, the aspect most studied aspect of the sSirtuins-dependent effects has 

been their role in effects on longevity (Guarente, 2011, 2013). In mammals, CR 

induces the expression and the activity of sirtuins in many organs and their 

activity activities has have been associated with most of the metabolic effects 

found in these organisms afterproduced by CR (Imai and Guarente, 2010). For 

example, SIRT1 has been suggested to play an important role since this 

enzyme activates eNOS by deacetylation in human vascular cells 

(Mattagajasingh et al., 2007). Further, it has been demonstrated that eNOS is 
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induced by CR in mice and human muscle (Civitarese et al., 2007; Nisoli et al., 

2005) being essential in the CR-induced mitochondrial biogenesis since in 

eNOS-/- mice this induction is blocked (Nisoli et al., 2005). 

The peroxisome proliferator-activated receptor gamma coactivator 1α (PGC1α) 

is the central factor involved in the regulation of mitochondrial mass and the 

adaptation to energy demand since this transcriptional coactivator stimulates 

mitochondrial biogenesis, regulates mitochondrial dynamics, modulates 

oxidative phosphorylation and controls mitochondrial genome copy number 

(Gouspillou et al., 2014; Handschin and Spiegelman, 2006). Importantly, AMPK 

and SIRT1, the two mainmajor metabolic sensors in cells, modulate directly are 

direct modulators of PGC1α activity through phosphorylation and deacetylation 

respectively (Jager et al., 2007; Nemoto et al., 2005). Thus, SIRT1 and AMPK 

modulating modulate PGC1α activity at the transcriptional and post-translational 

level (Martin-Montalvo and de Cabo, 2013) (Fig. 1). 

Into the sirtuins family, SIRT3, a member located in the mitochondria, seems to 

be very importanta very important role in the regulation of mitochondrial activity 

especially in fat metabolism (Kendrick et al., 2011). SIRT3 levels increase in 

skeletal muscle after CR and decrease under high-fat diet feeding indicating a 

regulation depending on the calorie intake (Palacios et al., 2009). SIRT3 has 

been also involved in the regulation by deacetylation of electron transport chain 

complex II activity (Kendrick et al., 2011), modulation of the activity of Mn-SOD 

(Qiu et al., 2010) or regulation of autophagy by deacetylation of FOXO3 (Kume 

et al., 2010). Furthermore, SIRT3 KO mice show repression of PGC1α down 

regulation and low levels of AMPK phosphorylation after CR indicating a key 
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role of this mitochondrial sirtuin in metabolic adaptation to calorie intake 

(Palacios et al., 2009). 

Interestingly, these mechanisms regulate each other in all the organisms 

studied in an evolutionary conserved response that avoids fruitless energy 

expenditure and use recycled structures to maintain organisms’ survival. 

Regulation of AMPK and mTOR controls energy metabolism. 

The cControl of mitochondrial biogenesis and turnover through AMPK and 

mTOR activities is key in the regulation cell metabolism and, in particular, 

mitochondria. AMPK stimulates cellular catabolism of sugars, proteins and 

lipids. AMPK inhibits by phosphorylation several anabolic enzymes such as 

acetyl-coenzyme A (CoA) carboxylase (ACC), glycerol phosphate acyl 

transferase (GAPT), 3-hydroxyl-3-methylglutaryl CoA reductase (HMGCR) and 

glycogen synthase (GS) affecting glycogen and lipid biosynthesis (Hardie et al., 

2012). At the same time, AMPK also inhibits the transcriptional activity of sterol 

regulatory element binding protein (SREBP) decreasing the expression of 

genes involved in fatty acid synthesis (Li et al., 2011). But, more importantly, 

AMPK also inhibits mTORC1 activity both directly (Gwinn et al., 2008) or 

indirectly (Inoki et al., 2003). 

One of the most important aspects of AMPK and mTORC1 regulation is their 

contrary effect on autophagy and mitophagy. Whereas mTORC1 negatively 

regulates autophagy through phosphorylating the mediators, unc-51-like kinase 

1/2 (ULK-1 and ULK-2), in inhibitory sites (Chan, 2009; Kim et al., 2011), AMPK 

positively regulates autophagy by phosphorylating these proteins in their 
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activating sites (Alers et al., 2012). In autophagy,The regulation of Forkhead 

box proteins (FoxO) plays an essentialalso an important role in mito- and 

autophagy. These proteins are a family of transcription factors playing key roles 

in the regulation of cell growth, proliferation, differentiation and longevity. FoxO 

are involved in the induction of several stress response genes (Goto and 

Takano, 2009) highlighting their importance in the induction of protective 

mechanisms in the organisms. In fact, the regulation of FoxO proteins during 

ageing and their modulation by metabolic regulators such as mTOR, AMPK and 

sirtuins have associated these proteins with the protective effect of CR, 

polyphenols or exercise against mitochondrial damage through by regulating 

autophagy and antioxidant protection preventing by these mechanisms the 

progression of ageing-related disease (Lopez-Lluch and Navas, 2015) (Lopez-

Lluch and Navas, 2016) (Fig. 1).

Mitochondrial activity and turnover are affected during ageing.

Mitochondria play a key role in the pathophysiology of ageing and in earlier 

stages of the events leading to the ageing phenotype (Gonzalez-Freire et al., 

2015). Some evidence indicate that ageing is associated with the accumulation 

of deficient mitochondria that produce a significant increase of ROS generation 

(Chistiakov et al., 2014; Merry, 2002). In human muscle, ageing is accompanied 

by a higher need of mitochondria to maintain the same respiratory capacity as 

in young people indicating decay in mitochondrial efficiency (Larsen et al., 

2012). Although the role of mitochondria as the mainmajor source of 

intracellular ROS production in ageing has been questioned during the last 
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years (Gram et al., 2015; Payne and Chinnery, 2015), most data suggest that 

there is an increase in oxidative damage in the elderly affecting senescence (Lu 

and Finkel, 2008), fertility declining (Benkhalifa et al., 2014), skin ageing 

(Kammeyer and Luiten, 2015), neutrophils’ activity (Kovalenko et al., 2014) or 

skeletal muscle (McDonagh, 2016). 

Due to the dual role of ROS as damaging and signalling factors, a moderate 

level of ROS production during life can be beneficial by inducing hormetic 

responses that reinforce the capacity of the organism to respond to stronger 

injury (Rattan, 2008). In model organisms, a recent study in Drosophila 

indicates that ROS increase with age as mitochondrial function deteriorates but 

high levels of ROS during the life of the organism seems to act as secondary 

messengers inducing endogenous protective mechanisms in the animals that 

can increase lifespan (Scialo et al., 2016). If ROS production is balanced with 

antioxidant enzymes, oxidative damage did not occur, but if these enzymes 

decay during aging, as has been found in different models (Rodriguez-Bies et 

al., 2015; Rodriguez-Bies et al., 2016; Tung et al., 2014; Tung et al., 2015b), 

oxidative damage accumulates.

In any case, evidence indicate that damaged mitochondria show low efficiency 

producing lower ATP and higher release of ROS through a deficient activity of 

the mitochondrial electron transport chain complexes. Near all the complexes of 

the mitochondrial electron transport chain are involved in ROS production and it 

has been recently shown that, the assembly of these complexes in 

supercomplexes seems to regulate ROS production (Goncalves et al., 2015). 

