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Abstract:

 Reactive oxygen species (ROS) are wieldy accepted as one of the main factors of the aging process. These highly reactive compounds modify nucleic acids, proteins and lipids and affect the functionality of mitochondria in the first case and ultimately of the cell. Any agent or genetic modification that affects ROS production and detoxification can be expected to influence longevity. On the other hand, genetic manipulations leading to increased longevity can be expected to involve cellular changes that affect ROS metabolism. The 66-kDa isoform of the growth factor adaptor Shc (p66Shc) has been recognized as a relevant factor to the oxygen radical theory of aging. The most recent data indicate that p66Shc protein regulates life span in mammals and its phosphorylation on serine 36 is important for the initiation of cell death upon oxidative stress. Moreover, there is strong evidence that apart from aging, p66Shc may be implicated in many oxidative stress-associated pathologies, such as diabetes, mitochondrial and neurodegenerative disorders and tumorigenesis. This article summarizes recent knowledge about the role of p66Shc in aging and senescence and how this protein can influence ROS production and detoxification, focusing on studies performed on skin and skin fibroblasts.
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1. Introduction

A broad body of evidence describes the tissue-specific thresholds of reactive oxygen species (ROS) which, if surpassed, exert oxidative stress. Harman’s free radical theory of aging, proposes that an uncontrolled increase of ROS results in oxidative damage of fundamental cellular components such as proteins, phospholipids and DNA [1]. Accumulation of such damages has a negative impact on the functions of tissues and organs, leading to aging and various pathologies. Both, oxidative and genetic-related defects of the mitochondrial respiratory chain, age-dependent decrease of the antioxidant defense system efficiency, as well as the activity of certain proteins (such as p66Shc), make a relevant contribution to enhanced intracellular ROS production. Investigation of these mechanisms, especially the pivotal properties of p66Shc, permits a better understanding of aging. Here, we attempt to systematize the existing knowledge governing the activity of p66Shc in processes of aging and the emergence of various pathologies associated with oxidative stress.



2. Age-Related Dysfunctions of the Mitochondrial Respiratory Chain and Antioxidant Defense

Several lines of evidence indicate that in different tissues the activity of some mitochondrial respiratory complexes declines with age. In rodents the age-dependent decrease in electron transfer chain (ETC) activity in a variety of tissues (e.g., brain, kidney, heart and liver) refers mainly to complexes I and IV of the respiratory chain. Complex II and III remain practically unaffected during aging [2–7]. In 1994 Boffoli et al. [2] demonstrated that a decrease in the activity of particular respiratory chain complexes can be correlated with the reduction of their content in mitochondria as illustrated in Figure 1. This phenomenon was confirmed by a number of authors (reviewed by Van Remmen et al. [8]).

Figure 1. Age-dependent changes in the expression of respiratory chain subunits in mouse skin. Expression profile of respiratory chain subunits in skin from 1-month-old and 10-month-old mouse; St.—standard (mitochondria isolated from mouse heart); HSP60-marker of mitochondrial content in the sample. Antibodies and experimental protocols were as previously described [12,13].
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Generation of ROS due to leakage of electrons from the ETC is an inherent characteristic of mitochondrial respiration. ROS, in accordance to Harman’s free radical theory of aging, are the main contributor in this process [1]. An inhibition of the respiration rate and corresponding higher reduction of the respiratory chain components, due to decreased respiratory chain complexes content elevates electron leakage and ROS formation. In accordance with the above mentioned observations, mitochondrial ATP synthesis has been reported to decrease with age in different human tissues [9,10] and skin fibroblasts [11].

In a study on primary human fibroblasts derived from subjects of different age groups ranging from 20 weeks fetal to 103 years, Greco et al. characterized several mitochondrial processes underlying the capacity of oxidative phosphorylation (OXPHOS) during aging. The following mitochondrial parameters were monitored: mitochondrial protein synthesis, the respiratory rate and a coupling of the oxydative phosphorylation. The authors observed a very significant reduction in the ratio of uncoupled to oligomycin inhibited endogenous respiration in aged fibroblasts which pointed to a decrease with donor’s age in the control of respiration by the mitochondrial membrane potential. The authors also describe a decrease in the respiratory control ratio with the subject’s age. Greco and co-workers also underlined the plausibility of a hypothesis in which ROS play a key role in such deterioration by affecting both mtDNA and nDNA and finally leading to insufficient mitochondrial protein levels as well as mitochondrial lipid peroxidation [11]. Age-dependent alterations also affect mitochondrial morphology. Mitochondria in cells of aged individuals (e.g., mice) have altered intracellular organization and increased volume as illustrated in Figure 2 [14].

Figure 2. Age-dependent changes in mitochondrial structure of mice fibroblasts. (A) Mitochondrial structure (a), actin filaments (b) and microtubules (c) organization in fibroblasts from 1-day-old (1 d) mice; and (B) Age-dependent changes in mitochondrial structure of mice fibroblasts from 1-day-old (1 d), 6-month-old (6 m) and 18-month-old (18 m) mice. Mitochondrial structure, actin filaments and microtubules organization was visualized as previously described [15].
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2.1. Antioxidant Defense and Aging

Though the intracellular free radical production brings a potent danger to the cell, contributing to various pathologies and aging process, cells defend themselves with the multifactorial antioxidative system which includes scavenging enzymes and compounds. In the mitochondrial matrix, manganese superoxide dismutase (MnSOD or SOD2) converts the superoxide anion to hydrogen peroxide, which is then detoxified in the cytosol by catalase to water molecule. The mitochondrial matrix also contains glutathione peroxidise (GPX) and two peroxiredoxins (Prx 3 and 5) that eliminate hydrogen peroxide (H2O2). The mitochondrial intermembrane space and the cytosol contain the zinc-copper superoxide dismutase (Zn-Cu SOD or SOD1) whose activation depends on the intracellular redox state [16]. An important role in redox homeostasis is played by the glutathione system. The GSH/GSSG balance is kept by glutathione metabolism enzymes: glutathione peroxidise and glutathione reductase. They both are responsible for keeping the proper balance between oxidized and reduced forms of gluthatione and correspondingly they control the redox level within the cell. Furthermore, they control the level of ROS [17]. It was documented by many investigators that antioxidant enzyme levels change with age. Their decrease together with the increase in ROS level might be harmful to proteins, phospholipids and mtDNA [18].

