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Chapter I
Introduction

Helen Michels1

1European Research Institute for the Biology of Aging, University of Groningen, University Medical Centre       
Groningen, Laboratory of Molecular Neurobiology of Aging, The Netherlands
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The increasing age of the world’s population is accompanied by increasing numbers 
of individuals suffering from age-related pathologies such as neurodegenerative 
diseases, cancer and type 2 diabetes. This development demands increasing efforts 
from society, either financially or in terms of more specialized or prolonged care for 
the elderly. In turn, this raises questions such as how do age-related diseases develop? 
How do we age in general? And how can we modulate age-related processes to 
prolong the lifespan in such a health-promoting way that it is worth living longer and 
that less care is needed? 

This chapter summarizes the findings of aging research over the past decades by 
dividing them into nine different hallmarks of aging. It also emphasizes findings on 
the three hallmarks that are relevant to this thesis: age-related loss of proteostasis, 
dysfunction of mitochondria, and changes in nutrient sensing and processing.

The chapter then continues by describing the effects of amino acids on the aging 
process. It focuses on tryptophan, an essential amino acid that controls translational 
rates and is a precursor for bioactive amines that are involved in intracellular signaling 
and neurotransmission. These include serotonin and the downstream products of the 
kynurenine pathway such as the neuroactive molecules kynurenic acid, quinolinic 
acid and kynurenine. The end of the chapter focuses on one central enzyme of 
tryptophan metabolism: tryptophan 2,3-dioxygenase (TDO in humans, TDO-2 in 
the nematode Caenorhabditis elegans). TDO is the first enzyme of the kynurenine 
pathway and its activity strongly influences free tryptophan levels and the formation 
of the above-mentioned tryptophan metabolites. The findings presented in this thesis 
help to elucidate how TDO and tryptophan metabolites are involved in healthy 
aging and tries to understand the molecular processes that are involved in the TDO-
dependent control of health- and lifespan.
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The increasing age of the world population is accompanied by an increasing incidence 
in age-related pathologies that include diabetes type 2, cancer and neurodegenerative 
diseases such as Parkinson’s (PD), Alzheimer’s (AD) and Huntington’s (HD). The 
increasing burden for society has stimulated research that seeks to understand the 
processes that are involved in the aging of an organism, the changes that cause 
age-related diseases and finally, how lifespan be prolonged in such a way that life 
at advanced ages is still enjoyable. Below I summarize the key aspects of aging 
research, categorized into nine hallmarks of aging. The emphasis is on protein 
homeostasis, mitochondrial regulation and nutrient balance, three hallmarks that are 
directly linked to tryptophan metabolism and the findings of this thesis (Sections 
3,4,5).

1. Aging – a post-reproductive phenomenon
Aging can be defined as a progressive loss of physiological integrity, leading to 
impaired function and increased vulnerability to death (López-Otin et al., 2013). 

Humans form an exception when it comes to aging. In a natural environment, animals 
face a high risk of death due to external causes such as predators, competition, 
constantly changing pathogens and extreme changes in the environment. Therefore, 
in such an environment animals have a poor chance of actually reaching an age at 
which age-related diseases develop (Blagosklonny, 2006). However, humans – as 
well as domesticated and laboratory animals – have a low extrinsic risk of dying. 
We usually die of senescence-associated diseases such as cancer, stroke, myocardial 
infarction, heart failure, circulatory disorders, infections and the complications 
of diabetes (Blagosklonny, 2006). Thus, in a biological context, aging is a rather 
unusual phenomenon.