Thus, a progressive deterioration of supercomplexes in during ageing could be 
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the cause of an irreversible increase in ROS during ageingin older organisms 

(Genova and Lenaz, 2015). 

Accumulation of damaged mitochondria during ageing is also associated with 

the decline of the mitochondrial turnover through inhibiting mitophagy; a specific 

autophagy process that removes damaged mitochondria (Chistiakov et al., 

2014). The correct activity of the quality control of mitochondria is considered a 

crucial factor in counteracting ageing process (Weber and Reichert, 2010). 

Furthermore, rRenovation of the mitochondrial network plays a key role in 

health-span increase after CR (Lopez-Lluch et al., 2008) indicating that the 

control of the accumulation of damaged mitochondria is an important factor in 

the progression of ageing. In fact, prolongevity factors such as CR, exercise 

and polyphenols prevent the accumulation of damaged mitochondria at least in 

part by inducing mito- and autophagy (Lopez-Lluch and Navas, 2015) (Lopez-

Lluch and Navas, 2016) (Fig. 2). 

Another factor involved in the decay in mitochondrial turnover during ageing is 

the impairment of mitochondrial biogenesis, especially in high energy 

demanding tissues such as muscle, brain or heart (Conley et al., 2000; Short et 

al., 2005). As in the case of induction of autophagy, ageing delaying 

interventions such as CR, exercise or nutraceuticals as resveratrol also induce 

mitochondrial biogenesis in humans and other organisms (Baur et al., 2010; 

Feige et al., 2008; Rodriguez-Bies et al., 2015). Thus, it seems clear that 

maintenance of mitochondrial turnover removing ROS-producing damaged 

mitochondria at the same time that biogenesis produces new components is 

essential in the prolongevity effects of these factors.
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The bioenergetic state of the cell is directly related with the regulation of 

mitochondrial dynamics, ; the balance in fusion/fission processes occurring in 

the mitochondrial network. Mitochondrial fusion is associated with optimized 

mitochondria whereas fission is associated with damaged mitochondria and 

their removal by mito- or autophagy (Lopez-Lluch et al., 2008). Mitochondrial 

dynamics are regulated by a group of proteins that regulate fusion and fission in 

mitochondria. The mainmajor proteins involved in fusion are mitofusins 1 and 2 

(Mfn1 and Mfn2) and autosomal dominant optic atrophy-1 (OPA1) (Wai and 

Langer, 2016). All these proteins are large GTPases localized in mitochondria. 

Mitofusins are located at the outer membrane of mitochondria acting in the 

fusion process of these membranes whereas OPA1 is located in the 

intermembrane space and acts in the fusion of the inner membranes. Mfn2 is 

also associated in the connection between mitochondria and the endoplasmic 

reticulum (ER) playing a role in the development of endoplasmic reticulum (ER) 

stress and fat accumulation in conditions of metabolic stress (de Brito and 

Scorrano, 2008, 2009). 

Fission segregates components of the network that are irreversibly damaged or 

unnecessary for subsequent removal (Twig et al., 2008). The mainmajor 

proteins involved in mitochondrial fission are dynamin related protein 1 (DRP1) 

and fission protein 1 (FIS1). DRP1 is also a GTPase protein located mainly in 

the cytosol although a fraction is localized to punctate on mitochondria 

(Smirnova et al., 2001). DRP1 is recruited on the outer mitochondrial membrane 

by FIS1 which is already inserted in this membrane (Santel and Frank, 2008; 

Yoon et al., 2003). However, other factors such as mitochondrial fission factor 

(Mff) or mitochondrial dynamics proteins of 49 and 51 kDa (MiD49 and MiD51) 
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can also mediate DRP1 recruitment in absence of FIS1 (Loson et al., 2013; 

Shen et al., 2014), although mutations in FIS1 disrupt downstream 

mitochondrial degradation events indicating the importance of this protein in 

mitochondrial turnover (Shen et al., 2014). 

During ageing, the equilibrium of fusion and fission is disturbed producing the 

accumulation of damaged mitochondria. Blocking the fission process by 

depleting FIS1 or blocking DRP1 activity leads to cell senescence in human 

cells accompanied by the accumulation of damaged mitochondria showing 

lower mitochondrial potential and higher ROS production (Lee et al., 2007; Park 

et al., 2010). In fact, senescence has been associated with the accumulation of 

giant dysfunctional mitochondria characterized by highly interconnected 

networks and ultrastructural abnormalities in human lymphocytes and mice cells 

(Beregi and Regius, 1987) accompanied by higher production of ROS and 

lower mitochondrial respiratory activity (Yoon et al., 2006). These facts highlight 

the importance of a functional fission machinery to discard damaged 

mitochondria by autophagy or mitophagy (Gomes and Scorrano, 2008; Twig et 

al., 2008). 

It is not clear, how different morphologies affect mitochondrial function, although 

changes in mitochondrial shape during development suggest a close 

relationship between morphology and function. Placenta, skeletal muscle, 

vascular smooth cells and neurons suffer mitochondrial defects by deficiencies 

in mitochondrial dynamics (Chen and Chan, 2005). Further, RNAi studies have 

demonstrated an inverse relationship between fusion capacity and respiration 

rates mainly affecting complexes I, III and IV in mammals and humans (Chen et 

al., 2005). This effect is was reversed by restoring Mfn and OPA1 proteins and 
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was not a consequence of changes in biogenesis regulators such as PGC1α, 

indicating a direct relationship of mitochondrial dynamics and regulation of 

OXPHOS subunits activities (Chen et al., 2005). In other organs, defects in 

mitochondrial fusion/fission dynamics are also essential for the quality control of 

mitochondria in many age-related diseases as in the case of cardiac 

homeostasis and senescence (Biala et al., 2015), or in neurodegeneration and 

hypothalamic dysfunction (Zorzano and Claret, 2015). On the other hand, it has 

been recently proposed that a decrease in the levels of mitochondrial fission 

proteins can be an adaptive response to increase the resistance against 

oxidative stress promoting a resistance phenotype in response to a higher ROS 

production by mitochondrial dysfunction (Mai et al., 2010) or even a defensive 

response to maintain functional cell mitochondria (Chen and Chan, 2005). 

Thus, the decrease of fission process would allow mitochondria to escape 

autophagic degradation and then, to maintainmaintaining enough ATP 

production even with deficient mitochondria (Gomes and Scorrano, 2011). All 

these evidence found in mammals models and humans indicate that 

dysfunction in the control of mitochondrial dynamics can be associated with the 

accumulation of damaged mitochondria during ageing in different organs 

including adipose tissue. 

Accumulation of damaged mitochondria during ageing or by high-fat diet 

increases the production of ROS that can not only produce damage in 

molecules and structures but also modulate cell responses such as antioxidant 

response, removal of damaged molecules, induction of organelle turnover and 

regulation of mitochondrial activity (Ristow, 2014). This means that the balance 

between ROS production and the capacity of the cells to respond to ROS levels 
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could affect cell homeostasis during ageing. In fact, lLow levels of ROS have 

been also involved in the modulation of glucose metabolism and the increase in 

oxidative metabolism and stress resistance in CR conditions or after exercise 

indicating a role of ROS in the regulation of metabolism (Barbieri et al., 2013). 

