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Abstract: The underlying cellular mechanisms that characterize aging are complex and 

multifaceted. However, it is emerging that aging could be regulated by two distinct metabolic 

hubs. These hubs are the pathway defined by the mammalian target of rapamycin (mTOR) 

and that defined by the NAD+-dependent deacetylase enzyme, SIRT1. Recent experimental 

evidence suggests that there is crosstalk between these two important pathways; however, 

the mechanisms underpinning their interaction(s) remains poorly understood. In this review, 

we propose using computational modelling in tandem with experimentation to delineate the 

mechanism(s). We briefly discuss the main modelling frameworks that could be used to 

disentangle this relationship and present a reduced reaction pathway that could be modelled. 

We conclude by outlining the limitations of computational modelling and by discussing 

opportunities for future progress in this area. 
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1. Introduction 

One of the great challenges in biology is to understand the underlying mechanisms of aging. Aging 

is recognized as a deleterious process that occurs during the lifespan of an organism, gradually rendering 

it increasingly vulnerable to mortality [1]. Aging is characterized by its complexity and that it affects all 

aspects of biology, from molecular processes to the whole organism. Cells are the essential building 

blocks of the human body; therefore, it is logical that mammalian cellular decline underpins the aging 

process. Over the years, several cellular mechanisms have been suggested as the underlying cause of 

aging. For example, cellular senescence, a phenomenon that occurs when normal differentiating cells 

stop dividing, was widely regarded as a viable model of aging [2,3]. However, it became apparent that 

senescence can accompany a diverse range of other cellular events. For instance, Harley et al. (1990) 

revealed that telomere shortening is associated with cellular senescence [4], and in certain cell lines, 

cells can even cause senescence (reviewed in [5]). In addition, mitochondria have been long recognized 

as a source of cellular damage, due to the deleterious consequences of reactive oxidative species (ROS) 

escaping from the mitochondrial electron transport chain during cellular respiration [6–8]. ROS can 

compromise the integrity of the cell by damaging lipids, proteins and nuclear/mitochondrial DNA [9]. 

For this reason, the production of ROS has been associated with telomere dysfunction [10] and cellular 

senescence, demonstrating the intertwined nature of aging [11,12]. Crosstalk among a variety of other 

cellular activities has also been implicated in how aging unfolds [13–15]. Thus, a general consensus has 

evolved that mammalian aging is not dictated by a single cellular event operating in isolation; it is the 

result of the interplay of a diverse range of biological processes operating over a wide-range of spatial 

and temporal scales. As a result of these findings, it has been recognized that in order to gain a more 

complete understanding of the mechanics of aging, integration of multiple biological pathways need to 

be considered [16,17]. For example, Passos et al. (2010) used in silico interactome analysis and live cell 

microscopy to show the presence of a dynamic feedback loop between p21 and cellular ROS levels [11]. 

Regardless of the approach that is adopted, a better understanding of aging is especially important 

due to an increase in age-related pathologies, such as cardiovascular disease (CVD) [18]. The aim of the 

systems biology paradigm is to provide an integrated interpretation and understanding of fundamental 

biological processes from the molecular through to the physiological [19–23]. Central to the systems 

biology approach is computational modelling, which involves using mathematics to quantitatively 

represent the dynamics of biological systems. Recently, computational models have been utilized  

to investigate the dynamics of aging, making it possible to intuitively represent the detailed  

networks of genes, proteins, metabolites and biochemical reactions that characterize this complex  

phenomenon [24–27]. A worthwhile resource for sourcing aging data at these different biological levels 

is the recently developed Digital Ageing Atlas (DAA) [28]. This is a freely accessible online database 

that has been designed specifically for archiving age-related data at various levels [28]. Within the dense 

biological circuitry that underpins aging, several important metabolic hubs are suggested to regulate 

longevity and health span. These include pathways defined by the mammalian target of rapamycin 

(mTOR) [29] and that defined by the NAD+-dependent deacetylase enzyme, SIRT1 [30]. mTOR and 

SIRT1 are involved in coordinating the availability of nutrients and energy to a wide range of cellular 

functions. Figure 1 presents a coarse-grained network diagram of these pathways, their interaction as 

proposed by Ghosh et al. (2010) and the cellular processes they impact [31]. It is possible that the 
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intensity of the metabolic current passing through Figure 1 is modulated by caloric restriction (CR), a 

dietary regime that involves reducing nutrient intake without causing malnutrition [32,33]. This dietary 

regime has been shown to extend lifespan in a diverse range of organisms, and it is generally accepted 

that the effects of CR are at least partly mediated via these key metabolic pathways [34,35]. However, 

it must be stressed at this point that this is very much an open question, and it remains to be fully 

established if there is a link between CR and SIRT1 (recently reviewed in [36]). Despite this uncertainty, 

the relationship(s) between the mTOR and SIRT1 pathways have been the subject of intense scrutiny 

due to the potential they may offer for extending health span via pharmacological interventions that 

could replicate the effects of CR [37,38]. However, it remains unclear how their interplay might 

contribute to longevity. In this article, we explore mTOR and SIRT1 as metabolic sensors and the major 

pathways that they regulate. Experimental investigations that have examined their crosstalk will be 

discussed and a case presented for computationally modelling their interplay. A framework that could 

be used to do this will be outlined, and we will also define the challenges and opportunities that could 

influence how computational modelling is used in the future to investigate aging. 

 

Figure 1. A coarse-grained overview of the metabolic pathways regulated by mTOR and 

SIRT1. The figure also shows SIRT1 inhibiting mTOR, as suggested by Ghosh et al. (2010). 

2. mTOR and Aging 

mTOR is a serine/threonine protein kinase of the phosphatidylinositol-3-OH kinase (PI(3)K)-related 

family [39]. It acts as a key metabolic sensor in a wide range of biological effects, both at a cellular and 

organism level [40]. This ability to act as a regulator causes it to respond to an array of both intrinsic 

and extrinsic cellular signals. These signals include genotoxic stress, oxygen levels and hormone/nutrient 

levels [41–43]. mTOR forms the catalytic subunit of two discrete signaling complexes, known as  

mTOR complexes 1 and 2 (mTORC1 and mTORC2). In response to intracellular and extracellular cues, 
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the mTOR pathway impacts cell growth and proliferation by stimulating anabolic processes, including 

biosynthesis of proteins, lipids and organelles, and by restricting catabolic processes, such as  

autophagy [44]. As a result, mTOR has been recognized as a key metabolic hub that can influence cell 

growth and survival [45]. Thus, it is logical to assume that mTOR could be a master metabolic controller 

with the potential to regulate both aging and the pathologies of old age. It is thus not surprising that 

recent efforts have focused on applying inhibitors of this pathway to the study of healthy aging [46].  

For instance, evidence from mouse models suggests that inhibition of mTOR rescues cognitive 

deterioration, which is a clinical manifestation of Alzheimer’s disease [47–49]. Moreover, sporadic 

mutation or dysregulation of protein kinase B and the tuberous sclerosis complex, which are upstream 

components of the mTOR pathway, are frequently altered in cancer [50–52]. Another function of  

mTOR that has been associated with cancer development is tumour angiogenesis [53]. The mTOR  

kinase inhibitor rapamycin, also known as sirolimus, is an antifungal agent produced by the bacteria 

Streptomyces hygroscopicus and has long been touted as a therapeutic target of cancer [54,55].  

For example, analogues of rapamycin have historically been used as chemotherapeutic agents against 

solid tumour types [56], including breast cancer [57,58]. Rapamycin has anti-angiogenesis effects, which 

are suggested to be mediated by lowering vascular endothelial growth factor (VEGF), a downstream 

product of the mTOR1 complex [59]. It could be very tentatively suggested, therefore, that over-activated 

mTOR promotes cancer growth by augmenting the supply of VEGF. 