In addition, the post-reproductive phase of human lifespan is not of interest in the 
context of evolution and, therefore, few control mechanisms have been optimized 
during the evolutionary process (Parsons, 2007; Blagosklonny, 2006; Kirkwood, 
2005). One theory of aging developed over the past few years – the theory of 
antagonistic pleiotropy – therefore postulates that the parts of our metabolism 
that regulate development and reproduction are not reduced during aging, thereby 
possibly causing cellular exhaustion, unbalanced protein homeostasis, cell damage 
and the development of diseases (first mentioned already by Williams, 1957). A 
lifespan screen in C. elegans has supported this hypothesis, by showing that genes 
that are essential for development and that are highly evolutionary conserved have the 
potential to increase longevity when downregulated post-developmentally (Curran 
and Ruvkun, 2007). Aging is therefore a stochastic and passive process (Charmpilas 
et al., 2015). 
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C. elegans is a powerful model organism when it comes to studies of aging and 
the identification of aging-related genes. The first long-lived strains were isolated 
more than 30 years ago. Mapping of the mutations led to identification of the age-
1 gene, which encodes a member of the insulin-like signaling pathway (Klass, 
1983; Friedman and Johnson, 1988). Several systematic screens for longevity genes 
followed (Lee et al., 2003; Hamilton et al., 2005; Curran and Ruvkun, 2007). Yanos 
and colleagues summarized the findings of longevity screens in C. elegans and 
the dependency of the aging process on external factors such as food availability 
and temperature. They also showed the strong connectivity between the different 
pathways identified in these screens, thereby emphasizing that aging is a process that 
takes place at multiple molecular levels (Yanos et al., 2012).  

2. Hallmarks of aging – an explanation of how we age? 
Carlos López-Otin and colleagues have clearly categorized the different areas of 
aging-focused research into nine major aspects that they call “hallmarks of aging”. A 
hallmark of aging is defined by López-Otin et al. as a factor or process that manifests 
during normal aging whose experimental aggravation accelerates aging but whose 
experimental amelioration retards the aging process, thus prolonging healthy lifespan 
(López-Otin et al., 2013). The authors mention the following nine hallmarks: 
genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, 
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem 
cell exhaustion and altered intercellular communication. The hallmarks of aging 
are highly entangled and it is not always possible to place findings in only one of 
the categories. That is why the authors proposed a further three-way classification 
that distinguishes between primary hallmarks, which lead to damaging events that 
accumulate over time; antagonistic hallmarks, which are in theory beneficial but 
can change to negative events when unbalanced; and integrative hallmarks, which 
arise when primary and antagonistic processes can no longer be compensated for by 
tissue homeostatic mechanisms (See Figure 1; López-Otin et al., 2013). Below, I will 
give a summary of all hallmarks of aging and I will then discuss the hallmarks “loss 
of proteostasis” (primary hallmark, see Figure 1-7), “mitochondrial dysfunction” 
(antagonistic hallmark, see Figure 1-8) and “deregulated nutrient sensing” 
(antagonistic hallmark, see Figure 1-9) in more detail.

2.1 Genomic instability
Aging can be seen as an accumulation of genetic damage throughout life (Moskalev 
et al., 2012, primary hallmark, see Figure 1-1). The challenge for the organism is to 
constantly protect DNA from exogenous physical, chemical and biological agents 
as well as from endogenous aspects including DNA replication errors, spontaneous 
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hydrolytic reactions and reactive oxygen species (ROS) (Hoeijmakers, 2009). 
Failure to protect DNA leads to genomic instability. Genetic lesions in nuclear as 
well as in mitochondrial DNA can have a major impact on cellular homeostasis and 
can accelerate aging and/or result in all kind of diseases (Gregg et al., 2012; Park 
and Larsson, 2012).

2.2 Telomere attrition
One of the earliest theories of aging – known as the Hayflick limit – describes 
the limitation in the numbers of cell cycles based on the shortening of telomeres 
(Hayflick and Moorhead, 1961, primary hallmark, see Figure 1-2). The Hayflick 
limit is however not universal: many cells do not proliferate regularly and those that 
do so frequently have active telomerases that prevent telomere shortening (Tang et 
al., 2001; Parrinello et al., 2003). Telomere shortening has however been observed 
during aging in most studied organisms including humans and mice (Blasco, 2007). 
DNA damage at telomeres is associated with the development of a range of diseases 
that are linked to a loss of regenerative capacity of different tissues (summarized in 
Armanios and Blackburn, 2012).