Moreover, in a model of longevity in Drosophila it has been recently 

demonstrated that moderated levels of ROS can induce prolongevity effects 

(Scialo et al., 2016) by activating recycling mechanisms such as mitophagy and 

autophagy (Weber and Reichert, 2010). Although the ROS-dependent 

mechanisms involved in the increase of mitochondrial metabolism have to be 

clarified, it seems that the AMPK-dependent modulation of FoxO-dependent 

autophagy and PGC1α-regulated mitochondrial biogenesis are involved (Li et 

al., 2015). In resume, a moderate production of ROS accompanied by the 

maintenance of the capacity to respond to them is enough to maintain the 

population of mitochondria in a balanced status, creating new mitochondria and 

eliminating damaged components. 

Mitochondrial turnover can be regulated by different factors during 

ageing.

Control of mitochondrial dynamics including turnover seems to play an essential 

role in ageing. Multiple factors affect mitochondrial activity and many of them 

have been associated with cell senescence and ageing as has been recently 

reviewed (Ziegler et al., 2015). Control of mitochondrial dynamics including 

turnover seems to play an essential role in ageing. Unfortunately the factors 
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that control the change in mitochondrial dynamics during ageing have not been 

determined yet (Collins et al., 2002). The identification of these factors will be 

essential to understand if they are dysregulated during ageing or in pathological 

situations. Among them PGC1β can be one of the candidates since this 

transcription factor control basal mitochondrial biogenesis and stimulates 

mitochondrial fusion through the modulation of Mfn2 (Liesa et al., 2008) (Fig. 2). 

Another interesting candidate is the mitochondrial E3-ubiquitin ligase 1 (Mul1), 

a mitochondrial membrane protein showing different functions (Peng et al., 

2016). Mul1 acts as an ubiquitin-ligase that ubiquitinate proteins such as Mfn2, 

p53 or ULK1, leading to their degradation. Further, Mul1 also acts as small 

ubiquitin-like modifier (SUMO) E3-ligase, sumoylating other proteins such as 

DEP1 DRP1 enhancing its stabilization. Then, Mul1 controls mitochondrial 

dynamics by inducing fission at the same time that reduce fusion by inducing 

Mfn2 degradation (Peng et al., 2016). In fact, Mul1 has been associated with 

the fragmentation, depolarization and clearance of mitochondria through 

mitophagy in a mechanism regulated by FoxO (Lokireddy et al., 2012). 

Furthermore, the activity of this ubiquitin ligase has been recently associated 

with the maintenance of muscle mass (Palus et al., 2014). 

Further, SIRT3 also emerges as an important factor in the control of 

mitochondrial dynamics during ageing since it deacetylates OPA1 elevating its 

GTPase activity and then, increasing fusion processes (Samant et al., 2014). 

For further information, this mechanism and others have been recently reviewed 

in deep in its role in ageing and ageing-related diseases (Benigni et al., 2016). 
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Recent research has found another component in the control of cell metabolism 

and mitochondrial activity, sestrins. Sestrins are another highly conserved 

protein family encoded by genes known as Sens that are upregulated after 

environmental stress, hypoxia and DNA damage (Budanov and Karin, 2008). 

Whereas invertebrates’ genome contains only a single sens gene, vertebrates 

express three sestrins (Sens1-3). Their importance in metabolism regulation 

resides in their regulation of mTORC1 activity. Sestrins are able to bind AMPK 

activating it and, by this mechanism, repress mTORC1 activity (Budanov and 

Karin, 2008). The prolongevity effect of sestrins have been recently proposed 

after the experiments performed in dSens-deficient D. melanogaster (Lee et al., 

2010) and in C. elegans (Yang et al., 2013). In mice, these proteins have also 

been associated with the regulation of metabolism producing a prolongevity 

effect (Lee et al., 2012).

If sestrins expression decays during ageing, accumulation of damaged 

mitochondria will increase due to reduction of mito- or autophagy. In agreement 

with this hypothesis, it has been recently demonstrated that the protective effect 

of sestrins depends on the promotion of autophagic degradation of Keaps 1 and 

Nrf2 activation by inhibition of mTORC1 (Rhee and Bae, 2015) probably by 

eliminating damaged mitochondria as in the case of rat kidney cells (Ishihara et 

al., 2013). The same mechanism has been associated with the protective effect 

of sestrin2 in rodent dopaminergic neurons against rotenone toxicity (Hou et al., 

2015). Future research about these proteins and its role in the control of 

metabolism in muscle, adipose tissue and liver during ageing will clarify their 

importance in the accumulation of fat, especially in humans (Fig.2).
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Interestingly, other factors, such as mitochondrial signaling peptides have been 

recently described to mitochondrial homeostasis. Defects in mitochondrial 

activity activate a retrograde response that communicat mitochondrial 

dysfunction to nucleus through activation of AMPK/PGC1α signalling axis 

(Quiros et al., 2016). The short open reading frame found within the 

mitochondrial 12S rRNA known as MOTS-C (mitochondrial open reading frame 

of the 12S rRNA-c) appears mainly in skeletal muscle and activate AMPK (Lee 

et al., 2016). Interestingly, treatment with MOTS-C in mice prevent age-

dependent and high-fat diet induced insulin resistance and obesity indicating an 

important role of mitochondria in the control of fat metabolism probably 

producing prolongevity effects (Fuku et al., 2015; Lee et al., 2015). Other 

mitochondrial-derived peptide is humanin, a 24 aminoacid peptifde encoded 

within the 16S ribosomal RNA gene (Capt et al., 2016), this peptide has been 

proposed to produce strong cytoprotective actions against various stress and 

diseases (Lee et al., 2013a). Humanin has demonstrated protective capacity in 

age-related diseases such as T2DM and Alzheimer’s disease (Mahboobi et al., 

2014) and is able to restore mitochondrial function after oxidative injury in retinal 

pigment epithelial cells (Sreekumar et al., 2016). These peptides open a new 

field in the study of regulatory mechanisms involved in the regulation of 

mitochondrial homeostasis associated with ageing and bioenergetics.

Mitochondrial dysfunction is associated with age-dependent fat 

accumulation. 
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It seems clear that mitochondrial dysfunction is associated with ageing 

progression. A considerable body of evidence demonstrate that mitochondrial 

dysfunction also plays an important role in obesity and obesity-related diseases 

such as insulin resistance and fatty liver. Impaired mitochondrial function and 

dynamics have been associated with diet induced obesity mainly affecting liver 

and skeletal muscle (Putti et al., 2015). These dysfunctions have beenhave 

been regulated modulated by CR and exercise (Putti et al., 2015). Further, 

induction of mitochondrial dysfunction by blocking respiration or knocking down 

the mitochondrial transcription factor A induce insulin resistance in human 

adipocytes and affects the secretion of adiponectin in an effect attributed to the 

increase in ROS production by defective mitochondria (Wang et al., 2013). 

Regulators of mitochondrial activity and turnover such as sirtuins have been 

associated with the biogenesis of adipocytes. Very recently, a key role of SIRT1 

in hyperplasia, the increase of cell number, of adipocytes, has been suggested. 