Cell susceptibility to oxidative damage depends on the antioxidant defense efficiency. Thus in cases of aberrant scavenging ability, cells are more prone to premature aging and carcinogenesis due to oxidative DNA damage. Many animal models with antioxidant enzyme deficiencies show higher susceptibility to prooxidant factors such as toxic agents and radiation [19]. On the other hand, boosting antioxidant defense system can potentially prevent pathological changes and may delay aging. For example in case of long-living Ames dwarf mice, dermal fibroblasts are resistant to mitochondrially generated ROS due to upregulation of stress responding cascades [20]. During maturation and aging cells lose their ability to defend against ROS. These characteristics are also manifested in cell cultures in the late passages, and are referred to as proliferative senescence. It is caused by an accumulation of peroxidation products, decrease of non-enzymatic antioxidants, e.g., Coenzyme Q10, and decline in antioxidant enzymes efficiency. There is a significant loss of mitochondrial function in aging, represented by lower mitochondrial membrane potential, higher superoxide production by the electron transfer chain accompanied by lower ATP production and a more frequent appearance of oxidized proteins. CoQ10 administration to the human skin not only seems to reduce visible age-associated changes but prevents DNA oxidation which was suggested to protect against aging and prevent carcinogenesis [21]. Cells that are particularly exposed to external stress factors are skin fibroblasts. UV radiation (UVA and UVB) seems to be very harmful for them inducing free radical production, which leads to senescence as well as dermatological complications. Such enhanced skin aging process (as a consequence to UV exposure) is called photoaging [22,23].



2.2. Antioxidant Supplementation

It has been indicated by many studies that supplementation of cell culture media with antioxidants improves mitochondrial metabolism and other cell functions by decreasing oxidative stress. Various mechanisms have been suggested to underlie such benefits, from simple radical reduction to inducing complex signal cascades responsible for antioxidant defense and repair. Antioxidant supplementation may be particularly important in cases of age-associated loss of antioxidant capacity. Cells growing in the presence of compounds possessing antioxidant capacity, such as vitamin E, display prolonged proliferative lifespan and reduced senescence [24,25]. Effective protection against photoaging can be provided by vitamin C and E supplementation. Since dietary intake of these compounds may be not sufficient, additional topical vitamin C application from cosmetics maintains its high level in dermal fibroblasts resulting in DNA protection and an increase in collagen synthesis [24,25]. Aging fibroblasts are characterized by the decline in respiratory function and partial uncoupling. Such defects in oxidative phosphorylation result in insufficient energy supply which affects the proliferative potential of a cell [26]. In such a case, ascorbate supplementation of human fibroblasts can restore enzymatic function of the mitochondrial respiratory chain complexes which results in a delay of aging associated with mitochondrial dysfunction [27]. Nowadays, a number of natural compounds from the group of polyphenols and isoflavones are being tested as antioxidants. Some of them, apart from scavenging reactive oxygen species, also improve antioxidant defense, mitochondrial energy metabolism and retard aging process [28]. For example even short incubation (24 h) with the Epigallocatechin-3-gallate (EGCG), from green tea extract, increases expression of main antioxidant enzymes (catalase, SOD1, SOD2 and glutathione peroxidase). Longer treatment results in significant decrease of intracellular oxidative stress and higher DNA protection [29]. Sesamol, a polyphenolic compound, which is a very potent agent against UVB-induced oxidative stress in dermal fibroblasts, represents similar characteristics. It not only increases antioxidant enzyme levels but also decreases the level of lipid peroxides which are markers of cell damage during aging process [30]. Recent studies with antioxidants mitoQ and SkQ which are targeting specifically mitochondria seems promising [31]. SkQ works in very low concentrations, efficiently preventing mitochondrial cardiolipin oxidation and H2O2-induced apoptosis in cultured human fibroblasts. Moreover SkQ treatment decreases the occurrence of spontaneous apoptosis in fibroblasts from old individuals to the level observed in cells from young animals [31].

p66Shc is a protein that partially participates in above described age (and ROS)-dependent mitochondrial dysfunctions and cellular pathologies. Its involvement in the cellular response to oxidative stress, resulting in higher/additional ROS production by mitochondria and the ability to influence the intracellular level of antioxidant enzymes was demonstrated in primary cultures of mouse skin fibroblasts [32,33] as well as in fibroblasts derived from patients harboring different mitochondrial dysfunctions [12].




3. p66Shc—The Oxidative Stress and Longevity

In 1999 the group of Pelicci [33] published an observation pointing to the role of p66Shc protein in oxidative stress and aging. The authors proposed that the mammalian life span can be controlled by the p66Shc protein and importantly, this effect is due to the regulation of the cellular response to the oxidative stress. These intriguing studies on the transgenic mice lacking p66Shc showed that mice that lack the gene appear to have a 30% increase in life span (compared to mice with a wild type phenotype) without pathological consequences such as increase of tumor frequency and endocrinological abnormalities. Studies of Tomilov et al. [34] showed that decreased superoxide production in macrophages of p66Shc−/− mice may result in a lower inflammation status and can protect animals from oxidative injury. Taken together these results partly explain the phenomena of the longevity of the p66Shc lacking mice [34]. However, the lack of p66Shc (which is a negative regulator of p46Shc/p52Shc-mediated Ras signaling) results also in an enhancement of lymphocyte proliferation and of immune responses to the antigen exposure. These changes can correspond to development of autoimmune diseases in p66Shc knock-out mice [35].