1. Genomic
instability

2. Telomere
attrition

3. Epigenetic
alteration

7. Loss of
proteostasis

8. Mitochondrial
dysfunction

9. Deregulated
nutrient-sensing

4. Cellular
senescence

5. Stem cell
exhaustion

6. Altered cellular
communication

primary hallmarks

antagonistic hallmarks

integrative hallmarks

Figure 1: The nine hallmarks of aging. Primary hallmarks (1-3; 7) of aging are defined as damaging events that accumulate over 
time and lead to accelerated aging. Antagonistic hallmarks of aging (4; 8-9) are in theory beneficial as they represent attempts to 
rebalance molecular homeostasis. They can however reduce lifespan when uncontrolled, unbalanced or dysfunctional. Integrative 
hallmarks of aging (5-6) arise when primary events can no longer be compensated for by antagonistic processes; they can result in a 
reduced lifespan. Adopted from López-Otin et al., 2013



513375-L-bw-michels513375-L-bw-michels513375-L-bw-michels513375-L-bw-michels
Processed on: 29-8-2017Processed on: 29-8-2017Processed on: 29-8-2017Processed on: 29-8-2017 PDF page: 18PDF page: 18PDF page: 18PDF page: 18

18 

2.3 Epigenetic alterations
Age-related alterations in DNA methylation patterns, in post-translational 
modifications of histones, and in chromatin remodeling are collectively called 
epigenetic alterations (Talens et al., 2012, primary hallmark, see Figure 1-3). Such 
alterations can involve multiple enzyme families such as DNA methyltransferases, 
histone acetylases, deacetylases (including sirtuins), methylases and demethylases, 
and also protein complexes of chromatin remodeling (summarized in López-
Otin et al., 2013). Epigenetic alterations lead to changes in the transcriptome 
which consequently alters cellular homeostasis, thereby promoting aging and the 
development of diseases (Harries et al., 2011; Nicholas et al., 2010). It is important to 
mention the existence of transgenerational epigenetic memory, which also influences 
cellular homeostasis and longevity in subsequent generations. This epigenetic 
inheritance has been demonstrated for example in C. elegans, where starvation-
induced longevity in the parental generation was able to increase the lifespan in up 
to three normally fed follow-up generations (see Section 5, Greer et al., 2011). 

2.4 Cellular senescence
Cellular senescence (antagonistic hallmark, see Figure 1-4) can be seen as a program 
for development that has not been turned off. In other words, the combination of 
excessive individual cell growth and cell-cycle arrest leads to cell senescence. A 
senescent cell is therefore a cell that has large morphology and a high metabolic 
activity, that secretes mitogens and is resistant to apoptosis (Blagosklonny, 2006). 

2.5 Stem cell exhaustion
Aging is also characterized by a decline in the regenerative potential of tissues (López-
Otin et al., 2013, integrative hallmark, see Figure 1-5). For example, hematopoiesis 
is reduced during aging leading to diminished production of adaptive immune cells 
(Shaw et al., 2010) which are crucial for maintaining the health and function of an 
organism. 

2.6 Altered cellular communication
Aging also occurs at the organismal level. Intercellular communication (e.g. 
endocrine, neuroendocrine or neuronal) is crucial for cells to send each other signals 
about their metabolic state and to control the immune surveillance machinery of an 
organism. Age-dependent alterations in intercellular communication therefore crucial 
and can have a strong impact on the survival of the animal. (Laplante and Sabatini, 
2012, integrative hallmark, see Figure 1-6). The term “inflammaging” comprises the 
changes in inflammation during aging. Inflammaging has multiple causes, including 
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the accumulation of inflammation-induced tissue damage, the failure of the immune 
system to clear pathogens and dysfunctional host cells, the secretion of pro-
inflammatory cytokines by senescent cells, and defects in the autophagic response, 
the latter also in neighboring cells (Salminen et al., 2012). Alterations in the control 
of inflammation are associated with various age-related diseases, including type 2 
diabetes (Barzilai et al., 2012) and atherosclerosis (Tabas, 2010). 