Interestingly, hyperplasia has been also associated with dysregulation of 

metabolism in adipocytes and enhanced differentiation in adipocytes 

(Abdesselem et al., 2016). This indicates that SIRT1 is needed for a correct 

regulation of the adipose tissue function (Abdesselem et al., 2016).  

In relationship with mitochondrial dynamics, changes in the mitochondrial 

network have been associated with obesity-related diseases. Apart of the 

effects due to defects in Mfn1 and 2 found in neurons, skeletal muscle or 

monocytes by defects in Mfn1 and 2, a screen of differentially expressed genes 

from skeletal muscle of obese rats has identified Mfn2 as a suppressor of 

obesity (Bach et al., 2003). Further, conditions that increase energy expenditure 

such as cold exposure, chronic exercise or nutraceuticals as resveratrol are 
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associated with higher Mfn2 expression in skeletal muscle and brown adipose 

tissue in mice and humans (Cartoni et al., 2005; Dolinsky et al., 2013; Soriano 

et al., 2006). Interestingly, these conditions are known to induce SIRT1 that has 

been recently shown associated with the suppression ofto suppress 

mitochondrial dysfunction in a mouse model of ischemia by modulating Mfn2 

activity by deacetylation indicating a connection between SIRT1 and 

mitochondrial dynamics (Biel et al., 2016). On the other hand, higher 

mitochondrial fission has been also associated with fat accumulation in 

genetically induced obesity (ob/ob) mice or in high-fat induced obesity (Jheng et 

al., 2012) and with insulin resistance in the same mice model (Holmstrom et al., 

2012). 

Prolongevity CR mimetics such as rapamycin and metformin have also been 

proposed to modulate mitochondrial dynamics in obesity and age-related 

diseases (Mercken et al., 2012). Although rapamycin has been associated with 

the prevention of age-related diseases and the extension of lifespan in both, 

obese and lean mice (Liu et al., 2014) and to avoid hyperlipidemia and 

diabetes-like syndrome in aged obese rats (Scarpace et al., 2016), a recent 

paper indicate that rapamycin reduces lifespan in the obese db/db mice 

(Sataranatarajan et al., 2016). In the case of metformin, it has been associated 

with the prevention of sedentarism-dependent damages (Senesi et al., 2016). 

Further, metformin-dependent AMPK activation has recently demonstrated 

protection of mitochondria in huntington’s disease by affecting mitochondrial 

dynamics (Jin et al., 2016). These results demonstrate that these 

pharmaceuticals compouds are promising in modulation of mitochondrial activity 
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in ageing and obesity although more studies are needed to demonstrate their 

effectivity in mammals and humans.

. In T2DM and obese people abnormalities due to lower mitochondrial 

functionality have been shown. Interestingly, in these cases a transient increase 

in oxidative capacity was found in human liver at the same time that oxidative 

stress increases (Koliaki and Roden, 2016). These changes have been 

associated with the increase in mitochondrial fragmentation and down 

regulation of fusion-regulatory factors associated with impaired bioenergetics in 

human muscle (Bach et al., 2005). Reduced expression of Mfn2 has been 

found in skeletal muscle in both, obese and T2DM patients (Bach et al., 2005). 

Lower levels of Mfn2 have been associated with the fragmentation of the 

mitochondrial network and the decrease of membrane potential in rat skeletal 

muscle (Pich et al., 2005). This reduction is directly proportional to BMI and 

inversely proportional to insulin response (Pich et al., 2005). Mfn2 depleted rat 

muscle cells show a reduced proton leak and lower bioenergetics efficiency 

indicated by lower glucose oxidation and mitochondrial respiration (Bach et al., 

2003). This lower bioenergetics efficiency due to Mfn2 loss of function has been 

associated with the development of obesity by reducing energy expenditure and 

increasing fat energy store in mammals and humans (Liesa et al., 2009). On the 

other hand, physical exercise increases Mfn1 and 2 in human skeletal muscle 

indicating the importance of mitochondrial dynamics in the bioenergetic 

response of mitochondria to energy requirements (Cartoni et al., 2005). 

Recently, pProhibitin has been recently  linked to the regulation of mitochondrial 

activity and the development of obesity. Prohibitin is a complex of two proteins, 

PHB-1 and PHB-2, that has been associated with longevity in studies carried 



23

out in worms (Lourenco et al., 2015). Prohibitins are ubiquitous, evolutionary 

conserved proteins that form a ring-like complex at the inner membrane of the 

mitochondria (Artal-Sanz and Tavernarakis, 2009). They have been associated 

with mitochondrial fusion by stabilizing OPA1 that mediates inner membrane 

fusion and cristae morphogenesis. However, the exact function of this complex 

in mitochondria is not completely clear although it has been associated with 

mitochondrial function, fat metabolism and oxidative stress response in mice 

(Theiss et al., 2009). Interestingly, overexpression of prohibitin in adipocytes 

produces the development of obesity in mice accompanied by the induction of 

mitochondrial biogenesis (Ande et al., 2014). This effect contrasts with the 

higher mitochondrial fission associated with fat accumulation in obese mice 

(Jheng et al., 2012). On the other hand, downregulation of PHB by microRNA-

27a and 27b resulted in impaired mitochondrial biogenesis and structure 

integrity, lower activity of complex I and higher ROS production in adipose-

derived stem cells (Kang et al., 2013). Moreover, inactivation of PHB-2 in mice 

brain affects mitochondrial structure and activity resulting in neurodegeneration 

by hyperphosphorylation of Tau (Merkwirth et al., 2012) or alters beta-cell 

function in pancreas producing diabetes (Supale et al., 2013). All these facts 

highlight the importance of a balanced mitochondrial dynamics in the physiology 

adipose and other tissues and the complex regulation of the different factors 

involved in mitochondrial fusion and fission. Further studies are needed to 

understand how this balance is controlled and how ageing can affect it 

producing a cascade of events leading to the age-related diseases associated 

with fat accumulation. 
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Regarding sestrins, transgenic mice deficient in Sens2 and Sens3 genes have 

demonstrated the important role of these proteins in the suppression of age and 

obesity-associated mitochondrial disorders (Bae et al., 2013; Lee et al., 2012). 

Sesn2 KO mice show glucose intolerance, lower insulin response and 

development of hepatosteatosis (Lee et al., 2013b; Lee et al., 2012). On the 

other hand, Sens3 has been recently associated with the activation of mTORC2 

and Akt phosphorylation enhancing insulin sensitivity and glucose metabolism 

in mice (Tao et al., 2015). It has been suggested that hypernutrition and lack of 

exercise can induce chronic mTORC1 activation that is accompanied by Sesn2 

up-regulation in order to control the excessive activity of mTORC1 (Lee et al., 

2010). Other studies carried out in rats proposed that sestrins-dependent 

mTORC1 inactivation through AMPK induction is critical in the maintenance of 

autophagy and, then, the elimination of dysfunctional mitochondria (Ishihara et 

al., 2013). Interestingly, sestrins are also regulated by oxidative stress through 

p53, NRF-2, AP-1 and FOXO and they regulate several components that 

reduce ROS production, increase mitochondrial biogenesis and induce 

mitophagy increasing the efficiency of oxidative metabolism in mice (Lee et al., 

2013b). 