Rapamycin fed late in life has also been show to extend lifespan in genetically heterogeneous  

mice [60]. However, an alternative, more recent study has shown that, although rapamycin can extend 

lifespan in mice, it did not improve healthy aging [61]. Rapamycin, however, had similar effects on 

young animals, indicating that the effects of rapamycin were not due to a modulation of aging, but rather 

related to aging-independent drug effects. The life-extending effects of CR could, in part, be due to 

inhibition of mTOR, as suggested by the findings in Drosophila [62] and yeast [63]. CR has been shown 

to activate 4E-BP1 in Drosophila, resulting in increased translation of macromolecules involved in the 

mitochondrial electron transport chain and associated lifespan extension [64]. This increased 

functionality could be due to a reduction in ROS damage, as it has been suggested that inhibition of 

mTORC1 by rapamycin lowers mitochondrial membrane potential, oxygen consumption and cellular 

ATP levels [65,66], and it has been found that rapamycin inhibition can dramatically alter mitochondrial 

phosphoproteome [65]. It has been observed that mitochondrial DNA copy number, as well as the 

expression of several genes encoding proteins involved in oxidative metabolism are reduced by 

rapamycin and increased by mutations that activate mTORC1 signaling [66]. 

3. Metabolic Crosstalk between mTOR and SIRT1 

Silent information regulator proteins, otherwise known as sirtuins (SIRTUINS), are an evolutionarily 

group of enzymes that operate as NAD+-dependent deacetylases [67]. There are seven known 

mammalian sirtuins that are localized to various parts of the cell [68]. Sirtuins take part in a diverse 

range of cellular activities, from nutrient sensing [68] to DNA damage/repair [69]. The response of 

sirtuins to environmental factors, as well as their potential role in aging is unclear. What is known is that 

SIRT1, the most extensively studied of the sirtuins, regulates various metabolic processes, which enable 

the cell to adapt to nutrient perturbations. In response to fasting, for example, SIRT1 modulates 
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gluconeogenesis in the liver [70]. Moreover, SIRT1 has various other functions, including the regulation 

of fat mobilization; the control of glucose stimulated insulin secretion; and the mediation of stress 

responses [71]. It has also been implicated in cardiovascular function, where it is suggested to play a 

protective role in preventing cardiac hypertrophy [72]. Several recent studies have suggested that there 

is a link between these two metabolic networks. For example, Hong et al. (2014) showed that  

acetylation of a region needed to maintain the activity of p70 ribosomal S6 kinase (S6K1) blocks its 

mTORC1-dependent Thr-389 phosphorylation [73]. Thr-389 is a key phosphorylation site needed to 

maintain S6K1 activity. Acetylation of S6K1 is inhibited by SIRT1 and SIRT2, suggesting that sirtuin 

regulated acetylation of S6K1 is needed for mTORC1-dependent S6K1 activation [73]. Moreover, it was 

demonstrated by Ghosh and colleagues using both mouse and human cells that SIRT1 interacts with 

TSC2, a component of the mTOR inhibitory-complex upstream to mTORC1 and regulates mTOR 

signaling in a TSC2-dependent manner. These results suggested that SIRT1 negatively regulates mTOR 

signaling potentially through the TSC1/2 complex [31]. Guo et al. (2011) reported similar findings in 

mice with enhanced neuronal SIRT1 expression. This was accompanied by inhibition of mTOR 

downstream signaling activity (decreased p70S6 kinase (p70S6K) phosphorylation at Thr389). 

Interestingly, the authors suggest that Sirt1 may act to promote the growth and survival of neurons in 

the central nervous system via negatively regulating mTOR signaling [74]. 

4. Therapeutic Avenues for Treating Age-Related Disease? 

It has been suggested for some time that the mTOR and SIRT1 signaling pathways play a vital role 

in the onset and progression of aging and age-related diseases. However, some of the findings 

surrounding these pathways suggest that a number of possible paradoxes are present in their involvement 

in aging. mTOR, as has been previously mentioned, is a key cellular regulator of anabolic processes and 

autophagy. The decreased muscle mass evident from aging would suggest that an upregulation of this 

signaling pathway would therefore be beneficial. Bodine et al. (2001) found that activation of the 

Akt/mTOR pathway could induce muscular hypertrophy and reduced atrophy in disused limbs in both 

rats and mice [75]. For those suffering from sarcopenia or age-related muscular atrophy, this could 

provide a significant step in improving quality of life in later years. The decrease in growth hormone 

(GH) and insulin-like growth factor (IGF) concentrations that occur with age would suggest that 

administration could counter the progression of osteoporosis, sarcopenia and even CVD [76]. IGF-1 has 

been shown to up-regulate the Akt/mTOR pathway and, therefore, to increase protein synthesis [77]. 

However, an attenuated insulin/IGF-1 signaling has been shown to extend lifespan whilst mutations in 

IGF-1 receptors in humans have been linked to increased longevity. The interaction of GH and IGF 

signaling and their effect on aging/longevity have been examined in a number of studies using mice. 

These have demonstrated that a GH deficiency or a deletion of GH receptors can significantly reduce 

the effect of aging and increase longevity [76]. As IGF-1 mediates the effects of GH, it has been 

suggested that it is actually the IGF signaling pathway that is in some way responsible for intensifying 

the aging process [76]. Once again, in mice with low circulating levels of IGF-1 or with a deletion of  

the IGF-1 receptors, an increase in longevity in females, but not males, has been found [76]. Rapamycin, 

is now regularly used as an immunosuppressant to help prevent organ rejection after transplants. Recent 

data have demonstrated that rapamycin is associated with significantly extending lifespan in mice [78], 
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and it is through the inhibition of the mTOR signaling pathway that it is proposed to exert its effect [79]. 

Of further interest is the fact that the timing of administration of rapamycin appears to influence its 

impact. Miller et al. (2011) found that administration in mice at nine months (equivalent to ~20 years 

old in a human) provided no additional benefit compared to those given rapamycin at 20 months 

(equivalent to ~60 years old in a human) [80]. This suggests that there would not necessarily be a need 

for lifelong supplementation of rapamycin in order to extend health span, should the same benefit be 

found in humans. 

A further substance that has been strongly linked with the possibility of increasing health span is 

resveratrol, a plant polyphenol found in grape skins and some other food sources, that has been suggested 

to mimic calorie restriction [81]. Despite some positive evidence suggesting resveratrol can improve 

glucose and lipid metabolism, the role this polyphenol plays in cancer and cardiovascular disease 

progression remains to be fully elucidated [82]. Recent findings have suggested that resveratrol can 

suppress cellular senescence in human cells; however, this was limited by its toxicity, which occurs at 

higher concentrations [83]. In contrast, a review by Cottart et al. (2014) found that it was relatively well 

tolerated at doses above 0.5 g/day over long periods [82]. It has been suggested that resveratrol inhibits 

mTOR signaling pathways by increasing the association between mTOR and its inhibitor DEPTOR, 

thereby limiting the downstream signaling of mTOR [84]. In addition, an increased expression of SIRT1 

has also been postulated as another mechanism by which resveratrol can exert its effect [85]. An increase 

in SIRT1 could help to reduce oxidative stress, thereby reducing cell damage and ultimately slowing 

down the aging process. Whilst there have been some positive findings with regards to supplementation 

strategies that may help to slow down the aging process, there is still some way to go before these 

methods can be definitively said to improve/limit the process of aging. In summary, both rapamycin and 

resveratrol have shown some positive effects in various animal models; however, there is a much 

stronger argument for rapamycin being a candidate for extending health span (reviewed in [36]). 

However, there is still some debate as to the level of impact possible and if the positive effects observed 

in a mouse model will truly transfer to the human level [82]. 

5. Mathematical Approaches to Modelling of Biological Pathways 

The exact mechanisms that underpin the interaction between SIRT1 and mTOR remain to be 

discovered. Unravelling their relationship is hampered by the complexity of the pathways that they 

regulate. Therefore, a full understanding of their interconnectivity is difficult to envisage in the near 

future. Consequently, we propose breaking the interactions into well-characterized regulatory circuits 

with mTOR and SIRT1 hubs within the circuits, then using computational modelling in conjunction with 

experimentation to gain a deeper mechanistic understanding of their interactivity. To do this, it is 

important to appreciate how to construct a mathematical model of a biological pathway, as several 

approaches can be employed. Here, we briefly discuss some of the approaches that have commonly been 

used in systems biology and give examples of where they have been applied to aging studies. We also 

briefly highlight the advantages and disadvantages of using these approaches. 