4. p66Shc—One Protein Two Functions

The p66Shc protein is a growth factor adaptor protein which together with p52Shc and p46Shc belongs to the ShcA family. All ShcA proteins have similar domain structure and contain three functionally identical domains: the carboxy terminal Src homology 2 (SH2) domain, central proline-rich domain (CH1), and the N-terminal phosphotyrosine-binding domain (PTB). The structure and function of the individual domains has been extensively described in [36]. p66Shc differs from p56Shc and p46Shc by the presence of an additional N-terminal proline-rich collagen-homology domain (CH2), which contains a serine phosphorylation site (Ser36) important for the “proapoptotic” properties of p66Shc [36,37]. Moreover, p66Shc contains a functional region (CCB) responsible for interaction with cytochrome c [38]. Under physiological condition p66Shc is involved in the signal transduction (modulation) from, e.g., epidermal growth factor (EGF) receptor to the nucleus. When phosphorylated at tyrosine residues, p52Shc and p46Shc have been found to bind to the Grb2/SOS complex—an activator of the Ras protein. p66Shc can be phosphorylated at tyrosine and it can also interact with Grb2, but there is no evidence that in this way it can activate the Ras signaling pathway. Therefore, p66Shc competes with p52Shc to bind Grb2, which suggests that p66Shc can be a dominant negative regulator of the Ras-mediated signaling pathway [39]. Under oxidative stress (UV exposure or H2O2 treatment) Ser36 of the p66Shc protein is phosphorylated by one the serine-threonine kinases, protein kinase Cβ (PKCβ), which triggers the signaling pathway leading to apoptosis. This cascade of events has been described by us [32] and consists of four important steps. Briefly: Step 1—in response to the oxidative stress p66Shc is phosphorylated at Ser36. Step 2—phosphorylated p66Shc is isomerised by a prolyl isomerase Pin1. Step 3—isomerised, phosphorylated at Ser36 p66Shc is dephosphorylated by phosphatase A2 (PP2A). Step 4—dephosphorylated p66Shc is finally translocated to the mitochondria where it participates in ROS production [38].

It is still unclear whether p66Shc is translocated across the outer mitochondrial membrane and resides in the mitochondrial intermembrane space where it can interact with cytochrome c [38] or it binds to the outer mitochondrial membrane from the cytosolic side. Recently, our group discovered that p66Shc is also present in plasma membrane-associated membrane (PAM) and in mitochondria-associated membrane (MAM) fractions [13,40,41] and that the level of p66Shc in these fractions changes in an age-dependent manner. MAM fraction isolated from livers of old animals contained more p66Shc than MAM isolated from 1-month-old mice. Moreover, increased levels of p66Shc in crude liver mitochondria (containing MAM) of old mice, correlated positively with enhanced H2O2 production measured in mitochondrial preparation [13]. However, regardless of the fact of how p66Shc interacts/enters mitochondria, it appears to modulate mitochondrial metabolism and participate in ROS production [42].



5. A New Job for p66Shc: Its Role in Adipocyte Metabolism

The deletion of p66Shc has been found to protect mice from a number of degenerative diseases based on cell loss [43]. Moreover, the effect of p66Shc deficiency on atherogenesis has been studied, especially after challenge with a high fat diet, in mice [44]. Major decreases of atherogenesis were observed in p66Shc−/− mice vs. controls fed a high-fat diet, and reduced expression of oxidation-specific epitopes was observed in their arterial walls, and reduced vascular apoptosis was observed. Furthermore, plasma isoprostanes (a marker of lipid oxidative damage) were decreased both in unchallenged and fat-challenged p66Shc−/− mice [44].

Apart from this pathological function of p66Shc, this protein also functions in the regulation of insulin signaling and adipocyte metabolism [45]. In fat cells, p66Shc potentiates insulin signaling and triglyceride accumulation. Genetic experiments showed that this effect of p66Shc is mediated by its phosphorylation (on serine-36 phosphorylation) and its ability to generate ROS. Notably, the PTEN phosphatase inhibits insulin signaling and is inactivated by oxidation, suggesting that it may function as one of the targets of p66Shc-generated ROS. Thus, p66Shc-generated ROS might be critical regulators of insulin signaling and fat development. Remarkably, p66Shc−/− mice are protected from diet-induced obesity, suggesting that p66Shc regulates diet-associated fat development [45,46].

Furthermore, p66Shc−/− mice have reduced body weight, due to reduced fat mass of both white and brown adipose tissues [45]. This leanness is not explainable by changes in food intake, intestinal absorption of nutrients or locomotor activity. Rather, it may reflect defects in lipogenesis of adipocytes, as suggested by the reduced lipid accumulation of p66Shc−/− adipocytes transplanted into WT recipient mice [45]. However, this interpretation of the mechanisms leading to decreased fat mass in p66Shc−/− mice poses the question of how energy balance is maintained in the absence of p66Shc, and why energy storage is reduced. As p66Shc−/− mice showed increased basal body temperature and increased basal metabolic rate [45], this suggests that increased uncoupled respiration in the fat mitochondria of p66Shc−/− mice leads to increased energy expenditure, which contributes to resistance to body weight gain. Moreover, Ranieri and colleagues showed that p66 deficiency protects against fat accumulation and premature death in lepOb/Ob mice, an established genetic model of obesity and insulin resistance [46].

However, this lean and resistant to diet-induced obesity phenotype of p66Shc−/− mice cannot be solely the result of p66Shc deletion. Indeed, it has been recently demonstrated as p66Shc−/− mice in addition to p66Shc deletion have a fourfold increase in p46Shc expression in white fat. Thus, p46Shc overexpression in fat, rather than p66Shc deletion, could be the likely cause of decreased adiposity and reduced insulin sensitivity in the fat of p66Shc−/− mice [47].



6. Studies on p66Shc in Fibroblast Models

Studies performed on fibroblasts derived from mice lacking p66Shc also demonstrated an increased resistance to oxidative stress [32,33] and lower basal ROS production [33]. In contrast to wild type cells, treatment with H2O2 of p66Shc knock-out fibroblasts did not affect mitochondrial structure and calcium uptake [32]. Accordingly, accumulation of carbonylated proteins in p66Shc−/− fibroblasts (indicating the scale of the oxidative damage of proteins) was significantly lower as compared to wild type cells. The phenomenon of enhanced resistance to oxidative stress of p66Shc−/− fibroblasts was intensively studied by Nemoto and Finkiel [48]. Based on their data, it can be concluded that Ser36-P-p66Shc additionally acts as a negative regulator of antioxidant enzyme synthesis. FoxO proteins are known to be involved in the modulation of energy metabolism, proliferation and cell death. FoxO transcription factors can also regulate the level of SOD2 and catalase. Ser36-P-p66Shc acts negatively on FoxO which results in decreased amounts of both enzymes. Interplay between the proapoptotic protein p53 and phosphorylated p66Shc which inhibits FOXO3a transcriptional activity resulting in decreased level of catalase and SOD2 has been recently described by Pani et al. [49]. Apparently, cells lacking p66Shc are more resistant to apoptotic stimuli like H2O2.