All these evidences suggest that sestrins could be considered key factors in the 

control of mitochondrial homeostasis in ageing and obesity and probably T2DM. 

Research performed in invertebrates demonstrate that the inactivation of 

sestrins results in metabolic pathologies that include oxidative damage, 

mitochondrial dysfunction and fat accumulation (Lee et al., 2013b). However, to 

date there is no information available about the activity of sestrins in adipose 

tissue and its behaviour during ageing. Indirect evidences indicate a putative 
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role of this family of proteins in fat accumulation. Resveratrol (RSV), a 

polyphenol that prevents lipid accumulation in liver, blocks Liver X receptor 

(LXRα)-mediated hepatic lipogenesis by inducing Sens2 gene (Jin et al., 2013), 

indicating a putative role of this family of proteins in fat accumulation. LXRα is a 

transcription factor that modulates lipid synthesis in liver (Joseph et al., 2002) 

and regulates insulin-stimulated lipogenesis (Chen et al., 2004). LXRα induces 

the expression of fatty acid synthesis (FAS), acetyl-CoA carboxylase (ACC) and 

sterol regulatory element binding protein 1c (SREBP-1c) (Grefhorst et al., 2002; 

Repa et al., 2000). Therefore, the Sens2-dependent repression of LXRα 

induced by RSV would indicate a key role of these proteins in fat accumulation 

during ageing. 

Do sestrins affect fat accumulation and modulate mitochondrial activity and 

turnover during ageing? No information is available to date. However, the above 

indicated evidences point to these proteins as putative key regulators. In fact, 

although no studies have been performed yet in humans, the activity of sestrins 

has been recently suggested in the effect of exercise to prevent sarcopenia, 

frailty and obesity in the elderly (Sanchis-Gomar, 2013). 

All these reports indicate that there is a downregulation of fusion in 

mitochondria in obesity related diseases. When fat accumulates, mitochondrial 

activity can decrease by increasing fission processes and accumulating then, 

low potential small mitochondria. This response is opposite to the behaviour 

found during ageing in which mitochondrial network tends to increase by 

inducing fusion in a response that probably is triggered to maintain the capacity 
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of mitochondria (Fig. 2). It is probable that the incapacity to control 

mitochondrial dynamics during ageing, when fat accumulates in WAT, liver or 

muscle, produces the accumulation of damaged mitochondria and the resulting 

consequences as metabolism unbalance, insulin resistance or oxidative stress.

Role of sestrins in mitochondrial regulation. A role in ageing-dependent 

fat accumulation?

Recent research has found another component in the control of cell metabolism 

and mitochondrial activity, sestrins. Sestrins are another highly conserved 

protein family encoded by genes known as Sens that are upregulated after 

environmental stress, hypoxia and DNA damage (Budanov and Karin, 2008). 

Whereas invertebrates’ genome contains only a single sens gene, vertebrates 

express three sestrins (Sens1-3). Their importance in metabolism regulation 

resides in their regulation of mTORC1 activity. Sestrins are able to bind AMPK 

activating it and, by this mechanism, repress mTORC1 activity (Budanov and 

Karin, 2008). 

The prolongevity effect of sestrins have been recently proposed after the 

experiments performed in dSens-deficient D. melanogaster (Lee et al., 2010) 

and in C. elegans (Yang et al., 2013). In mice, these proteins have been 

associated with the regulation of metabolism producing a prolongevity effect. 

Transgenic mice deficient in Sens2 and Sens3 genes have demonstrated the 

important role of these proteins in the suppression of age and obesity-

associated mitochondrial disorders (Bae et al., 2013; Lee et al., 2012). Sesn2 

KO mice show glucose intolerance, lower insulin response and development of 
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hepatosteatosis (Lee et al., 2013b; Lee et al., 2012).On the other hand, Sens3 

has been recently associated with the activation of mTORC2 and Akt 

phosphorylation enhancing insulin sensitivity and glucose metabolism in mice 

(Tao et al., 2015). It has been suggested that hypernutrition and lack of 

exercise can induce chronic mTORC1 activation that is accompanied by Sesn2 

up-regulation in order to control the excessive activity of mTORC1 (Lee et al., 

2010). On the other hand, other studies carried out in rats proposed that 

sestrins-dependent mTORC1 inactivation through AMPK induction is critical in 

the maintenance of autophagy and, then, the elimination of dysfunctional 

mitochondria (Ishihara et al., 2013). Interestingly, sestrins are also regulated by 

oxidative stress through p53, NRF-2, AP-1 and FOXO and they regulate several 

components that reduce ROS production, increase mitochondrial biogenesis 

and induce mitophagy increasing the efficiency of oxidative metabolism in mice 

(Lee et al., 2013b). 

All these evidences suggest that sestrins could be considered key factors in the 

control of mitochondrial homeostasis in ageing and obesity and probably T2DM. 

Research performed in invertebrates demonstrate that the inactivation of 

sestrins results in metabolic pathologies that include oxidative damage, 

mitochondrial dysfunction and fat accumulation (Lee et al., 2013b). However, to 

date there is no information available about the activity of sestrins in adipose 

tissue and its behaviour during ageing. Indirect evidences indicate a putative 

role of this family of proteins in fat accumulation. Resveratrol (RSV), a 

polyphenol that prevents lipid accumulation in liver, blocks Liver X receptor 

(LXRα)-mediated hepatic lipogenesis by inducing Sens2 gene (Jin et al., 2013), 

indicate a putative role of this family of proteins in fat accumulation. LXRα is a 
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transcription factor that modulates lipid synthesis in liver (Joseph et al., 2002) 

and regulates insulin-stimulated lipogenesis (Chen et al., 2004). LXRα induces 

the expression of fatty acid synthesis (FAS), acetyl-CoA carboxylase (ACC) and 

sterol regulatory element binding protein 1c (SREBP-1c) (Grefhorst et al., 2002; 

Repa et al., 2000). Then, the Sens2-dependent repression of LXRα induced by 

RSV would indicate a key role of these proteins in fat accumulation during 

ageing. 

Do sestrins affect fat accumulation and modulate mitochondrial activity and 

turnover during ageing? No information is available to date. However, the above 

indicated evidences point to these proteins as putative key regulators. In fact, 

although no studies have been performed yet in humans, the activity of sestrins 

has been recently suggested in the effect of exercise to prevent sarcopenia, 

frailty and obesity in the elderly (Sanchis-Gomar, 2013). If sestrins expression 

decays during ageing, accumulation of damaged mitochondria will increase due 

to reduction of mito- or autophagy. In agreement with this hypothesis, it has 

been recently demonstrated that the protective effect of sestrins depends on the 

promotion of autophagic degradation of Keaps 1 and Nrf2 activation by 

inhibition of mTORC1 (Rhee and Bae, 2015) probably by eliminating damaged 

mitochondria as in the case of rat kidney cells (Ishihara et al., 2013). The same 

mechanism has been associated with the protective effect of sestrin2 in rodent 

dopaminergic neurons against rotenone toxicity (Hou et al., 2015). Future 

research about these proteins and its role in the control of metabolism in 

muscle, adipose tissue and liver during ageing will clarify their importance in the 

accumulation of fat, especially in humans (Fig.2). 
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Metabolic syndrome, fat accumulation and mitochondria. 