One important method that has been successfully applied to metabolic networks is flux balance 

analysis (FBA). In this approach, each intermediate metabolite pool is assumed to be in a steady state. 

This defines a set of mass balance constraints that must be satisfied by any feasible flux pattern and that 
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can be solved efficiently for large, even genome-scale models, to understand global interactions [86]. 

Figure 2 provides a simple pathway to illustrate the concept. Metabolite B, for example, is produced by 

flux 𝝂 
𝟏
 and consumed by fluxes 𝝂 

𝟐
 and 𝝂 

𝟑
. If the concentration of B is assumed not to vary over time, 

its rate of change (first derivative with respect to time) can be set to zero, which implies the following 

simple relationship between these fluxes: 𝝂 
𝟏
− 𝝂 

𝟐
− 𝝂 

𝟑
= 𝟎. A similar analysis of Metabolite C gives 

another constraint: 𝝂 
𝟐
− 𝝂 

𝟒
= 𝟎 . For larger networks, the balancing of hundreds or thousands of 

metabolites gives the same number of constraints that the fluxes must satisfy. This “constraint space” 

can be efficiently searched by mathematical optimization algorithms to find a flux pattern that optimizes 

a certain objective, such as maximization of the cell growth rate. FBA has been widely used to interpret 

metabolic data, for example in a study on the effect of aging on key metabolite fluxes in hypoxia 

tolerance in Drosophila [87]. Although originally devised for steady-state metabolic networks, these 

methods have found some limited application for dynamic signaling networks of the type considered 

here [88] and also gene regulation [89]. From an aging perspective, several other models are worth 

mentioning; for example, the FBA model of mitochondrial energy metabolism by Ramakrishna and 

colleagues [90]. This model was used to characterize the optimal flux distributions for maximal ATP 

production in the mitochondrion. The model predicted the expected ATP yields for glucose, lactate and 

palmitate alongside the secretion of TCA-cycle intermediates, which is observed during mitochondrial 

disease [90]. More recently, Nogiec and colleagues (2015) used FBA modelling to create a  

systems-level model of insulin resistance, under a variety of nutrient conditions. The metabolic network 

was probed to isolate reactions that replicate the clinical manifestations of an insulin resistance-linked 

metabolic state [91]. Yizhak et al. (2013) also focused on the area of healthy ageing and generated a 

metabolic transformation algorithm [92]. This algorithm has the goal of identifying health states within 

a metabolic network that has been perturbed by disease. According to the authors, the algorithm was 

able to predict novel drug targets for human ageing based on analyses of several genes associated with 

lifespan extension in yeast. In terms of disadvantages, flux models are not based on mechanistic 

biochemical kinetics; therefore, they are limited at predicting metabolic conditions. This means that 

although the “transportation infrastructure” of the cell is quite well characterized by FBA, the kinetic rates, 

information exchange and regulation that control the flow of molecules around these metabolic networks 

are far less well understood. They are also solely based on model steady states, and fluxes are inferred 

based on steady states. This is not a true reflection of reality, as regulatory processes are inherently dynamic 

in nature and, therefore, require an alternative dynamic or time-dependent modelling approach [93]. 

The most ubiquitous approach for dynamic modelling of biological pathways involves the second 

class of computational models discussed here, namely dynamic deterministic simulations using ordinary 

differential equations (ODEs). In these models, the state variables of the system can be metabolites  

or anything in which the concentration is dynamically altered over time by reactions that produce or 

consume them. These reactions can be enzyme-catalysed transformations of metabolites, post-translational 

modifications of proteins or synthesis reactions, such as transcription and translation. Unlike FBA 

models, ODE models require some mechanistic understanding of the reactions involved, as well as 

estimates of the associated kinetic parameters. This requirement for parameter values limits the size of 

ODE models, even more than computational tractability. The typical ODE model size is a few reactions 

or a few tens of reactions for larger models, whereas FBA models frequently approach the so-called 

“genome scale” of a few hundred or several thousand reactions. The goal of deterministic ODE models 
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is to encapsulate the dynamics of the system by capturing the behaviour of reaction velocities. Several 

recent excellent ODE models have been applied to the understanding of aging. For example, a recent 

mathematical model by Kowald et al. (2012) was used in conjunction with experimental analysis of 

Podospora anserina strains in which the mitochondrial superoxide dismutase, PaSOD3, was enhanced [94]. 

This combined approach was able to indicate that superoxide may not be the primary ROS responsible 

for age-related molecular decline, which has significant ramifications for the free radical theory of  

aging [6,8]. Another worthwhile recent model by Proctor et al. (2014) utilized an ODE approach and 

stochastic methods (see below) to assess the therapeutic intervention points for the prevention of  

age-related cytokine-induced cartilage breakdown. The model predicted that simulated inhibition of  

c-Jun N-terminal kinase or p38 mitogen-activated protein kinases and overexpression of tissue  

inhibitor of metalloproteinases 3 (TIMP-3) led to a reduction in collagen release [95]. One of the 

disadvantages associated with using this approach is parameter uncertainty. This presents a challenge 

for developing reliable ODE models of biological pathways. Some recent methods to address this issue 

are discussed in Sections 6 and 7. Further disadvantages include the fact that ODE models are often 

based on the assumption of spatial homogeneity, and thus, the challenge of incorporating widely 

different timescales needs to be overcome. This implicitly assumes that a considerable number of 

molecules take part in the reactions and that the average behaviour of the population of molecules is not 

affected by individual heterogeneity. This assumption may not be valid for certain signaling proteins 

and transcripts that have low copy numbers per cell, and this may require the use of stochastic models. 

Therefore, the final approach that will be discussed briefly is stochastic modelling. This type of model 

is used if there is variability within the biological system [96]. A stochastic simulator can be utilized if 

a small number of molecules are suggested to be involved in discrete random collisions within a 

biochemical/molecular pathway. Computationally, this approach involves an algorithm treating each 

reaction in the model as a probability function, e.g., biochemical reactions have different probabilities 

of taking place, which can be altered depending on the nature of the reaction [97–99]. There is now 

considerable experimental evidence to support the application of this framework to a broad range of 

biological processes [100,101]. It is recognized that stochasticity contributes to aging [102]; thus, it is 

important to consider this for any future model of mTOR and SIRT1 interplay. Recently stochastic 

models have been used to represent cellular oxidative damage [103], telomere shortening [104], heat 

shock protein homeostasis [105] and a variety of biochemical pathways involved in the aging process. 

The disadvantages of stochastic modelling mainly centre on the fact that, in the main computational 

systems biology, researchers tend to rely heavily on the Gillespie algorithm or one of its variants (a 

statistically exact method). Although simple to use and intuitive to understand, this method is extremely 

computationally intensive, as it must simulate every single reaction [98,99,106]. 
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Figure 2. A simple pathway illustrating a metabolic flux model. 

6. Resources for Model Assembly 

Assembling a model of a metabolic network or a signaling pathway using the reaction-based approach 

requires a number of things. Firstly, it is important to establish if the model has been assembled before. 