3. Protein homeostasis – loss of fine-tuning during aging
Protein homeostasis, also called proteostasis, is defined as the homeostatic mechanisms 
that maintain the conformation, concentration, interactions, localization and, hence, 
function of proteins (see Figure 2; Kim and Strange, 2013). The proteostasis network 
is highly conserved throughout evolution and coordinates the integrated activities 
of gene transcription and RNA metabolism as well as protein synthesis, folding, 
assembly, trafficking, disassembly, repair and degradation (summarized in Balch et 
al., 2008). 

small
non-coding

RNA

mRNA

mRNA

chaperones
e.g. HSPs

chaperone-
dependent

folding
chaperone-

independent
folding soluble

misfolded/
damaged
protein
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protein
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ubiquination

degradation
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Figure 2: Overview of protein homeostasis Protein homeostasis (proteostasis) includes all homeostatic mechanisms 
that maintain the conformation,concentration, interactions, localization and thus the function of proteins. This includes 
the transcription of mRNA, which is regulated by diverse proteins of the transcriptional machinery and small non-coding 
RNAs (A). The translation into a  polypeptide occurs at the ribosome (B) after which it is further folded (C) into a functional 
protein. Misfolded proteins can be refolded (D) and then sent to their final location in the cell (E), where they might be 
part of a protein complex (F) or interact with diverse cellular components (G). A damaged or un-refoldable protein will be 
degraded/recycled via the proteasome (H) or autophagosomal/lysosomal pathways (I). Large amounts of misfolded proteins 
can also be enclosed in insoluble, compact protein aggregates (J).
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The ability to detect and stabilize cellular and molecular protein damage – especially 
damage induced by environmental stress – is crucial for cell function and survival 
(Lamitina et al., 2006). For example, the protein damage that can occur during aging, 
for example modifications caused by ROS, can affect cargo recognition by transport 
proteins and interfere with their efficiency (Vanhooren et al., 2015, see Figure 2-E). 
Key components that respond to protein damage and stress are molecular chaperones 
(including the heat-shock family of proteins) and proteins of the proteasome and 
lysosome (Hartl et al., 2011). The coordination of all these processes is important for 
maintaining cellular protein homeostasis (Hartl et al., 2011). 

Protein homeostasis is maintained by several signaling pathways as well as by ATP 
levels, amino acid pools, metabolites, lipids and ion balance (summarized in Powers 
et al., 2009). For example, it has been suggested – but not demonstrated – that the 
decrease in ATP during aging might be responsible for the lower abundance of ATP-
dependent chaperones (Brehme et al., 2014). 

Proteostasis can also be communicated in a cell non-autonomous manner, whereby 
the proteostatic balance is regulated in a network of multiple cells (Murphy and 
Bloom, 2006; Prahlad et al., 2008). Components of the proteosatsis network can 
even travel from one cell to another (summarized in Kaushik and Cuervo, 2015). 
This exchange of components may well involve exosomes functioning as vehicles 
(Lo Cicero et al., 2015) and the formation of nanotubes between cells (Astanina et al., 
2015; Wang and Gerdes, 2015). The nature of material exchange has gained attention 
in recent years as several aggregation-prone proteins involved in neurodegenerative 
diseases have been detected in exosomes, and it has been suggested that some of 
these disease proteins are able to spread from cell to cell in a prion-like manner 
(Russo et al., 2012).

Furthermore, the proteostasis network has to make the grade that arises by various 
demands of different tissues (Su et al., 2004). The differences in composition might 
explain why some tissues are more susceptible to protein misfolding diseases. In 
this context, it has been found that the activity of chaperone-mediated autophagy 
that is involved in the removal of the PD-related protein alpha-synuclein is lower in 
aggregation-prone brain regions in mice (Malkus and Ischiropoulos, 2012).