Obesity and T2DM are considered age-related diseases. In several of the 

models studied including rodents and humans, these diseases are associated 

with mitochondrial dysfunction indicated by low expression of mtDNA and 

reduction of the levels of proteins involved in oxidative phosphorylation 

(OXPHOS). Thus, mitochondrial dysfunction has been described in the main 

organs involved in the development of metabolic syndrome during ageing such 

as muscle, liver and adipose tissue (Patti and Corvera, 2010).

The increase in fat mass is one of the major determinants of insulin resistance 

(Larson-Meyer et al., 2006). In humans, it has been shown that insulin 

resistance is responsible of the increase of lipids in liver and skeletal muscle 

and the decrease of the capacity of adipose tissue to store lipids (Toledo and 

Goodpaster, 2013). On the other hand, deficiency in mitochondrial activity in 

muscle is associated with obesity and T2DM. These mitochondrial deficiencies 

include reduction of fatty acid oxidation, lower expression of genes involved in 

oxidative activity and decrease of electron transport chain activities (Mootha et 

al., 2003; Patti and Corvera, 2010; Simoneau et al., 1999; Toledo and 

Goodpaster, 2013). Further, alterations in mitochondrial dynamics and in 

particular in Mfn2, have been associated with a reduced mitochondrial function 

in skeletal muscle in obesity and T2DM (Zorzano et al., 2009) and recently 

aberrant mitochondrial fission has been also associated with insulin resistance 

in mouse skeletal muscle (Jheng et al., 2012). The deficiency in the capacity of 

mitochondria to metabolize lipids has been proposed to predispose WAT and 

skeletal muscle to accumulate lipids and then, to the impairment development 

of insulin resistance (Lowell and Shulman, 2005). However, other studies 
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performed in rats suggested that insulin resistance is accompanied by an 

increase in mitochondrial content and an increase in oxidation of lipids (Dela 

and Helge, 2013; Garcia-Roves et al., 2007; Hancock et al., 2008; Turner et al., 

2007). These discrepancies indicate that the role of mitochondria in muscle in 

high-fat diet induced T2DM is not completely clear. Probably, the accumulation 

of fat in muscle induces a higher oxidative metabolism based on fatty acids 

catabolism but this can be accompanied by the increase of mitochondria 

including damaged and ROS-producing structures that accumulate by a 

deficient mitochondrial turnover and fusion/fission mechanisms. In fact, it has 

been shown that, in both, rodents and humans, skeletal muscle from high-fat 

fed conditions show higher H2O2-mitochondrial production affecting the redox 

state of the cells but without changes in the mitochondrial respiratory function 

(Anderson et al., 2009). Further experiments performed in rats demonstrated 

that exposure to prepregnancy maternal obesity impairs the activity of factors 

involved in mitochondrial dynamics in the offspring (Borengasser et al., 2014). 

The accumulation of damaged mitochondria would explain the increase of ROS 

in skeletal muscle associated with insulin resistance of obese individuals and 

the appearance of T2DM and muscle malfunction during normal ageing as 

results of the deteriorated physiology of the organs (Barbieri et al., 2013). In 

fact, the elucidation of the mechanisms affecting mitochondrial dynamics in 

skeletal muscle from obese people has been suggested to be essential to 

understand muscle insulin resistance and to find therapeutic targets (Jheng et 

al., 2015).

On the other hand, obesity is associated with the impairment of the ability to 

transit between fatty acid and glucose metabolism. This impairment is known as 
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“metabolic inflexibility” (Griffin et al., 2015), that is present in obese people since 

they are able to oxidize lipids in insulin-stimulated conditions instead to 

metabolize glucose being mitochondria the key organelles affecting this 

incapacity (Storlien et al., 2004). 

Among the regulators of metabolism, AMPK seems to be the key component in 

the progression of metabolic syndrome and insulin resistance in WAT. 

Phosphorylated AMPK modulates the activity of many downstream substrates 

resulting in the increase in lipid oxidation and the uptake of glucose (Jager et 

al., 2007). Moreover, deficiency in AMPK results in glucose intolerance, lower 

physical capacity and obesity; symptoms of metabolic disease (Steinberg et al., 

2010). Taken into consideration the central role of AMPK in the control of 

metabolism and mitochondria (Burkewitz et al., 2014), modification of levels or 

activity of AMPK could explain the deterioration of adipose tissue physiology 

during ageing. Regarding this aspect, a new regulator of AMPK, prolyl 

isomerase, Pin1, has been shown to rise in high fat state in mouse liver 

(Nakatsu et al., 2011). This increase is associated with the accumulation of fat 

since in Pin1 KO mice, a high fat diet-induced obesity resistant phenotype has 

been described (Nakatsu et al., 2015). Interestingly, the deregulation of Pin1 

has been also implied in ageing and age-related diseases (Lee et al., 2011). 

Taken into consideration the plasticity of mitochondria and the complex 

relationship between the different regulators of mitochondrial dynamics and 

turnover, the study of the control of these regulators during ageing and fat 

overloading must be studied in deep to design efficient strategies against 

ageing-related diseases caused by deficient fat metabolism.
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Inflammation and lipid accumulation. 

Another important fact to be taken into consideration in the accumulation of fat 

during ageing is the proinflammatory status that accompanies obesity. It is 

known that visceral fat is an important source of proinflammatory cytokines 

contributing to insulin resistance. In this process, the activation of different 

forms of inflammasome is one of the key factors. Nod-like receptors (NLRs) are 

an evolutionary conserved family of cytoplasmic receptors whose function is to 

recognize pathogen- and danger-associated molecular patterns (PAMPs and 

DAMPs). These receptors form multimeric protein complexes that bind to a 

caspase activation and recruitment domain (CARD) and caspase 1 (Casp-1). 

After recognizing PAMPs or DAMPs, Casp-1 is activated and catalyses the 

transformation of proinflammatory cytokines to their mature forms (Lupfer and 

Kanneganti, 2012). The release of danger signals from mitochondria promotes 

the formation of inflammasomes. In fact, mitochondria is considered a central 

regulator of NLRP3 inflammasome activation through ROS, Ca2+, decrease of 

NAD+, Mfn or mitochondrial DNA (Gurung et al., 2015). In patients with 

diabetes, the inhibition of autophagy results in the accumulation of dysfunctional 

mitochondria leading to higher ROS production and activating inflammasome 

(Harijith et al., 2014). On the other hand, Casp-1 activates several pathways 

that precipitate mitochondrial disassembly, increase ROS production and 

breaks up mitochondrial network, triggering a vicious cycle in which 

mitochondrial dysfunction activates inflammasome and Casp-1 induces 

mitochondrial dysfunction (Yu et al., 2014). Prolongevity effectors such as CR 

or resveratrol would reduce NLRP3-inflammasome activation preventing the 

activation of this vicious cycle. In fact, we have recently found that NLRP3 
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activity increases in mouse liver during ageing but this activity is inhibited by 

RSV probably by reducing the level of oxidative stress increasing the 

mitochondrial turnover and eliminating by this mechanism ROS-producing 

deficient mitochondria (Baur et al., 2006; Tung et al., 2015a). 