This may involve consulting a database, such a BioModels [107], that archives models that have been 

encoded in the model exchange format systems biology mark-up language (SBML) [108]. It also 

requires detailed knowledge of the metabolic reactions and their patterns of interaction. This reaction 

list can be converted into to a network diagram that explicitly outlines the nature of the reactions. This 

is more formal that a biological diagram of the system and aims to represent the network in a very precise 

manner. There are a number of ways of creating a network diagram. Recently, systems biology graphical 

notation has been suggested as a standardized method for generating network diagrams [109]. Reaction 

modelling also requires detailed knowledge of each reaction and their mechanisms. This often depends 

on the availability of kinetic data, which can be obtained from databases, such as the BRaunschweig 

ENzyme DAtabase (BRENDA) [110],  the System for the Analysis of Biochemical Pathways - Reaction 

Kinetics (SABIO-RK) [111] or BioNumbers [112]. If kinetic data are available, but the values are 

different, as they have been obtained using a wide variety of experimental conditions, then it is necessary 

to build this uncertainty into the model. Uncertain kinetic values can be considered in the modelling 

process using a sensitivity analysis, which investigates the relationship between uncertain model inputs 

and the resulting variation in the model outputs. Information on the reactions can also be derived from 

wet-laboratory observations of time-course behaviour. These data are necessary in order to infer a 

reasonable parameter set to establish the validity of the model. This is important, as the utility of the 

model is dependent to a large extent on how complete the knowledge is of the metabolic system. A 

software tool is also necessary for model building. It is now unnecessary to have an advanced 

understanding of mathematics and computer programming, as significant progress has been made 

recently and there is a plethora of freely available modelling tools that are intuitive and reasonably 

straightforward to use (reviewed in [113]). Many software tools are capable of running simulations of 

the metabolic network model and also have built-in features that allow modellers to conduct sensitivity 

analysis or parameter estimation. 
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7. Current Limitations and Future Developments 

There a number of issues that can impede the development of a model in this area. Firstly, a large 

number of biological systems remain poorly understood mechanistically. This makes an integrated 

mathematical description of their mechanisms inherently challenging. Moreover, this problem feeds 

forward into parameter selection; if the mechanisms have not been fully delineated, then it is probable 

that there will be a paucity of measurements with which to infer accurate parameter values. A variety of 

techniques have been developed for estimating parameters that are not identifiable in the strict mathematical 

sense [114,115]. Residual parameter uncertainty, however, has an impact on model extension, because 

if the parameters of the original model are unclear, this raises questions over the value of extending the 

model further. This is particularly frustrating from the perspective of the aging process as, due to its 

intrinsic complexity, holistic models are a necessity if we are to improve our understanding of this 

process. To help overcome these difficulties, Kriete et al. (2010) created a noteworthy rule-based cell 

systems model of aging that included the mTOR pathway along with several other pathways related to 

aging [116]. This semi-quantitative model enabled the authors to represent aging in a holistic fashion 

that was defined by connectivity/rules among all components involved. Another promising direction for 

future research is the development of algorithmic methods for reducing model complexity and 

identifying, from the ensemble of uncertain model parameters, the critical components that demand 

further investigation. A good example of this is sensitivity analysis to determine those parameters that 

exert the most influence over a particular model output [117]. The performance of formal techniques for 

automated model reduction of systems biology models has also been studied by Dokoumetzidis and 

Aarons [118]. Recently, Rao and colleagues (2014) developed a model reduction method for biochemical 

reaction networks [119]. The method employed a stepwise reduction in the number of complexes, 

defined as the left- and right-hand sides of the reactions in the network. The reduced network has fewer 

complexes, reactions, variables and parameters when compared to the original network, and yet, the 

behaviour of a preselected set of significant metabolites in the reduced network closely resembles that 

of the original network. Moreover, the reduced network largely retains the structure and kinetics of the 

original model. A yeast model of glycolysis was reduced from 12 to seven variables. This reduction was 

able to improve the understanding of the dynamics of the network and presents a means of facilitating 

model parameterization or to embed a detailed model of interest in a more coarse-grained, yet realistic 

environment [120]. This type of approach could be important for modelling the interaction between 

mTOR and SIRT1, because their metabolic activities comprise a multitude of relationships that 

encapsulates the dynamic behaviour between enzymes, metabolites and cofactors. Given the current 

limited understanding of the mechanisms that underpin these pathways and the cloudiness surrounding 

their interactivity, constructing a detailed model of their circuitry is to a large extent futile. Rather, it is 

vital that computational models are informed by recent experimental evidence and that they are used to 

test a particular idea or hypothesis relating to a component or components of a reasonably well-defined 

system. The incorporation of model entities needs to be informed by metabolic circuitry that has been at 

least partly characterized experimentally. As an example, we created a diagram that could be used as a 

starting point to model the interaction of mTOR and SIRT1 (Figure 3). This diagram is informed by the 

hypothesis outlined by Ghosh et al. (2010) [31], in which the authors suggest SIRT1 negatively regulates 

mTOR signaling through inhibition of the TSC1/2 complex. Our idea centres on capturing this effect 
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together with the key components of this pathway. The next step would be to code our putative model 

using a software tool, such as CellDesigner [121] or Copasi [122], both of which have been designed to 

support the SBML exchange framework, which would facilitate model updating. It would then be 

necessary to parameterize the model. Following this, simulations could be conducted along with a 

sensitivity analysis. The model could then be ultimately used to explore the relationship between mTOR 

and SIRT1 based on current experimental knowledge. 

 

Figure 3. Proposed reduced model of SIRT1 and mTOR interaction based on Ghosh et al. 

(2010) [31]. Insulin binds to IRs resulting in autophosphorylation. IRs can be phosphorylated 

or unphosphorylated [123]. The active IR induces the phosphorylation of IRS-1 via the 

activity of protein tyrosine kinase. This signal depends on phosphorylated IR. IRS1p docks 

with PI3-kinase. This results in the formation of the IRS-1/activated PI3-kinase complex 

(IRS1pPI3). Dissociation of the complex is dependent on IRS1pPI3. Phosphorylation of Akt 

depends on IRS1pPI3 and is reversible. Formation of the TSC1/2 complex depends on 

phosphorylated Akt. The TS1/2 complex inhibits the conversion of inactive Rheb to active 

Rheb (Rheb-GTP). RhebA activates mTORC1. Activation of mTORC1 affects S6K, while 

the activity of S6K is triggered by phosphorylation [124]. The activity of S6 kinase triggers 

feedback mechanisms inhibiting IRS-1. mTORp provokes cell metabolism and growth. We 

explore the proposed interaction between mTOR and SIRT1 by having SIRT1 bind with the 

TSC1/2 complex to inhibit active Rheb formation. Thus, the SIRT1 TSC1/2 complex 

association is included as an inhibitor of active Rheb formation and subsequent mTOR 

signaling, as suggested by Ghosh and colleagues. 
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8. Conclusions 

Western populations are gradually aging. With this demographic shift comes a concomitant increase 

in the prevalence of age related-disease. Thus, there is an urgent need to better understand the 

mechanisms that underpin aging. In this article, two metabolic pathways have been proposed as 

fundamental to the progress of aging and age-related disease. The importance of these pathways is 

emphasized by their effects on a diverse range of cellular and metabolic processes. Both pathways are 

modulated by CR, and recent evidence suggests that there is significant crosstalk between these two 

metabolic hubs. However, the precise mechanisms that underpin their interactions remain unclear. One 

way to establish a more complete understanding of the interactions between mTOR and SIRT1 is to use 

mechanistic computational modelling. There are a number of approaches that can be utilized to describe 

the proposed mechanistic interplay between these two metabolic circuits. In general, computational 

models are based on reactions and utilize ordinary differential equations, with the concentrations of 

metabolic entities and parameters inferred from continuous deterministic data to replicate the behaviour 

of the systems. The major limitation of this approach is that it depends on an adequate parameter set 

being inferred from the experimental data. Presently, this is a challenge, as a full kinetic description of 

these pathways has yet to be established. In this paper, we propose that computational modelling focus 

on the experimentally well-understood region within the complex circuitry of these metabolic networks. 

Therefore, we propose that a well-characterized experimental region of a larger circuit is modelled 

initially to gain a firm understanding of its mechanisms. This is a process that is cyclical in nature and 

involves hypothesis generation followed by the gathering of experimental evidence to gradually unravel 

the mechanisms that underpin the metabolic circuitry. Once delineated, these pathways may lead to new 

therapeutic avenues that could increase health span or even delay aging. 

Author Contributions 

Mark Mc Auley conceived the idea for this review. All other authors contributed to various sections 

of the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest.  