In our recent paper we have shown that the level of the Ser36-P-p66Shc is positively correlated with the age of a mouse (in older animals the phosphorylation status of p66Shc is higher) that may partially explain higher superoxide and H2O2 production observed in old animals [13,50,51]. For example in the skin of adult mice there is more p66Shc and Ser36-P-p66Shc comparing to the material obtained from 1 day old individuals [13]. Interestingly, levels of p66Shc in fibroblasts derived from 18 months old, 6 months old and one day old mice are similar. This result is in variance with the observation of Pandolfi and colleagues that p66Shc is highly expressed in fibroblasts from centenarians [52]. The expression ration between Ser36-P-p66Shc to Actin (1 d = 1.75; 6 m = 1.81; 18 m = 1.89) showed increasing phosphorylation of p66Shc, indicating that the p66Shc pathway was activated. Similarly, the level of p66Shc in neonatal human dermal fibroblasts (NHDF-Neonatal, Cat. n. CC-2509, Lonza) and adult human dermal fibroblasts (NHDF-Adult, Cat. n. CC-2511, Lonza) seems to be expressed at the same level. Both cytosolic and mitochondrial superoxide production in adult fibroblasts have been found increased (see Figure 3), which together with the observed lower level of SOD 2 (as we described in [13]) can indicate the existence of higher oxidative stress in cells from older individuals.

Figure 3. Superoxide production in human dermal fibroblasts. Cytosolic (cytO2•−) and mitochondrial (mtO2•−) superoxide production in neonatal human dermal fibroblasts (NHDF-Neonatal, Cat. n. CC-2509, Lonza) (Fm) and adult human dermal fibroblasts (NHDF-Adult, Cat. n. CC-2511, Lonza) (Fd). Superoxide production was measured as previously described in [12].
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However, NAD/NADH redox state has been found comparable in both cell lines [53]. Decreased level of SOD2 is in an agreement with data already published [54–56] that with age antioxidant defense is less efficient due to decreased activity of antioxidant enzymes like GPX 1, GR and mitochondrial SOD2.

More straightforward evidence for the participation of the p66Shc protein in mitochondrial function came from replicative senescence as a model of aging. The consequences of excess oxidative stress, caused in part by the altered function of oxidative phosphorylation in replicative senescent human fibroblasts, have been studied by the group of Wei [57–59]. These authors proposed that age-related oxidative stress leads to an increased expression and activation of some nuclear genes that are involved in mitochondrial biogenesis leading in effect to an increase in mitochondrial mass and mtDNA copy number. Such a response to oxidative stress plays a dual role. First, it can increase the supply of energy necessary for such processes as DNA repair and protein synthesis, necessary for cell survival under stress conditions. On the other hand, by further increase in ROS production it can lead to an elevation of oxidative stress and propel the vicious cycle leading to cell aging or death [57–59]. In this model the levels of both p66Shc and Ser36-P-p66Shc significantly increase from passage to passage but the Ser36-P-p66Shc rises even with a faster kinetics. The calculated phosphorylation status of p66Shc (ratio Ser36-P-p66Shc to p66Shc) indicates that more p66Shc is phosphorylated at late passages (see Figure 4).

Figure 4. Passage-dependent changes of Shc proteins and Ser36-phosphorylated p66Shc in mouse fibroblasts. Actin was used as loading control. Antibodies and experimental protocols were as previously described in [12].
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During aging/senescence, lower efficiency of the antioxidant defense system and gradually accumulated mitochondrial and nuclear DNA damages are the main causes of an increase of intracellular ROS level. This activates PKCβ-dependent phosphorylation of p66Shc which finally not only perturbs mitochondrial structure but also affects their function, e.g., by modifying mitochondrial Ca2+ responses [32,42].



7. Mitochondrial Ca2+ Homeostasis is Compromised in Senescent Cells through a p66Shc Dependent Pathway

The electrical gradient across the inner membrane (∼180 mV) represents a strong thermodynamic force in favor of the accumulation of cations like Ca2+ [60]. Mitochondrial Ca2+ homeostasis has been shown to regulate diverse cellular functions such as cellular ATP production, proliferation, and cell death [61,62]. The processes involved in mitochondrial calcium homeostasis are schematically presented in Figure 5(A).

Figure 5. Calcium homeostasis in p66Shc wt and p66Shc−/− cells. (A) Mitochondriaendo/sarcopalsmic reticulum (ER/SR) Ca2+ crosstalk. MCU—calcium uniporter, NCX—Na+/Ca2+ exchanger; (B) Peak in mitochondrial Ca2+ responses after agonist stimulation in wt and p66Shc knockout MEFs (ko) at different passage number. [Ca2+]m was measured using the aequorin wt probe as previously described [32].
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Stimulation of plasma membrane receptors coupled to a Gq protein causes opening of Ca2+ channels of the ER membrane (IP3R), and the release of Ca2+ from the ER into the cytoplasm. In healthy cells, the inner mitochondrial membrane is nearly impermeable to ions with an exception of Ca2+ which transport across the inner mitochondrial membrane depends on the activity of the electrogenic “uniporter” (MCU) of low affinity. Inhibition of the respiratory chain or collapse of the electrical gradient (e.g., by the use of a protonophore) abolishes the capacity of mitochondria to accumulate Ca2+. The specific zones of close contact between ER and mitochondria cause that mitochondria are exposed to microdomains of high [Ca2+] that largely exceed the values reported in the bulk cytosol and meet the low affinity of the uniporter [63].

In primary cell cultures, such as the mouse embryonic fibroblasts (MEFs) the [Ca2+]m responses after agonist stimulation, gradually decreased with time in culture (and thus with the passage number) whereas no alteration was observed in p66Shc−/− MEFs (see Figure 5(B)) [32]. Moreover, inhibition of p66Shc phosphorylation with the use of hispidin, an inhibitor of PKCβ,also abolished passage-dependent decrease of mitochondrial calcium uptake in wild type fibroblasts [32]. These observations clearly link the progressive mitochondrial damage (and the associated reduced mitochondrial responsiveness) observed during the senescence process to the involvement of the ROS sensor p66Shc.