Recently, a relationship between lipid accumulation in liver and inflammasome 

complex activity has been suggested. Lipogenesis in liver is modulated by sterol 

regulatory element binding proteins (SREBPs). These proteins are activated by 

hepatitis C virus and induce the accumulation of lipid droplets probably by 

activation of the NLRP3-inflammasome complex (McRae et al., 2015). 

Moreover, chronically overactive inflammasome activity and production of IL-1β 

has been associated with the abnormal lipid accumulation in old rat liver 

resulting in steatohepatitis (Chung et al., 2015). The activity of inflammasome 

has been associated with dysregulation of PPARα and SREBP1c (Chung et al., 

2015). Furthermore, a NLRP3 KO mice model has demonstrated that the 

activity of this inflammasome is essential in the development of high-fat diet-

induced obesity and in the development of insulin resistance (Stienstra et al., 

2011). On the other hand, the increase of the levels of proinflammatory 

cytokines such as TNF-α and IL-6 found in obesity produce inhibitory effects on 

Mfn2 expression in human cultured cells (Bach et al., 2005) probably inducing a 

dysfunction in mitochondrial homeostasis.

These studies suggest that mitochondria can be on the origin of the 

overactivation of inflammasome in liver and other organs and then, 

accumulation of fat and development of steatohepatitis. Obesity is, at the same 

time, responsible of the maintenance of a chronic inflammatory status producing 

a vicious cycle. Furthermore, the inflammasome activation in fat tissues will 
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trigger fat cell senescence, a phenomenon connected with the senescence-

associated secretory phenotype (SASP) (Newsholme and de Bittencourt, 2014). 

Then, fat accumulation would promote inflammasome associated SASP that 

would induce cellular senescence in other tissues of the organism aggravating 

by this mechanism the obesity-dependent chronic inflammation in another 

vicious cycle (Newsholme and de Bittencourt, 2014) (Fig.3). 

Does fat accumulation and mitochondrial dysfunction depend on sexual 

hormones?

In humans, fat deposits depend on the gender of the individual (Palmer and 

Clegg, 2015). Men tend to accumulate visceral fat whereas women accrue more 

subcutaneous depots prior to menopause but, after menopause, fat depots in 

women shift to visceral depots (Palmer and Clegg, 2015). The cause of this 

difference resides in sexual hormones. Oestrogens and their receptors favour 

lipid accumulation in subcutaneous depot in women but visceral fat deposition 

in men. The differences in the metabolism of visceral and subcutaneous fat has 

been related to a higher risk of metabolic syndrome in men than in women due 

to a higher free fatty acid production in visceral fat than in subcutaneous fat 

(Palmer and Clegg, 2015). This will explain why women, with higher levels of 

subcutaneous fat, show less risk for diseases associated with obesity than men 

that show higher levels of visceral fat deposition. Visceral fat accumulation is 

associated with many age-related diseases (Huffman and Barzilai, 2009) 

accompanied by the accumulation of fat in tissues such as the heart, liver and 
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skeletal muscle which increases risk for insulin resistance and cardiovascular 

disease (Kuk et al., 2009).

Some data indicate that oestrogens control the accumulation of fat during 

ageing. In premenopausal women, oestrogens protect against weight gain by 

increasing energy expenditure, whereas postmenopausal women gain weight 

by the natural decrease in endogenous estradiol levels (Gambacciani et al., 

1997). These reductions can be prevented by oestrogen replacement therapy, 

indicating a direct relationship between the levels of these hormones and 

metabolic control and probably mitochondrial activity (Gambacciani et al., 

1997). In men, the decrease in testosterone levels can be responsible of the 

increase of adiposity and fat accumulation in non-adipose tissue during ageing 

(Mudali and Dobs, 2004). In a similar response that women, testosterone 

therapy in men prevents the gain in visceral fat in non-obese ageing men (Allan 

et al., 2008). 

Another interesting paper has associated the accumulation of fat during ageing 

with higher levels of follicle-stimulating hormone (FSH) in both men and women 

(Liu et al., 2015). In this paper, authors indicate that the increase of this 

hormone not only is responsible for fat accumulation but also affects fat 

redistribution from subcutaneous and abdominal fat to visceral fat, a fact 

associated with ageing (Zamboni et al., 2005). The accumulation of fat in heart, 

liver and skeletal muscle during ageing has been also attributed to the FSH rise 

since skeletal muscle and liver also express FSH-receptor (Liu et al., 2015). 

Changes in oestrogens levels can also modulate the genetic expression of 

mitochondrial factors and then, be also responsible of mitochondrial dysfunction 
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effect in fat accumulation during ageing (Vasconsuelo et al., 2013). It has been 

proposed that estradiol and testosterone affect mitochondria during ageing 

through receptors located even in mitochondria. These oestrogens would 

directly regulate nuclear DNA-encoded proteins and mitochondrial transcription 

factors affecting by this mechanism mitochondrial biogenesis (Vasconsuelo et 

al., 2013). It has been also proposed that mitochondrial genome contains 

sequences that are similar to those of nuclear hormone-responsive elements 

(Sekeris, 1990). In fact, these elements have been found in mtDNA 

accompanied by oestrogen and androgen receptors (Demonacos et al., 1995; 

Demonacos et al., 1996). The appropriate receptors can interact with these 

sequences to induce hormone-dependent mitochondrial gene expression 

(Psarra et al., 2006). In agreement with this, oestrogens and androgens can 

affect the transcription of mitochondria OXPHOS components (Scheller et al., 

2003). Furthermore, tThese hormone-responsible elements are also found in 

nuclear gene encoding mitochondrial transcription factors that also modulate 

OXPHOS gene expression (Psarra et al., 2006). 

Changes in oestrogens during ageing can also affect directly the activity of 

regulators of mitochondria. In rats, a model of menopause by using 

ovariectomization suggested that reduction of oestrogens produced the 

decrease of PGC1α expression and the reduction of β-oxidation in muscle 

(Cavalcanti-de-Albuquerque et al., 2014). This suggests that an oestrogen-

dependent effect can induce accumulation of fat and probably insulin resistance 

in muscle. 

Despite these reports, a question remains to be answered,answered; can 

mitochondrial dysfunction be a response to the reduction of sexual hormones 
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during ageing? Low levels of oestrogens decrease PGC1α expression 

indicating a putative decrease in mitochondrial biogenesis (Cavalcanti-de-

Albuquerque et al., 2014). Further, mitochondrial dynamics are also regulated 

by these hormones. In the human breast cancer cell line MCF-7, the mRNA 

levels of mitochondrial fusion genes increase during estradiol treatment 

whereas FIS1 gene expression decreases (Sastre-Serra et al., 2012). In these 

cells, estradiol treatment also induced mitochondrial biogenesis (Sastre-Serra et 

al., 2012). The same effect was found in other breast cancer cell lines (Sastre-

Serra et al., 2013). Further, in rat models, the expression of prohibitins 

responds to the levels of oestrogens in WAT. The level of prohibitins were 

stimulated by estradiol in WAT and liver in both, controls and high-fat fed rats 

(Choi et al., 2015). Studies performed in other tissues demonstrated that 

prohibitin genes are induced by oestrogen receptors (He et al., 2011). Taken 

into consideration the role of all these proteins in the fusion process in 

mitochondria, it is clear that modifications in the levels of sexual hormones 

during ageing will affect mitochondrial dynamics and probably affect the 

accumulation of damaged mitochondria in adipocytes and other fat-

accumulating organs. The relationship between oestrogen levels, ageing and 

mitochondrial activity in fat must be further studied (Fig.4). 