Loss-of-protein function or gain-of-toxic function interfere with the cell’s function 
and can facilitate the development of diseases such as cancer, diabetes type 2 or 
neurodegeneration (Powers et al., 2009). Alterations in the composition and 
concentration of the proteostasis network as well as accumulation of intracellular 
damage are also observed during aging (summarized in Koga et al., 2011; Kaushik 
and Cuervo, 2015). For example, it has been shown that the expression of ATP-
dependent chaperones and their induction are reduced in aged brains. It has been 
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suggested that this could be a consequence of reduced ATP availability (Brehme et 
al., 2014). Attempts to improve proteostasis during aging have been made in model 
organisms. In this respect, while the production, folding, transport and degradation 
systems have been extensively studied, potential improvements in protein refolding 
have not been widely tested and may well form an alternative strategy (Kaushik and 
Cuervo, 2015). The following paragraphs summarize how the different components 
of the proteostasis network (see also Figure 2) change with age and could be involved 
in the development of neurodegenerative diseases.

3.1 Loss of translational control
In 1963, Orgel postulated the error catastrophe theory of aging. This theory describes 
an age-related decline in accuracy during translation which might be a source of 
aging-associated degenerative changes (Orgel, 1963, see Figures 2-A and B). In 
many tissues, the rates of protein synthesis and turnover significantly decline during 
aging (Dwyer et al., 1980; Rattan, 1996; Tavernarakis, 2008). The protein synthesis 
process is highly surveyed and controlled for quality both at the pre-translational and 
translational level. The consequence is that less than 2% of the transcribed genome 
is finally translated into a functional protein (Kapranov et al., 2007). Alterations in 
this quality control process have been also reported for aging (Vargas and Castaneda, 
1983; Kimball et al., 1992; Webster and Webster, 1983; summarized in Tavernarakis, 
2007). 

3.2 Dysfunctional protein processing
For proteins in eukaryotic cells, proper folding and function has to take place 
under various physiological conditions and in crowded environments – partly as 
a result of cellular compartmentalization (e.g. endoplasmic reticulum, nucleus and 
mitochondria). A wide range of macromolecules have evolved to assist with protein 
folding, assembly, disassembly and protein transport (see Figures 2-C to G). They 
comprise more than 1000 chaperones (general and specialized), folding enzymes 
and degradation components, as well as trafficking subunits (summarized in Powers 
et al., 2009).

Much research into such chaperones and their link with aging has been done in 
model animals. The overexpression of chaperones extends lifespan in flies and 
worms (Morrow et al., 2004; Walker and Lithgow, 2003) and long-lived mouse 
strains show an upregulation of heat-shock proteins (Swindell et al., 2009). The 
master regulator of the heat-shock response is the transcription factor HSF-1 and its 
activation increases stress resistance and extends lifespan in nematodes (Hsu et al., 
2003). 
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The speed and efficiency of protein folding in a cell is affected by many factors, 
including the rate of translation (see Figure 2-B). For example, during stresses, 
proteostasis mechanisms are upregulated (e.g. induction of the unfolded protein 
response) to maintain proteome solubility and functionality (Kaushik and Cuervo, 
2015). By inhibiting the protein synthesis that occurs in response to diverse 
environmental stressors, the cell can limit stress-induced protein damage. Inhibition 
of translation reduces energy usage and, of course, the number of proteins that might 
get damaged during a stress period (Holcik and Sonnenberg, 2005). Kim and Strange 
showed that reducing translational rates by inhibition of translational components 
using RNA interference (RNAi) reduced the formation and growth of protein 
aggregates, including those of the neurodegenerative disease- associated proteins 
Huntingtin and alpha-synuclein (Kim and Strange, 2013). The stress-induced 
reduction in translation was mediated by the activation of a kinase called GCN-
2 (general control nonderepressible-2 kinase), which inhibits general translation 
and enables the transcription of specific stress-response genes by activation of the 
transcription factor GCN-4 (Kim and Strange, 2013). 