8. p66Shc Pathway Is Activated by Intracellular Oxidative Stress—Studies on Fibroblasts from Patients Harboring Mitochondrial Defects

Additional pieces of evidence for the participation of the p66Shc protein in mitochondrial ROS production came from studies using fibroblasts derived from patients harboring mitochondrial defects [12]. Such skin fibroblasts are regularly used in diagnostics as an alternative to muscle biopsy because they can be easily collected (even post mortem), cultured and stored [64–67]. On the other hand, carrying out mitochondrial diagnostics and studies performed in cultured fibroblasts have serious limitations. First, mitochondrial DNA mutations exhibit varying degrees of heteroplasmy, and may be eliminated in the subsequent culture passages. Moreover, certain mtDNA mutations affecting protein synthesis (tRNA mutations) are quickly eliminated from the culture, whereas mutations of the genes of structural subunits, e.g., of complex I (ND1–6) can “survive” in culture. However, it seems that many of the mitochondrial diseases with Mendelian inheritance can be detected and studied in fibroblasts. This is particularly important in children where mutations in nuclear genes predominate in mitochondrial pathologies and can consist up to 80% of all cases. For this reason in our recently published studies, we used fibroblasts derived from patients with various mitochondrial disorders (mitochondrial DNA mutations in ND3 subunit and tRNA leucine, TAZ gene mutation, MEGDEL association) [12].

The signaling pathway involving p66Shc phosphorylation described earlier refers to the situation in which oxidative stress is induced, e.g., by H2O2 addition to the fibroblasts culture. In such a case p66Shc phosphorylation on Ser36 is caused by extracellular oxidative stress. Our recent studies showed that also intracellular oxidative stress (of mitochondrial origin) activates p66Shc phosphorylation on Ser36. In the case of patients’ fibroblasts (mitochondrial dysfunction results in significantly increased intracellular oxidative stress) phosphorylation of p66Shc on Ser36 was significantly increased. Moreover, we found a substantially decreased level of SOD2 in these cells what additionally confirmed the observation that SOD2 is under control of the p66Shc Ser36 phosphorylation status [12].



9. Concluding Remarks

Former studies indicate that, disregarding the source of the oxidative stress, phosphorylation of p66Shc on Ser36 affects mitochondrial metabolism and induces mitochondrial ROS production. This consequently increases intracellular oxidative stress and initiates a vicious circle of p66Shc-dependent ROS production. Completely understanding the role of p66Shc protein in cell physiology and pathology will require further extensive studies that in the future will permit a better understanding of the mechanisms governing processes like aging and various pathologies associated with oxidative stress. Additionally, the assessment of p66Shc phosphorylation changes in mitochondrial patients’ fibroblasts may represent a very promising approach to study to what extent the endogenous ROS overproduction contributes to tissue damage in various genetic mitochondrial defects of known, and especially of unknown, molecular origin. Prospective future therapies of mitochondrial disorders may also be tested by this method.



Ethics

Presented in the review data from the studies with the use of human fibroblasts were carried out in accordance with the Declaration of Helsinki of the World Medical Association and was approved by the Committee of Bioethics at the Children's Memorial Health Institute. Informed consent was obtained from the parents before any biopsy or molecular analysis was performed. Presented data from the animal studies were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals prepared by the Polish Academy of Sciences and with approval from Local Ethics Committee.






Acknowledgments

This work was supported by the Polish Ministry of Science and Higher Education under grant NN407 075 137, by the Polish Mitochondrial Network for JMS, AKW, ML, JS, JD, MP and MRW and by the Internal Project of The Children’s Memorial Health Institute 117/09 for AKW and MP and 119/09 for AKW, MRW and MP. JMS was also supported by PhD fellowship from the Foundation for Polish Science, EU, European Regional Development Fund and Operational Programme “Innovative economy”. ML was recipient of a fellowship from the Foundation for Polish Science (Program Start) and the L’Oreal fellowship (For Women in Science). PP and CG were supported by the Italian Association for Cancer Research (AIRC), Telethon (GGP09128), local funds from the University of Ferrara, the Italian Ministry of Education, University and Research (COFIN), the Italian Cystic Fibrosis Research Foundation and Italian Ministry of Health. GS was supported by Parkinson’s UK (grant G-0905).




	Conflict of InterestThe authors have declared no conflicts of interest.





References


	1. 
Harman, D. Aging: A theory based on free radical and radiation chemistry. J. Gerontol 1956, 11, 298–300. [Google Scholar]

	2. 
Boffoli, D; Scacco, SC; Vergari, R; Solarino, G; Santacroce, G; Papa, S. Decline with age of the respiratory chain activity in human skeletal muscle. Biochim. Biophys. Acta 1994, 1226, 73–82. [Google Scholar]

	3. 
Feuers, RJ. The effects of dietary restriction on mitochondrial dysfunction in aging. Ann. N. Y. Acad. Sci 1998, 854, 192–201. [Google Scholar]

	4. 
Kwong, LK; Sohal, RS. Age-related changes in activities of mitochondrial electron transport complexes in various tissues of the mouse. Arch. Biochem. Biophys 2000, 373, 16–22. [Google Scholar]

	5. 
Lenaz, G; Bovina, C; Castelluccio, C; Fato, R; Formiggini, G; Genova, ML; Marchetti, M; Pich, MM; Pallotti, F; Parenti Castelli, G; et al. Mitochondrial complex I defects in aging. Mol. Cell. Biochem 1997, 174, 329–333. [Google Scholar]

	6. 
Nakahara, H; Kanno, T; Inai, Y; Utsumi, K; Hiramatsu, M; Mori, A; Packer, L. Mitochondrial dysfunction in the senescence accelerated mouse (SAM). Free Radic. Biol. Med 1998, 24, 85–92. [Google Scholar]