Mitochondrial function in POMC neurons and its effect on the control of 

satiety. 

Satiety and hunger is controlled by neuropeptide-Y (NPY), agouti-related 

protein (Agrp) and pro-opiomelanocortin (POMC) neurons located in the arcuate 
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nucleus of the hypothalamus. Both obesity and ageing are associated with 

rewiring of a principal brain pathway modulating energy homeostasis through 

promoting reduced activity of satiety pro-opiomelanocortin (POMC) neurons. It 

has been suggested that the activity of these neurons is importantly affected by 

mitochondrial dynamics (Nasrallah and Horvath, 2014). In studies performed in 

mice it has been demonstrated that mitochondrial fusion increases in orexigenic 

NPY/Agrp neurons inducing neuronal activity that control the storage of excess 

of energy in fat when mice are fed with high-fat diet (Dietrich et al., 2013). The 

activity of these neurons is impaired when the mitochondrial fusion mechanism 

is altered producing resistance to fat gain during high fat diet (Dietrich et al., 

2013). However, the depletion of Mfn2 in the anorexigenic POMC neurons 

causes severe obesity and leptin resistance probably by affecting ER-stress 

(Schneeberger et al., 2013). Moreover, a dysregulation of the control of 

mitochondrial activity and turnover could be also associated with dysfunctions in 

the control of satiety. A recent paper indicates that mTOR activity is elevated in 

POMC neurons in aged mice. This increase produces cell hypertrophy that the 

authors associate with obesity-related deterioration of POMC neurons (Yang et 

al., 2012). On the contrary, the inhibition of mTOR in these neurons caused 

reduction of food intake and weight loss in old mice indicating the importance of 

this regulator in satiety control (Yang et al., 2012). These and other results 

suggest that mitochondrial dynamics in NPY/Agrp and POMC neurons also play 

an important role in the regulation of the energy balance and in diet and age-

related obesity. 

Concluding remarks. 
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Many evidences indicate that mitochondrial dysfunction is associated with the 

development of obesity and the appearance and progression of age-related 

diseases (Fig.5). Regulators of metabolism such as mTOR, AMPK and sirtuins 

are involved in this effect and the complex equilibrium between their activities 

modulates mitochondrial biogenesis, dynamics and turnover. This regulation is 

affected by sexual hormones that change during ageing and probably the 

reduction of oestrogens is one of the key factors involved in mitochondrial 

dysfunction and fat accumulation in humans. During ageing a tendency to 

increase fusion in mitochondria has been reported in order to maintain 

mitochondrial activity; however, fat accumulation induces a higher activity of 

fission mechanisms promoting the accumulation of small and less efficient 

mitochondria. Probably these two opposite processes end in the accumulation 

of damaged mitochondria that increase oxidative damage that contribute to the 

appearance and impairment of insulin resistance, metabolic dysfunction and the 

release of proinflammatory mediators. In a vicious cycle, insulin resistance and 

proinflammatory cytokines promote more damage in mitochondria. The study of 

the response of these metabolic regulators to prolongevity effectors such as 

CR, polyphenols nutra- and pharmaceuticals or exercise and the role of new 

modulators such as prohibitins or sestrins in ageing progression will help us to 

develop therapeutic strategies to delay the damaging effect of fat accumulation 

during ageing. 
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Figure legends. 

Graphical abstract. Mitochondrial homeostasis is basic to maintain a balanced 

metabolic activity in fat accumulating tissues including adipose tissue, muscle 

and liver. Ageing and the decay of oestrogens produce an unbalance in 

mitochondrial homeostasis causing the accumulation of damaged mitochondria 

as giant or small and damaged mitochondria. Decay of mito- and autophagy 

processes is also affected. These events produce the reduction of respiration, 

membrane potential and the increase of reactive oxygen species. Prolongevity 

factors such as calorie restriction, exercise or several nutraceutical such as 

polyphenols can reduce mitochondrial dysfunction by maintaining mitochondrial 

biogenesis, fusion/fission balance and mito- and autophagy during ageing 

preventing then fat accumulation. 

Fig. 1. Molecular mechanisms involved in the maintenance of 

mitochondrial lipid metabolism. Two main major systems are involved in the 

control of metabolism in cells: mTOR and AMPK/SIRT. High fat diets, fat 

accumulation of T2DM activates mTORC1 that reduces lipid consumption by 

affecting mitochondrial biogenesis, turnover and dynamics through inhibiting 

PGC1α. On the other hand, effectors such as CR, exercise of polyphenols 

activate AMPK/SIRT that inhibit mTORC1 and induce mitochondrial biogenesis 

through PGC1α and mitophagy maintaining a mitochondrial balanced activity. 

Fig. 2. Mitochondrial dynamics during fat accumulation and ageing. 

Balanced mitochondrial activity maintains a control of mitochondrial population 

by fusion/fission balance regulated by Mfn1 and 2, OPA1 and prohibitins 

(fusion) and DRP1 and FIS1 (fission) cooperation and the biogenesis of the 
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components of mitochondria. A dysfunction in these factors can cause the 

accumulation of giant mitochondria in ageing or small and damaged 

mitochondria that increase ROS production by decreasing fusion mechanisms 

and blocking autophagy processes. Regulation of these processes by AMPK 

and mTOR1 regulate these processes. 

Fig 3. Role of the inflammasome in fat accumulation during ageing. 

Mitochondrial dysfunction produces NLRP3 inflammasome activation by 

increasing ROS that acts as Damage-activating molecular pattern. This 

activation is associated with cell senescence and SASP and the evolution of 

hepatosteatosis, obesity and T2DM. 

Fig 4. Hormonal control of mitochondrial activity can affect fat 

accumulation. Age-dependent oestrogen decay will affect mitochondrial 

dynamics by decreasing mitochondrial fusion and PGC1α activity. This will 

produce mitochondrial dysfunction. At the same time, the increase of FSH found 

in aged individuals will contribute to the accumulation of visceral fat that, in a 

vicious cycle, will contribute to higher mitochondrial dysfunction by inhibiting 

mito- and autophagy through mTORC1 activity as bas been indicated in Fig. 2. 

Visceral fat accumulation is associated with the appearance and impairment of 

T2DM, evolution of hepatosteatosis and obesity.

Fig. 5. Mitochondrial dysfunction is at the centre of the regulation of fat 

metabolism during ageing. The balanced activity of mitochondria is essential 

to control satiety and prevent the appearance and progression of T2DM, obesity 

and inflammation, hallmarks of age-dependent accumulation of fat. Ageing, high 

fat diet and sexual hormones decay causes mitochondrial dysfunction whereas 
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prolongevity interventions such as calorie restriction, exercise and diet rich in 

nutraceuticals prevent mitochondrial decay and improve the progression of 

ageing and fat accumulation during ageing. 
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