3.3 Decrease in protein recycling and degradation
Besides production and quality control of proteins by ribosome and chaperones, 
proteostasis is also maintained by the removal of damaged cellular proteins and 
whole dysfunctional organelles (see Figure 2). It has also been postulated that aging 
is triggered by increasing levels of damaged proteins (e.g. through ROS damage) 
and that the proteostasis network is overwhelmed by their abundance (summarized 
in Powers et al., 2009). In this context, it should be mentioned that many studies 
on protein damage and damaging agents involve in vitro experiments or include 
technical procedures that might cause damage to the protein of interest (e.g. protein 
damage due to reactive nitrogen species (RNS), summarized in Nuriel et al., 2011). 
Therefore, those results must be interpreted with care. Nevertheless, research has 
shown that aging is accompanied not only by an accumulation of damaged proteins 
(Smith et al., 1991) but also by a reduction in the function of degradation systems 
(Lipinski et al., 2010; Gavilán et al., 2012). 

Proteins are usually degraded via the ubiquitin proteasome system or via 
autophagosomal/lysosomal mechanisms (Hartl et al., 2011, see Figures 2-H and I). 
The two systems communicate with each other and can compensate for one another 
(Park and Cuervo, 2013) and both show an activity decline during aging (Lipinski et 
al., 2010; Gavilán et al., 2012). In addition, the ability to compensate for the other’s 
low efficiency seems to be lost during aging, as demonstrated in aged mice (Gavilán 
et al., 2015; Schneider et al., 2015). 
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In terms of the ubiquitin proteasome system, overexpression of several of its 
components has been shown to extend lifespan in nematodes, yeast and flies (Liu 
et al., 2011; Chondrogianni et al., 2015; Madeo et al., 2015). When Walther and 
colleagues studied proteome composition during aging in C. elegans, they found 
that the abundance of ribosomal proteins decreases while levels of proteasome 
complexes increase (Walther et al., 2015). This increase in complexes is proposed to 
be a compensating effect to counteract age-dependent activity decline (Rubinsztein 
et al., 2011). 

In terms of autophagosomal mechanisms, induction of autophagy has resulted in 
life- and healthspan-extending effects in multiple organisms, including yeast, 
nematodes, flies and mice (Harrison et al., 2009; Madeo et al., 2010; summarized 
in Rubinsztein et al., 2011). However, elevating the rate of degradation could have 
opposing effects, changing not only the abundance of toxic species but also the 
level of folded, functional proteins, which in turn might have severe consequences 
for the cell’s health (Powers et al., 2009). Pharmaceutical attempts to restabilize 
protein homeostasis during aging and in disease, including the use of pharmacologic 
chaperones, have been diverse and are summarized in Powers et al. (2009). The 
first results are promising and such compounds may well facilitate the folding of 
specific proteins. For example, Loo and colleagues have shown that the application 
of pharmacologic chaperones improves and corrects the folding of the cystic fibrosis-
related protein CFTR (Loo and Clarke, 2011). 

3.4 Aggregation – the last attempt of proteostasis?
Loss of proteostasis can eventually result in the accumulation and aggregation 
of overrepresented, misfolded or damaged proteins (see Figure 2-J). Even small 
changes in protein homeostasis might lead to aggregation. Thus, aging highly affects 
this solubility of proteins. It has been shown that the aggregation process can have a 
snowball effect, whereby single molecules act as a seed and then sequester more and 
more proteins into an aggregate (Chiti and Dobson, 2009). 

Aggregation of proteins does not necessarily only occur under disease conditions. 
Different stressors can induce protein aggregation in the cell as well as protein 
accumulation. Aggregation might primarily be a protection mechanism for the cell. 
Aggregates encapsulate stress-inducing components such as damaged or misfolded 
proteins so that they can no longer interact with other cellular structures. This is 
especially important when the capacity of protective proteostasis mechanisms (such 
as repair and degradation) is reached (Powers et al., 2009; Walther et al., 2015; 
David, 2012). In this context, the application of aggregation inhibitors might worsen 
the cellular state, as they might increase the levels of smaller, toxic species (Power 



513375-L-bw-michels513375-L-bw-michels513375-L-bw-michels513375-L-bw-michels
Processed on: 29-8-2017Processed on: 29-8-2017Processed on: 29-8-2017Processed on: 29-8-2017 PDF page: 24PDF page: 24PDF page: 24PDF page: 24

24 

et al., 2009). 