	7. 
Navarro, A; Sanchez Del Pino, MJ; Gomez, C; Peralta, JL; Boveris, A. Behavioral dysfunction, brain oxidative stress, and impaired mitochondrial electron transfer in aging mice. Am. J. Physiol. Regul. Integr. Comp. Physiol 2002, 282, R985–R992. [Google Scholar]

	8. 
Van Remmen, H; Richardson, A. Oxidative damage to mitochondria and aging. Exp. Gerontol 2001, 36, 957–968. [Google Scholar]

	9. 
Hsieh, RH; Hou, JH; Hsu, HS; Wei, YH. Age-dependent respiratory function decline and DNA deletions in human muscle mitochondria. Biochem. Mol. Biol. Int 1994, 32, 1009–1022. [Google Scholar]

	10. 
Yen, TC; Chen, YS; King, KL; Yeh, SH; Wei, YH. Liver mitochondrial respiratory functions decline with age. Biochem. Biophys. Res. Commun 1989, 165, 944–1003. [Google Scholar]

	11. 
Greco, M; Villani, G; Mazzucchelli, F; Bresolin, N; Papa, S; Attardi, G. Marked aging-related decline in efficiency of oxidative phosphorylation in human skin fibroblasts. FASEB J 2003, 17, 1706–1708. [Google Scholar]

	12. 
Lebiedzinska, M; Karkucinska-Wieckowska, A; Giorgi, C; Karczmarewicz, E; Pronicka, E; Pinton, P; Duszynski, J; Pronicki, M; Wieckowski, MR. Oxidative stress-dependent p66Shc phosphorylation in skin fibroblasts of children with mitochondrial disorders. Biochim. Biophys. Acta 2010, 1797, 952–960. [Google Scholar]

	13. 
Lebiedzinska, M; Duszynski, J; Rizzuto, R; Pinton, P; Wieckowski, MR. Age-related changes in levels of p66Shc and serine 36-phosphorylated p66Shc in organs and mouse tissues. Arch. Biochem. Biophys 2009, 486, 73–80. [Google Scholar]

	14. 
Wilson, PD; Franks, LM. The effect of age on mitochondrial ultrastructure. Gerontology 1975, 21, 81–94. [Google Scholar]

	15. 
Szczepanowska, J; Zablocki, K; Duszynski, J. Influence of a mitochondrial genetic defect on capacitative calcium entry and mitochondrial organization in the osteosarcoma cells. FEBS Lett 2004, 578, 316–322. [Google Scholar]

	16. 
Inarrea, P; Moini, H; Han, D; Rettori, D; Aguilo, I; Alava, MA; Iturralde, M; Cadenas, E. Mitochondrial respiratory chain and thioredoxin reductase regulate intermembrane Cu, Zn-superoxide dismutase activity: Implications for mitochondrial energy metabolism and apoptosis. Biochem. J 2007, 405, 173–179. [Google Scholar]

	17. 
Michiels, C; Raes, M; Toussaint, O; Remacle, J. Importance of Se-glutathione peroxidase, catalase, and Cu/Zn-SOD for cell survival against oxidative stress. Free Radic. Biol. Med 1994, 17, 235–248. [Google Scholar]

	18. 
Wei, YH; Lee, HC. Oxidative stress, mitochondrial DNA mutation, and impairment of antioxidant enzymes in aging. Exp. Biol. Med 2002, 227, 671–682. [Google Scholar]

	19. 
Van Remmen, H; Qi, W; Sabia, M; Freeman, G; Estlack, L; Yang, H; Guo, ZM; Huang, TT; Strong, R; Lee, S; et al. Multiple deficiencies in antioxidant enzymes in mice result in a compound increase in sensitivity to oxidative stress. Free Radic. Biol. Med 2004, 36, 1625–1634. [Google Scholar]

	20. 
Hsieh, CC; Papaconstantinou, J. Dermal fibroblasts from long-lived Ames dwarf mice maintain their in vivo resistance to mitochondrial generated reactive oxygen species (ROS). Aging (Albany NY) 2009, 1, 784–802. [Google Scholar]

	21. 
Hoppe, U; Bergemann, J; Diembeck, W; Ennen, J; Gohla, S; Harris, I; Jacob, J; Kielholz, J; Mei, W; Pollet, D; et al. Coenzyme Q10, a cutaneous antioxidant and energizer. Biofactors 1999, 9, 371–378. [Google Scholar]

	22. 
Sander, CS; Chang, H; Salzmann, S; Muller, CS; Ekanayake-Mudiyanselage, S; Elsner, P; Thiele, JJ. Photoaging is associated with protein oxidation in human skin in vivo. J. Invest. Dermatol 2002, 118, 618–625. [Google Scholar]

	23. 
Berneburg, M; Grether-Beck, S; Kurten, V; Ruzicka, T; Briviba, K; Sies, H; Krutmann, J. Singlet oxygen mediates the UVA-induced generation of the photoaging-associated mitochondrial common deletion. J. Biol. Chem 1999, 274, 15345–15349. [Google Scholar]

	24. 
Burke, KE. Interaction of vitamins C and E as better cosmeceuticals. Dermatol. Ther 2007, 20, 314–321. [Google Scholar]

	25. 
Packer, L; Smith, JR. Extension of the lifespan of cultured normal human diploid cells by vitamin E. Proc. Natl. Acad. Sci. USA 1974, 71, 4763–4767. [Google Scholar]

	26. 
Stockl, P; Hutter, E; Zwerschke, W; Jansen-Durr, P. Sustained inhibition of oxidative phosphorylation impairs cell proliferation and induces premature senescence in human fibroblasts. Exp. Gerontol 2006, 41, 674–682. [Google Scholar]

	27. 
Ghneim, HK; Al-Sheikh, YA. The effect of aging and increasing ascorbate concentrations on respiratory chain activity in cultured human fibroblasts. Cell Biochem. Funct 2010, 28, 283–292. [Google Scholar]

	28. 
Nichols, JA; Katiyar, SK. Skin photoprotection by natural polyphenols: Anti-inflammatory, antioxidant and DNA repair mechanisms. Arch. Dermatol. Res 2010, 302, 71–83. [Google Scholar]