References 

1. Kirkwood, T.B.; Austad, S.N. Why do we age? Nature 2000, 408, 233–238. 

2. Hayflick, L.; Moorhead, P.S. The serial cultivation of human diploid cell strains. Exp. Cell Res. 

1961, 25, 585–621. 

3. Van Deursen, J.M. The role of senescent cells in ageing. Nature 2014, 509, 439–446. 

4. Harley, C.B.; Futcher, A.B.; Greider, C.W. Telomeres shorten during ageing of human fibroblasts. 

Nature 1990, 345, 458–460. 

5. Kuilman, T.; Michaloglou, C.; Mooi, W.J.; Peeper, D.S. The essence of senescence. Genes Dev. 

2010, 24, 2463–2479. 



Metabolites 2015, 5 244 

 

 

6. Harman, D. Aging: A theory based on free radical and radiation chemistry. J. Gerontol. 1956, 11, 

298–300. 

7. Finkel, T.; Holbrook, N.J. Oxidants, oxidative stress and the biology of ageing. Nature 2000, 408, 

239–247. 

8. Harman, D. The biologic clock: The mitochondria? J. Am. Geriatr. Soc. 1972, 20, 145–147. 

9. Liochev, S.I. Reactive oxygen species and the free radical theory of aging. Free Radic. Biol. Med. 

2013, 60, 1–4. 

10. Von Zglinicki, T.; Saretzki, G.; Docke, W.; Lotze, C. Mild hyperoxia shortens telomeres and 

inhibits proliferation of fibroblasts: A model for senescence? Exp. Cell Res. 1995, 220, 186–193. 

11. Passos, J.F.; Nelson, G.; Wang, C.; Richter, T.; Simillion, C.; Proctor, C.J.; Miwa, S.; Olijslagers, S.; 

Hallinan, J.; Wipat, A.; et al. Feedback between p21 and reactive oxygen production is necessary 

for cell senescence. Mol. Syst. Biol. 2010, doi:  10.1038/msb.2010.5. 

12. Sedelnikova, O.A.; Horikawa, I.; Zimonjic, D.B.; Popescu, N.C.; Bonner, W.M.; Barrett, J.C. 

Senescing human cells and ageing mice accumulate DNA lesions with unrepairable double-strand 

breaks. Nat. Cell Biol 2004, 6, 168–170. 

13. Reinhardt, H.C.; Schumacher, B. The p53 network: Cellular and systemic DNA damage responses 

in aging and cancer. Trends Genet. 2012, 28, 128–136. 

14. Cuervo, A.M.; Wong, E. Chaperone-mediated autophagy: Roles in disease and aging. Cell Res. 

2014, 24, 92–104. 

15. Cencioni, C.; Spallotta, F.; Martelli, F.; Valente, S.; Mai, A.; Zeiher, A.M.; Gaetano, C. Oxidative 

stress and epigenetic regulation in ageing and age-related diseases. Int. J. Mol. Sci. 2013, 14, 

17643–17663. 

16. Hou, L.; Huang, J.; Green, C.D.; Boyd-Kirkup, J.; Zhang, W.; Yu, X.; Gong, W.; Zhou, B.;  

Han, J.D. Systems biology in aging: Linking the old and the young. Curr. Genomics 2012, 13,  

558–565. 

17. Cevenini, E.; Bellavista, E.; Tieri, P.; Castellani, G.; Lescai, F.; Francesconi, M.; Mishto, M.; 

Santoro, A.; Valensin, S.; Salvioli, S.; et al. Systems biology and longevity: An emerging approach 

to identify innovative anti-aging targets and strategies. Curr. Pharm. Des. 2010, 16, 802–813. 

18. Mc Auley, M.T.; Mooney, K.M. Lipid metabolism and hormonal interactions: Impact on 

cardiovascular disease and healthy aging. Expert Rev. Endocrinol. Metab. 2014, 9, 357–367. 

19. Ideker, T.; Galitski, T.; Hood, L. A new approach to decoding life: Systems biology. Annu. Rev. 

Genomics Hum. Genet. 2001, 2, 343–372. 

20. Schneider, M.V. Defining systems biology: A brief overview of the term and field.  

Methods Mol. Biol. 2013, 1021, 1–11. 

21. Mc Auley, M.T.; Choi, H.; Mooney, K.; Paul, E.; Miller, V.M. Systems biology and synthetic 

biology: A new epoch for toxicology research. Adv. Toxicol. 2015, 2015, Article ID 575403.  

22. Mc Auley, M.; Jones, J.; Wilkinson, D.; Kirkwood, T. Modelling lipid metabolism to improve 

healthy ageing. BMC Bioinform. 2005, doi:10.1186/1471-2105-6-S3-P21. 

23. Choi, H.; Mc Auley, M.T.; Lawrence, D.A. Prenatal exposures and exposomics of asthma.  

AIMS Environ. Sci. 2015, 2, 87–109. 



Metabolites 2015, 5 245 

 

 

24. Mc Auley, M.T.; Kenny, R.A.; Kirkwood, T.B.; Wilkinson, D.J.; Jones, J.J.; Miller, V.M.  

A mathematical model of aging-related and cortisol induced hippocampal dysfunction.  

BMC Neurosci. 2009, doi:10.1186/1471-2202-10-26. 

25. Mc Auley, M.T.; Wilkinson, D.J.; Jones, J.J.; Kirkwood, T.B. A whole-body mathematical model 

of cholesterol metabolism and its age-associated dysregulation. BMC Syst. Biol. 2012, doi:10.1186/ 

1752-0509-6-130. 

26. Mc Auley, M.T.; Mooney, K.M. Computational systems biology for aging reserach. In Aging and 

Health—A Systems Biology Perspective; Yashin, A., Jazwinski, S., Eds.; Karger: Basel, Switzerland, 

2014; Volume 40, pp. 35–48. 

27. Mc Auley, M.T.; Mooney, K.M. Computationally modeling lipid metabolism and aging:  

A mini-review. Comput. Struct. Biotechnol. J. 2015, 13, 38–46. 

28. Craig, T.; Smelick, C.; Tacutu, R.; Wuttke, D.; Wood, S.H.; Stanley, H.; Janssens, G.; Savitskaya, E.; 

Moskalev, A.; Arking, R.; et al. The digital ageing atlas: Integrating the diversity of age-related 

changes into a unified resource. Nucleic Acids Res. 2014, 43, 873-878. 

29. Johnson, S.C.; Rabinovitch, P.S.; Kaeberlein, M. mTOR is a key modulator of ageing and  

age-related disease. Nature 2013, 493, 338–345. 

30. Nakagawa, T.; Guarente, L. Sirtuins at a glance. J. Cell Sci 2011, 124, 833–838. 

31. Ghosh, H.S.; McBurney, M.; Robbins, P.D. SIRT1 negatively regulates the mammalian target of 

rapamycin. PLoS One 2010, 5, e9199. 

32. Heilbronn, L.K.; Ravussin, E. Calorie restriction and aging: Review of the literature and implications 

for studies in humans. Am. J. Clin. Nutr. 2003, 78, 361–369. 

33. Taormina, G.; Mirisola, M.G. Calorie restriction in mammals and simple model organisms. 

Biomed. Res. Int. 2014, doi:10.1155/2014/308690. 

34. Guarente, L. Calorie restriction and sirtuins revisited. Genes Dev. 2013, 27, 2072–2085. 

35. Barzilai, N.; Huffman, D.M.; Muzumdar, R.H.; Bartke, A. The critical role of metabolic pathways 

in aging. Diabetes 2012, 61, 1315–1322. 

36. De Magalhaes, J.P.; Wuttke, D.; Wood, S.H.; Plank, M.; Vora, C. Genome-environment interactions 

that modulate aging: Powerful targets for drug discovery. Pharmacol. Rev. 2012, 64, 88–101. 