Regulating functions for aggregation have also been found in yeast, where 25 
proteins that are involved in gene expression regulation and signal transduction can 
aggregate to become inactivated in response to environmental changes (Halfmann 
et al., 2012). In mammals, aggregation has also been identified as a way of storing 
peptide hormones to make them quickly accessible when needed (Maji et al., 2009). 

Several groups have tried to identify the “aggregating proteome”. In general, all 
proteins seem to have the capacity to aggregate depending on pH, temperature, 
denaturation state or concentration (David, 2012). However, some proteins are more 
prone to aggregation. This group is predicted to be significantly enriched in beta-
sheets (David et al., 2010; Reis-Rodrigues et al., 2012). The tendency of the proteome 
to aggregate also increases in older organisms (Walther et al., 2015). Experiments in 
a number of different organisms have demonstrated that proteins known to regulate 
lifespan are overrepresented in the pool of aggregating proteins. Reducing their 
levels extends lifespan, e.g. in C. elegans, suggesting that the aggregation process 
might be involved in lifespan determination (David, 2012). A screen in human cells, 
which looked at the aggregate content after inducing aggregation by overexpressing 
artificial beta-sheet proteins, revealed that co-sequestered proteins are large in 
size and enriched in unstructured regions. This group of proteins contained a large 
overrepresentation of key players of the cellular protein network, having functions in 
chromatin organization, transcription, translation, maintenance of cell architecture, 
and protein quality control (Olzscha et al., 2011).

3.5 Loss of proteostasis in neurodegenerative diseases
Neurodegenerative diseases such as AD, HD and PD are accompanied by the 
formation of aggregates (Weidner et al., 2011). Depending on the disease these 
aggregates are composed of different types of proteins and occur at different locations 
of the brain (summarized in Lane et al., 2015). It is still under debate whether the 
aggregates are toxic or whether the aggregation process is a protective mechanism 
that isolates toxic species. 

For AD, two types of aggregates have been described: intracellular tangles, which 
are composed of hyperphosphorylated microtubule-associated protein Tau; and 
insoluble extracellular plaques, which in contrast contain amyloid-beta, a cleavage 
product of the amyloid precursor protein (APP) (summarized in Mairet-Coello et 
al., 2013). Familial cases of AD are associated with mutations in three different 
proteins: APP, which is cleaved by beta and gamma-secretase to produce amyloid-
beta, and presenilin 1 and 2 (PS1 and PS2), components of the gamma-secretase 
complex (summarized in Lin and Beal, 2006). The expression levels of these three 
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proteins can influence the proteostasis network. For example, it has been shown that 
constitutive expression of amyloid-beta leads to a reduction in ribosomal activity 
(Ben-Zvi et al., 2009; Kirstein-Miles et al., 2013). 

For HD, a proteomic study has shown that expanded Huntingtin, the protein that 
is responsible for toxicity, preferentially interacts with intrinsically disordered 
proteins and proteins related to energy metabolism, protein trafficking, RNA 
posttranscriptional modifications and cell death (Ratovitski et al., 2012). These 
interactions might alter protein homeostasis which might explain part of the toxicity 
in HD. For example, as seen for amyloid-beta, the expression of poly-glutamine 
(Huntingtin) has also been shown to result in reduced ribosomal activity (Ben-Zvi et 
al., 2009; Kirstein-Miles et al., 2013). 