	29. 
Meng, Q; Velalar, CN; Ruan, R. Effects of epigallocatechin-3-gallate on mitochondrial integrity and antioxidative enzyme activity in the aging process of human fibroblast. Free Radic. Biol. Med 2008, 44, 1032–1041. [Google Scholar]

	30. 
Ramachandran, S; Rajendra Prasad, N; Karthikeyan, S. Sesamol inhibits UVB-induced ROS generation and subsequent oxidative damage in cultured human skin dermal fibroblasts. Arch. Dermatol. Res 2010, 302, 733–744. [Google Scholar]

	31. 
Skulachev, VP; Anisimov, VN; Antonenko, YN; Bakeeva, LE; Chernyak, BV; Erichev, VP; Filenko, OF; Kalinina, NI; Kapelko, VI; Kolosova, NG; et al. An attempt to prevent senescence: A mitochondrial approach. Biochim. Biophys. Acta 2009, 1787, 437–461. [Google Scholar]

	32. 
Pinton, P; Rimessi, A; Marchi, S; Orsini, F; Migliaccio, E; Giorgio, M; Contursi, C; Minucci, S; Mantovani, F; Wieckowski, MR; et al. Protein kinase C beta and prolyl isomerase 1 regulate mitochondrial effects of the life-span determinant p66Shc. Science 2007, 315, 659–663. [Google Scholar]

	33. 
Migliaccio, E; Giorgio, M; Mele, S; Pelicci, G; Reboldi, P; Pandolfi, PP; Lanfrancone, L; Pelicci, PG. The p66shc adaptor protein controls oxidative stress response and life span in mammals. Nature 1999, 402, 309–313. [Google Scholar]

	34. 
Tomilov, AA; Bicocca, V; Schoenfeld, RA; Giorgio, M; Migliaccio, E; Ramsey, JJ; Hagopian, K; Pelicci, PG; Cortopassi, GA. Decreased superoxide production in macrophages of long-lived p66Shc knock-out mice. J. Biol. Chem 2010, 285, 1153–1165. [Google Scholar]

	35. 
Finetti, F; Pellegrini, M; Ulivieri, C; Savino, MT; Paccagnini, E; Ginanneschi, C; Lanfrancone, L; Pelicci, PG; Baldari, CT. The proapoptotic and antimitogenic protein p66SHC acts as a negative regulator of lymphocyte activation and autoimmunity. Blood 2008, 111, 5017–5027. [Google Scholar]

	36. 
Luzi, L; Confalonieri, S; Di Fiore, PP; Pelicci, PG. Evolution of Shc functions from nematode to human. Curr. Opin. Genet. Dev 2000, 10, 668–674. [Google Scholar]

	37. 
Trinei, M; Giorgio, M; Cicalese, A; Barozzi, S; Ventura, A; Migliaccio, E; Milia, E; Padura, IM; Raker, VA; Maccarana, M; et al. A p53-p66Shc signalling pathway controls intracellular redox status, levels of oxidation-damaged DNA and oxidative stress-induced apoptosis. Oncogene 2002, 21, 3872–3878. [Google Scholar]

	38. 
Giorgio, M; Migliaccio, E; Orsini, F; Paolucci, D; Moroni, M; Contursi, C; Pelliccia, G; Luzi, L; Minucci, S; Marcaccio, M; et al. Electron transfer between cytochrome c and p66Shc generates reactive oxygen species that trigger mitochondrial apoptosis. Cell 2005, 122, 221–233. [Google Scholar]

	39. 
Okada, S; Kao, AW; Ceresa, BP; Blaikie, P; Margolis, B; Pessin, JE. The 66-kDa Shc isoform is a negative regulator of the epidermal growth factor-stimulated mitogen-activated protein kinase pathway. J. Biol. Chem 1997, 272, 28042–28049. [Google Scholar]

	40. 
Wieckowski, MR; Giorgi, C; Lebiedzinska, M; Duszynski, J; Pinton, P. Isolation of mitochondria-associated membranes and mitochondria from animal tissues and cells. Nat. Protoc 2009, 4, 1582–1590. [Google Scholar]

	41. 
Lebiedzinska, M; Szabadkai, G; Jones, AW; Duszynski, J; Wieckowski, MR. Interactions between the endoplasmic reticulum, mitochondria, plasma membrane and other subcellular organelles. Int. J. Biochem. Cell Biol 2009, 41, 1805–1816. [Google Scholar]

	42. 
Nemoto, S; Combs, CA; French, S; Ahn, BH; Fergusson, MM; Balaban, RS; Finkel, T. The mammalian longevity-associated gene product p66shc regulates mitochondrial metabolism. J. Biol. Chem 2006, 281, 10555–10560. [Google Scholar]

	43. 
Giorgio, M; Trinei, M; Migliaccio, E; Pelicci, PG. Hydrogen peroxide: A metabolic by-product or a common mediator of ageing signals? Nat. Rev. Mol. Cell Biol 2007, 8, 722–728. [Google Scholar]

	44. 
Napoli, C; Martin-Padura, I; de Nigris, F; Giorgio, M; Mansueto, G; Somma, P; Condorelli, M; Sica, G; de Rosa, G; Pelicci, P. Deletion of the p66Shc longevity gene reduces systemic and tissue oxidative stress, vascular cell apoptosis, and early atherogenesis in mice fed a high-fat diet. Proc. Natl. Acad. Sci. USA 2003, 100, 2112–2116. [Google Scholar]

	45. 
Berniakovich, I; Trinei, M; Stendardo, M; Migliaccio, E; Minucci, S; Bernardi, P; Pelicci, PG; Giorgio, M. p66Shc-generated oxidative signal promotes fat accumulation. J. Biol. Chem 2008, 283, 34283–34293. [Google Scholar]

	46. 
Ranieri, SC; Fusco, S; Panieri, E; Labate, V; Mele, M; Tesori, V; Ferraraa, A; Mauluccib, G; de Spiritob, M; Martorana, GE; et al. Mammalian life-span determinant p66shcA mediates obesity-induced insulin resistance. Proc. Natl. Acad. Sci. USA 2010, 107, 13420–13425. [Google Scholar]