37. Li, J.; Kim, S.G.; Blenis, J. Rapamycin: One drug, many effects. Cell Metab. 2014, 19, 373–379. 

38. Lee, S.H.; Min, K.J. Caloric restriction and its mimetics. BMB Rep. 2013, 46, 181–187. 

39. Shimobayashi, M.; Hall, M.N. Making new contacts: The mTOR network in metabolism and 

signalling crosstalk. Nat. Rev. Mol. Cell Biol. 2014, 15, 155–162. 

40. Albert, V.; Hall, M.N. mTOR signaling in cellular and organismal energetics. Curr. Opin. Cell Biol. 

2014, 33C, 55–66. 

41. Kim, S.G.; Buel, G.R.; Blenis, J. Nutrient regulation of the mTOR complex 1 signaling pathway. 

Mol. Cells 2013, 35, 463–473. 

42. Sengupta, S.; Peterson, T.R.; Sabatini, D.M. Regulation of the mTOR complex 1 pathway by 

nutrients, growth factors, and stress. Mol. Cell 2010, 40, 310–322. 

43. Zoncu, R.; Efeyan, A.; Sabatini, D.M. mTOR: From growth signal integration to cancer, diabetes 

and ageing. Nat. Rev. Mol. Cell Biol. 2011, 12, 21–35. 

  



Metabolites 2015, 5 246 

 

 

44. Tsang, C.K.; Qi, H.; Liu, L.F.; Zheng, X.F. Targeting mammalian target of rapamycin (mTOR) for 

health and diseases. Drug Discov. Today 2007, 12, 112–124. 

45. Bononi, A.; Agnoletto, C.; de Marchi, E.; Marchi, S.; Patergnani, S.; Bonora, M.; Giorgi, C.; 

Missiroli, S.; Poletti, F.; Rimessi, A.; et al. Protein kinases and phosphatases in the control of cell 

fate. Enzym. Res. 2011, 2011, Article ID 329098. 

46. De Magalhaes, J.P. How ageing processes influence cancer. Nat. Rev. Cancer 2013, 13, 357–365. 

47. Spilman, P.; Podlutskaya, N.; Hart, M.J.; Debnath, J.; Gorostiza, O.; Bredesen, D.; Richardson, A.; 

Strong, R.; Galvan, V. Inhibition of mTOR by rapamycin abolishes cognitive deficits and reduces 

amyloid-beta levels in a mouse model of alzheimer’s disease. PLoS ONE 2010, 5, e9979. 

48. Caccamo, A.; Majumder, S.; Richardson, A.; Strong, R.; Oddo, S. Molecular interplay between 

mammalian target of rapamycin (mTOR), amyloid-beta, and tau: Effects on cognitive impairments. 

J. Biol. Chem. 2010, 285, 13107–13120. 

49. Lin, A.L.; Zheng, W.; Halloran, J.J.; Burbank, R.R.; Hussong, S.A.; Hart, M.J.; Javors, M.;  

Shih, Y.Y.; Muir, E.; Solano Fonseca, R.; et al. Chronic rapamycin restores brain vascular integrity 

and function through no synthase activation and improves memory in symptomatic mice modeling 

alzheimer’s disease. J. Cereb. Blood Flow Metab. 2013, 33, 1412–1421. 

50. Yuan, T.L.; Cantley, L.C. Pi3k pathway alterations in cancer: Variations on a theme. Oncogene 

2008, 27, 5497–5510. 

51. Inoki, K.; Corradetti, M.N.; Guan, K.L. Dysregulation of the tsc-mTOR pathway in human disease. 

Nature Genet. 2005, 37, 19–24. 

52. Matsuoka, T.; Yashiro, M. The role of pi3k/akt/mTOR signaling in gastric carcinoma. Cancers 

2014, 6, 1441–1463. 

53. Karar, J.; Maity, A. Pi3k/akt/mTOR pathway in angiogenesis. Front. Mol. Neurosci. 2011,  

doi: 10.3389/fnmol.2011.00051. 

54. Law, B.K. Rapamycin: An anti-cancer immunosuppressant? Crit. Rev. Oncol. Hematol. 2005, 56, 

47–60. 

55. Gibbons, J.J.; Abraham, R.T.; Yu, K. Mammalian target of rapamycin: Discovery of rapamycin 

reveals a signaling pathway important for normal and cancer cell growth. Semin. Oncol. 2009,  

36 (Suppl. 3), S3–S17. 

56. O’Donnell, A.; Faivre, S.; Burris, H.A., 3rd; Rea, D.; Papadimitrakopoulou, V.; Shand, N.; Lane, H.A.; 

Hazell, K.; Zoellner, U.; Kovarik, J.M.; et al. Phase i pharmacokinetic and pharmacodynamic study 

of the oral mammalian target of rapamycin inhibitor everolimus in patients with advanced solid 

tumors. J. Clin. Oncol. 2008, 26, 1588–1595. 

57. Baselga, J.; Campone, M.; Piccart, M.; Burris, H.A., 3rd; Rugo, H.S.; Sahmoud, T.;  

Noguchi, S.; Gnant, M.; Pritchard, K.I.; Lebrun, F.; et al. Everolimus in postmenopausal  

hormone-receptor-positive advanced breast cancer. N. Engl. J. Med. 2012, 366, 520–529. 

58. Awada, A.; Cardoso, F.; Fontaine, C.; Dirix, L.; de Greve, J.; Sotiriou, C.; Steinseifer, J.; Wouters, C.; 

Tanaka, C.; Zoellner, U.; et al. The oral mTOR inhibitor rad001 (everolimus) in combination with 

letrozole in patients with advanced breast cancer: Results of a phase i study with pharmacokinetics. 

Eur. J. Cancer 2008, 44, 84–91. 

  



Metabolites 2015, 5 247 

 

 

59. Guba, M.; von Breitenbuch, P.; Steinbauer, M.; Koehl, G.; Flegel, S.; Hornung, M.; Bruns, C.J.; 

Zuelke, C.; Farkas, S.; Anthuber, M.; et al. Rapamycin inhibits primary and metastatic tumor 

growth by antiangiogenesis: Involvement of vascular endothelial growth factor. Nat. Med. 2002, 

8, 128–135. 

60. Harrison, D.E.; Strong, R.; Sharp, Z.D.; Nelson, J.F.; Astle, C.M.; Flurkey, K.; Nadon, N.L.; 

Wilkinson, J.E.; Frenkel, K.; Carter, C.S.; et al. Rapamycin fed late in life extends lifespan in 

genetically heterogeneous mice. Nature 2009, 460, 392–395. 

61. Neff, F.; Flores-Dominguez, D.; Ryan, D.P.; Horsch, M.; Schroder, S.; Adler, T.; Afonso, L.C.; 

Aguilar-Pimentel, J.A.; Becker, L.; Garrett, L.; et al. Rapamycin extends murine lifespan but has 

limited effects on aging. J. Clin. Investig. 2013, 123, 3272–3291. 

62. Kapahi, P.; Zid, B.M.; Harper, T.; Koslover, D.; Sapin, V.; Benzer, S. Regulation of lifespan in 

drosophila by modulation of genes in the tor signaling pathway. Curr. Biol. 2004, 14, 885–890. 

63. Kaeberlein, M.; Powers, R.W., 3rd; Steffen, K.K.; Westman, E.A.; Hu, D.; Dang, N.; Kerr, E.O.; 

Kirkland, K.T.; Fields, S.; Kennedy, B.K.; et al. Regulation of yeast replicative life span by tor 

and sch9 in response to nutrients. Science 2005, 310, 1193–1196. 

64. Zid, B.M.; Rogers, A.N.; Katewa, S.D.; Vargas, M.A.; Kolipinski, M.C.; Lu, T.A.; Benzer, S.; 

Kapahi, P. 4e-bp extends lifespan upon dietary restriction by enhancing mitochondrial activity in 

drosophila. Cell 2009, 139, 149–160. 

65. Schieke, S.M.; Phillips, D.; McCoy, J.P., Jr.; Aponte, A.M.; Shen, R.F.; Balaban, R.S.; Finkel, T. 

The mammalian target of rapamycin (mTOR) pathway regulates mitochondrial oxygen consumption 

and oxidative capacity. J. Biol. Chem. 2006, 281, 27643–27652. 

66. Cunningham, J.T.; Rodgers, J.T.; Arlow, D.H.; Vazquez, F.; Mootha, V.K.; Puigserver, P. mTOR 

controls mitochondrial oxidative function through a yy1-pgc-1alpha transcriptional complex. 

Nature 2007, 450, 736–740. 

67. Guarente, L. Sirtuins in aging and disease. Cold Spring Harb. Symp. Quant. Biol. 2007, 72,  

483–488. 

68. Houtkooper, R.H.; Pirinen, E.; Auwerx, J. Sirtuins as regulators of metabolism and healthspan. 

Nat. Rev. Mol. Cell Biol 2012, 13, 225–238. 

69. Gorenne, I.; Kumar, S.; Gray, K.; Figg, N.; Yu, H.; Mercer, J.; Bennett, M. Vascular smooth 

muscle cell sirtuin 1 protects against DNA damage and inhibits atherosclerosis. Circulation 2013, 

127, 386–396. 

70. Wei, D.; Tao, R.; Zhang, Y.; White, M.F.; Dong, X.C. Feedback regulation of hepatic 

gluconeogenesis through modulation of shp/nr0b2 gene expression by SIRT1 and foxo1. Am. J. 

Physiol. Endocrinol. Metab. 2011, 300, E312–E320. 

71. Satoh, A.; Stein, L.; Imai, S. The role of mammalian sirtuins in the regulation of metabolism, aging, 

and longevity. Handb. Exp. Pharmacol. 2011, 206, 125–162. 

72. Planavila, A.; Iglesias, R.; Giralt, M.; Villarroya, F. SIRT1 acts in association with pparalpha to 

protect the heart from hypertrophy, metabolic dysregulation, and inflammation. Cardiovasc. Res. 

2011, 90, 276–284. 

73. Hong, S.; Zhao, B.; Lombard, D.B.; Fingar, D.C.; Inoki, K. Cross-talk between sirtuin and 

mammalian target of rapamycin complex 1 (mtorc1) signaling in the regulation of s6 kinase 1 

(s6k1) phosphorylation. J. Biol. Chem. 2014, 289, 13132–13141. 



Metabolites 2015, 5 248 

 

 

74. Guo, W.; Qian, L.; Zhang, J.; Zhang, W.; Morrison, A.; Hayes, P.; Wilson, S.; Chen, T.; Zhao, J. 

SIRT1 overexpression in neurons promotes neurite outgrowth and cell survival through inhibition 

of the mTOR signaling. J. Neurosci. Res. 2011, 89, 1723–1736. 

75. Bodine, S.C.; Stitt, T.N.; Gonzalez, M.; Kline, W.O.; Stover, G.L.; Bauerlein, R.; Zlotchenko, E.; 

Scrimgeour, A.; Lawrence, J.C.; Glass, D.J.; et al. Akt/mTOR pathway is a crucial regulator of 

skeletal muscle hypertrophy and can prevent muscle atrophy in vivo. Nat. Cell Biol. 2001, 3,  

1014–1019. 

76. Bartke, A.; Sun, L.Y.; Longo, V. Somatotropic signaling: Trade-offs between growth, reproductive 

development, and longevity. Physiol. Rev. 2013, 93, 571–598. 

77. Bassel-Duby, R.; Olson, E.N. Signaling pathways in skeletal muscle remodeling. Annu. Rev. Biochem. 

2006, 75, 19–37. 

78. Wilkinson, J.E.; Burmeister, L.; Brooks, S.V.; Chan, C.C.; Friedline, S.; Harrison, D.E.; 

Hejtmancik, J.F.; Nadon, N.; Strong, R.; Wood, L.K.; et al. Rapamycin slows aging in mice.  

Aging Cell 2012, 11, 675–682. 

79. Powers, R.W., 3rd; Kaeberlein, M.; Caldwell, S.D.; Kennedy, B.K.; Fields, S. Extension of 

chronological life span in yeast by decreased tor pathway signaling. Genes Dev. 2006, 20,  

174–184. 

80. Miller, R.A.; Harrison, D.E.; Astle, C.M.; Baur, J.A.; Boyd, A.R.; de Cabo, R.; Fernandez, E.; 

Flurkey, K.; Javors, M.A.; Nelson, J.F.; et al. Rapamycin, but not resveratrol or simvastatin, 

extends life span of genetically heterogeneous mice. J. Gerontol. A Biol. Sci. Med. Sci. 2011, 66, 

191–201. 

81. Pearson, K.J.; Baur, J.A.; Lewis, K.N.; Peshkin, L.; Price, N.L.; Labinskyy, N.; Swindell, W.R.; 

Kamara, D.; Minor, R.K.; Perez, E.; et al. Resveratrol delays age-related deterioration and  

mimics transcriptional aspects of dietary restriction without extending life span. Cell Metab. 2008, 

8, 157–168. 

82. Cottart, C.H.; Nivet-Antoine, V.; Beaudeux, J.L. Review of recent data on the metabolism, biological 

effects, and toxicity of resveratrol in humans. Mol. Nutr. Food Res. 2014, 58, 7–21. 

83. Demidenko, Z.N.; Blagosklonny, M.V. At concentrations that inhibit mtor, resveratrol suppresses 

cellular senescence. Cell Cycle 2009, 8, 1901–1904. 

84. Liu, M.; Wilk, S.A.; Wang, A.; Zhou, L.; Wang, R.H.; Ogawa, W.; Deng, C.; Dong, L.Q.; Liu, F. 

Resveratrol inhibits mTOR signaling by promoting the interaction between mTOR and deptor.  

J. Biol. Chem. 2010, 285, 36387–36394. 

85. Wang, J.; Zhang, Y.; Tang, L.; Zhang, N.; Fan, D. Protective effects of resveratrol through the  

up-regulation of SIRT1expression in the mutant hsod1-g93a-bearing motor neuron-like cell culture 

model of amyotrophic lateral sclerosis. Neurosci. Lett. 2011, 503, 250–255. 

86. Orth, J.D.; Thiele, I.; Palsson, B.O. What is flux balance analysis? Nat. Biotechnol. 2010, 28,  

245–248. 

87. Coquin, L.; Feala, J.D.; McCulloch, A.D.; Paternostro, G. Metabolomic and flux-balance  

analysis of age-related decline of hypoxia tolerance in drosophila muscle tissue. Mol. Syst. Biol. 

2008, 4, 233. (doi: 10.1038/msb.2008.71)  

  



Metabolites 2015, 5 249 

 

 

88. Lee, J.M.; Gianchandani, E.P.; Eddy, J.A.; Papin, J.A. Dynamic analysis of integrated signaling, 

metabolic, and regulatory networks. PLoS Comput. Biol. 2008, 4, e1000086. 

89. Covert, M.W.; Schilling, C.H.; Palsson, B. Regulation of gene expression in flux balance models 

of metabolism. J. Theor. Biol. 2001, 213, 73–88. 

90. Ramakrishna, R.; Edwards, J.S.; McCulloch, A.; Palsson, B.O. Flux-balance analysis of 

mitochondrial energy metabolism: Consequences of systemic stoichiometric constraints. Am. J. 

Physiol. Regul. Integr. Comp. Physiol. 2001, 280, R695–R704. 

91. Nogiec, C.; Burkart, A.; Dreyfuss, J.; Lerin, C.; Kasifm, S.; Patti, M. Metabolic modeling of muscle 

metabolism identifies key reactions linked to insulin resistance phenotypes. Mol. Metab. 2015, 4, 

151-163 

92. Yizhak, K.; Gabay, O.; Cohen, H.; Ruppin, E. Model-based identification of drug targets that  

revert disrupted metabolism and its application to ageing. Nat. Commun. 2013, doi:10.1038/ 

ncomms3632. 