	47. 
Tomilov, AA; Ramsey, JJ; Hagopian, K; Giorgio, M; Kim, KM; Lam, A; Migliaccio, E; Lloyd, KC; Berniakovich, I; Prolla, TA; et al. The Shc locus regulates insulin signaling and adiposity in mammals. Aging Cell 2011, 10, 55–65. [Google Scholar]

	48. 
Nemoto, S; Finkel, T. Redox regulation of forkhead proteins through a p66shc-dependent signaling pathway. Science 2002, 295, 2450–2452. [Google Scholar]

	49. 
Pani, G; Koch, OR; Galeotti, T. The p53-p66shc-Manganese Superoxide Dismutase (MnSOD) network: A mitochondrial intrigue to generate reactive oxygen species. Int. J. Biochem. Cell Biol 2009, 41, 1002–1005. [Google Scholar]

	50. 
Sohal, RS; Weindruch, R. Oxidative stress, caloric restriction, and aging. Science 1996, 273, 59–63. [Google Scholar]

	51. 
Sohal, RS; Agarwal, S; Sohal, BH. Oxidative stress and aging in the Mongolian gerbil (Meriones unguiculatus). Mech. Ageing Dev 1995, 81, 15–25. [Google Scholar]

	52. 
Pandolfi, S; Bonafe, M; Di Tella, L; Tiberi, L; Salvioli, S; Monti, D; Sorbi, S; Franceschi, C. p66(shc) is highly expressed in fibroblasts from centenarians. Mech. Ageing Dev 2005, 126, 839–844. [Google Scholar]

	53. 
Lebiedzinska, M; Karkucinska-Wieckowska, A; Suski, JM; Szabadkai, G; Wilczyński, G; Wlodarczyk, J; Pronicki, M; Duszynski, J; Pinton, P; Wieckowski, MR. p66Shc-related response to the oxidative stress in fibroblasts of NARP patients. Mitochondrion 2011. to be submitted for publication. [Google Scholar]

	54. 
Tian, L; Cai, Q; Wei, H. Alterations of antioxidant enzymes and oxidative damage to macromolecules in different organs of rats during aging. Free Radic. Biol. Med 1998, 24, 1477–1484. [Google Scholar]

	55. 
Palomero, J; Galan, AI; Munoz, ME; Tunon, MJ; Gonzalez-Gallego, J; Jimenez, R. Effects of aging on the susceptibility to the toxic effects of cyclosporin A in rats. Changes in liver glutathione and antioxidant enzymes. Free Radic. Biol. Med 2001, 30, 836–845. [Google Scholar]

	56. 
Tatone, C; Carbone, MC; Falone, S; Aimola, P; Giardinelli, A; Caserta, D; Marci, R; Pandolfi, A; Ragnelli, AM. Amicarelli F Age-dependent changes in the expression of superoxide dismutases and catalase are associated with ultrastructural modifications in human granulosa cells. Mol. Hum. Reprod 2006, 12, 655–660. [Google Scholar]

	57. 
Lee, HC; Yin, PH; Chi, CW; Wei, YH. Increase in mitochondrial mass in human fibroblasts under oxidative stress and during replicative cell senescence. J. Biomed. Sci 2002, 9, 517–526. [Google Scholar]

	58. 
Wei, YH; Lee, CF; Lee, HC; Ma, YS; Wang, CW; Lu, CY; Pang, CY. Increases of mitochondrial mass and mitochondrial genome in association with enhanced oxidative stress in human cells harboring 4, 977 BP-deleted mitochondrial DNA. Ann. N. Y. Acad. Sci 2001, 928, 97–112. [Google Scholar]

	59. 
Lee, HC; Yin, PH; Lu, CY; Chi, CW; Wei, YH. Increase of mitochondria and mitochondrial DNA in response to oxidative stress in human cells. Biochem. J 2000, 348, 425–432. [Google Scholar]

	60. 
Rizzuto, R; Bernardi, P; Pozzan, T. Mitochondria as all-round players of the calcium game. J. Physiol 2000, 529, 37–47. [Google Scholar]

	61. 
Rimessi, A; Giorgi, C; Pinton, P; Rizzuto, R. The versatility of mitochondrial calcium signals: From stimulation of cell metabolism to induction of cell death. Biochim. Biophys. Acta 2008, 1777, 808–816. [Google Scholar]

	62. 
Giorgi, C; Romagnoli, A; Pinton, P; Rizzuto, R. Ca2+ signaling, mitochondria and cell death. Curr. Mol. Med 2008, 8, 119–130. [Google Scholar]

	63. 
Giorgi, C; de Stefani, D; Bononi, A; Rizzuto, R; Pinton, P. Structural and functional link between the mitochondrial network and the endoplasmic reticulum. Int. J. Biochem. Cell Biol 2009, 41, 1817–1827. [Google Scholar]

	64. 
Guillery, O; Malka, F; Frachon, P; Milea, D; Rojo, M; Lombes, A. Modulation of mitochondrial morphology by bioenergetics defects in primary human fibroblasts. Neuromuscul. Disord 2008, 18, 319–330. [Google Scholar]

	65. 
Cameron, JM; Levandovskiy, V; MacKay, N; Robinson, BH. Respiratory chain analysis of skin fibroblasts in mitochondrial disease. Mitochondrion 2004, 4, 387–394. [Google Scholar]

	66. 
Robinson, BH. Cell culture studies on patients with mitochondrial diseases: Molecular defects in pyruvate dehydrogenase. J. Bioenerg. Biomembr 1988, 20, 313–323. [Google Scholar]

	67. 
Robinson, BH; Ward, J; Goodyer, P; Baudet, A. Respiratory chain defects in the mitochondria of cultured skin fibroblasts from three patients with lacticacidemia. J. Clin. Invest 1986, 77, 1422–1427. [Google Scholar]

















© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
ER/SR

[Ca®* ], in

8- Wpss= wt
2 Bpoe=ko
4-
2

w%.w
[

senescent cell

normal cell






nav.xhtml


  ijms-12-05373


  
    		
      ijms-12-05373
    


  




  





media/file3.png
Passage number

9 11 13 14 16 17 18 19

«— p66She

«— p528he
<«— p46Shc





media/file0.png
+— ATPase

+— |||

«— ||






media/file1.png





media/file2.png
% of control

cyt0,*

% of control

150
130
110

mt0,*