93. Kauffman, K.J.; Prakash, P.; Edwards, J.S. Advances in flux balance analysis. Curr. Opin. Biotechnol. 

2003, 14, 491–496. 

94. Kowald, A.; Hamann, A.; Zintel, S.; Ullrich, S.; Klipp, E.; Osiewacz, H.D. A systems biological 

analysis links ros metabolism to mitochondrial protein quality control. Mech. Ageing Dev. 2012, 

133, 331–337. 

95. Proctor, C.J.; Macdonald, C.; Milner, J.M.; Rowan, A.D.; Cawston, T.E. A computer simulation 

approach to assessing therapeutic intervention points for the prevention of cytokine-induced 

cartilage breakdown. Arthritis Rheumatol. 2014, 66, 979–989. 

96. Wilkinson, D.J. Stochastic modelling for quantitative description of heterogeneous biological 

systems. Nat. Rev. Genet. 2009, 10, 122–133. 

97. Gibson, M.A.; Bruck, J. Efficient exact stochastic simulation of chemical systems with many 

species and many channels. J. Phys. Chem. 2000, A104, 1876–1889. 

98. Gillespie, D. A general method for numerically simulating stochastic time evolution of coupled 

chemical-reactions. J. Comput. Phys. 1976, 22, 403–434. 

99. Gillespie, D.T. Approximate accelerated stochastic simulation of chemically reacting systems.  

J. Chem. Phys. 2001, 115, 1716–1733. 

100. Mettetal, J.T.; Muzzey, D.; Pedraza, J.M.; Ozbudak, E.M.; van Oudenaarden, A. Predicting 

stochastic gene expression dynamics in single cells. Proc. Natl. Acad. Sci. USA 2006, 103,  

7304–7309. 

101. Kaern, M.; Elston, T.C.; Blake, W.J.; Collins, J.J. Stochasticity in gene expression: From theories 

to phenotypes. Nat. Rev. Genet. 2005, 6, 451–464. 

102. Proctor, C.J.; Pienaar, I.S.; Elson, J.L.; Kirkwood, T.B. Aggregation, impaired degradation and 

immunization targeting of amyloid-beta dimers in alzheimer’s disease: A stochastic modelling 

approach. Mol. Neurodegener. 2012, doi: 10.1186/1750-1326-7-32. 

103. Lawless, C.; Jurk, D.; Gillespie, C.S.; Shanley, D.; Saretzki, G.; von Zglinicki, T.; Passos, J.F.  

A stochastic step model of replicative senescence explains ros production rate in ageing cell 

populations. PLoS One 2012, 7, e32117. 

104. Grasman, J.; Salomons, H.M.; Verhulst, S. Stochastic modeling of length-dependent telomere 

shortening in corvus monedula. J. Theor. Biol. 2011, 282, 1–6. 



Metabolites 2015, 5 250 

 

 

105. Proctor, C.J.; Lorimer, I.A. Modelling the role of the hsp70/hsp90 system in the maintenance of 

protein homeostasis. PLoS ONE 2011, 6, e22038. 

106. Pahle, J. Biochemical simulations: Stochastic, approximate stochastic and hybrid approaches. 

Brief. Bioinform. 2009, 10, 53–64. 

107. Li, C.; Donizelli, M.; Rodriguez, N.; Dharuri, H.; Endler, L.; Chelliah, V.; Li, L.; He, E.;  

Henry, A.; Stefan, M.I.; et al. Biomodels database: An enhanced, curated and annotated resource 

for published quantitative kinetic models. BMC Syst. Biol. 2010, doi:10.1186/1752-0509-4-92. 

108. Hucka, M.; Finney, A.; Bornstein, B.J.; Keating, S.M.; Shapiro, B.E.; Matthews, J.; Kovitz, B.L.; 

Schilstra, M.J.; Funahashi, A.; Doyle, J.C.; et al. Evolving a lingua franca and associated software 

infrastructure for computational systems biology: The systems biology markup language (sbml) 

project. Syst. Biol.  2004, 1, 41–53. 

109. Le Novere, N.; Hucka, M.; Mi, H.; Moodie, S.; Schreiber, F.; Sorokin, A.; Demir, E.; Wegner, K.; 

Aladjem, M.I.; Wimalaratne, S.M.; et al. The systems biology graphical notation. Nat. Biotechnol. 

2009, 27, 735–741. 

110. Scheer, M.; Grote, A.; Chang, A.; Schomburg, I.; Munaretto, C.; Rother, M.; Sohngen, C.;  

Stelzer, M.; Thiele, J.; Schomburg, D.; et al. Brenda, the enzyme information system in 2011. 

Nucleic Acids Res. 2011, 39, D670–D676. 

111. Wittig, U.; Kania, R.; Golebiewski, M.; Rey, M.; Shi, L.; Jong, L.; Algaa, E.; Weidemann, A.; 

Sauer-Danzwith, H.; Mir, S.; et al. Sabio-rk—Database for biochemical reaction kinetics.  

Nucleic Acids Res. 2012, 40, D790–D796. 

112. Milo, R.; Jorgensen, P.; Moran, U.; Weber, G.; Springer, M. Bionumbers—The database of key 

numbers in molecular and cell biology. Nucleic Acids Res. 2010, 38, D750–D753. 

113. Mc Auley, M.T.; Proctor, C.J.; Corfe, B.M.; Cuskelly, C.J.; Mooney, K.M. Nutrition research and 

the impact of computational systems biology. J. Comput. Sci. Syst. Biol. 2013, 6, 271–285. 

114. Wilkinson, S.J.; Benson, N.; Kell, D.B. Proximate parameter tuning for biochemical networks with 

uncertain kinetic parameters. Mol. Biosyst. 2008, 4, 74–97. 

115. Jia, G.; Stephanopoulos, G.; Gunawan, R. Ensemble kinetic modeling of metabolic networks from 

dynamic metabolic profiles. Metabolites 2012, 2, 891–912. 

116. Kriete, A.; Bosl, W.J.; Booker, G. Rule-based cell systems model of aging using feedback loop 

motifs mediated by stress responses. PLoS Comput. Biol. 2010, 6, e1000820. 

117. Floettmann, M.; Uhlendorf, J.; Scharp, T.; Klipp, E.; Spiesser, T.W. Sensa: Web-based sensitivity 

analysis of sbml models. Bioinformatics 2014, 30, 2830–2831. 

118. Dokoumetzidis, A.; Aarons, L. Proper lumping in systems biology models. IET Syst. Biol. 2009, 

3, 40–51. 

119. Rao, S.; van der Schaft, A.; van Eunen, K.; Bakker, B.M.; Jayawardhana, B. A model reduction 

method for biochemical reaction networks. BMC Syst. Biol. 2014, doi:10.1186/1752-0509-8-52. 

120. Stockton, D.J.; Schilstra, M.; Khalil, R.; McAuley, M. Biological control processes and their 

application to manufacturing planning. Advances in manufacturing technology-XXI: proceedings 

of the 5th international conference on manufacturing research(ICMR2007): 11th–13th September 

2007,  259-264. 

121. Matsuoka, Y.; Funahashi, A.; Ghosh, S.; Kitano, H. Modeling and simulation using celldesigner. 

Methods Mol. Biol. 2014, 1164, 121–145. 



Metabolites 2015, 5 251 

 

 

122. Hoops, S.; Sahle, S.; Gauges, R.; Lee, C.; Pahle, J.; Simus, N.; Singhal, M.; Xu, L.; Mendes, P.; 

Kummer, U.; et al. Copasi—A complex pathway simulator. Bioinformatics 2006, 22, 3067–3074. 

123. Huang, C.; Wu, M.; Du, J.; Liu, D.; Chan, C. Systematic modeling for the insulin signaling network 

mediated by irs(1) and irs(2). J. Theor. Biol. 2014, 355, 40–52. 

124. Magnuson, B.; Ekim, B.; Fingar, D.C. Regulation and function of ribosomal protein s6 kinase (s6k) 

within mTOR signalling networks. Biochem. J. 2012, 441, 1–21. 

© 2015 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/4.0/). 