For PD, links have been found with mutations in several different genes including a 
mutation in parkin, a E3 ubiquitin ligase (Winklhofer, 2007). This mutation changes 
the activity of the ubiquitin proteasome system and therefore destabilizes protein 
homeostasis (Lim and Tan, 2007). A second PD-related protein is alpha-synuclein. 
This protein is intrinsically disordered but adopts a highly helical structure when 
binding to lipid surfaces (Davidson et al., 1998; Fusco et al., 2014). It has been 
suggested that it interferes with membrane structure and might be involved in 
membrane-associated processes such as neurotransmitter release at the synapse 
(Clayton and George, 1998; Nemani et al., 2010). On the other hand, an imbalance in 
lipid/protein ratio as a consequence of alterations in proteostasis has been described 
to induce the formation of aggregates containing not only alpha-synuclein but also 
lipid molecules (Galvagnion et al., 2015). 

4. An imbalance in mitochondrial function during aging
Mitochondria are important for ATP production and are involved in cell signaling, 
autophagy, metabolite production, branched amino acid catabolism, iron and 
calcium homeostasis, lipid balance, steroid production and cell death (Figure 3-A, 
summarized in Demine et al., 2014). The mitochondrion therefore appears to be a 
central organelle of the cell that is strongly connected to all kinds of cellular processes 
(Perier and Vila, 2012). Mitochondria also occupy a large part of the volume of a 
cell (2-20%, depending on species and tissue), which underlines their dominant role 
(Brand, 2014). Alterations in mitochondrial function are observed during aging and 
in a number of age-related pathologies (Lane et al., 2015): cancer, neurodegenerative 
diseases, type 2 diabetes and other metabolic disorders have all been linked to defects 
in mitochondrial homeostasis (summarized in Wallace, 2005).

Mitochondrial dysfunction can be caused by various alterations. These alterations 
include mitochondrial uncoupling, mitochondrial depolarization, destabilization 
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of mitochondrial supercomplexes, inhibition of the oxidative phosphorylation, 
fragmentation of the mitochondrial network, mutations in nuclear or mitochondrial-
encoded mitochondrial-related genes, and the accumulation of protein aggregates in 
the mitochondria (summarized in Demine et al., 2014). 

A dysfunction of mitochondria is signaled by a number of different mechanisms. These 
include the production of ROS, changes in membrane potential, changes in levels of 
acetyl-CoA, NAD and calcium, or changes in the location, number and shape of the 
mitochondria (summarized in Yun and Finkel, 2014; Chandel, 2015). Mitochondrial 
stress can be communicated within the cell but also cell non-autonomously. It has 
been suggested that such stress is signaled by so-called mitokines (Durieux et al., 
2011). The existence of such factors, however, has not yet been demonstrated. 
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Figure 3: Overview of mitochondrial metabolism Mitochondria are the major energy source of the cell, but also control 
iron, calcium and lipid homeostasis as well as the production of steroids and apoptotic processes (A). Mitochondria are 
also a source of ROS, small molecules that are highly reactive and can therefore induce damage but that also signal stress 
cascades such as hypoxia, which can lead to mitohormetic effects (B). Major substrates are NADH, glucose, amino acids 
and fatty acids (C). Mitochondrial proteins are nuclear (nc)- encoded and mitochondrial (mt)- encoded. A mitochondrion 
can contain several copies of the mitochondrial genome (D). An imbalance between the nuclear- and mitochondrial-encoded 
proteins induces the mt unfolded protein response (UPR) to restore the protein balance (E). Individual mitochondria can 
fuse to multi-mitochondrial networks, thereby enabling the exchange of DNA and metabolites and improving mitochondrial 
function (F). On the other hand,  mitochondrial fission (G) is necessary for long distance transport e.g. through axons (H), 
but also to separate individual, non-functional mitochondria for degradation via mitophagy (I).
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Mitochondrial dysfunction is usually measured in terms of the activity of oxidative 
phosphorylation, ATP production and respiration, as well as through other parameters 
such as membrane potential, proton leakage and levels of ROS (summarized in 
Demine et al., 2014).

4.1 Reactive oxygen species – killing factor number one or hormetic 
signaling?
Hormesis is defined as a coordinated response to mild stress that appears to make the cell 
less susceptible to subsequent perturbations (Yun and Finkel, 2014). Mitochondrial-
specific hormesis is called mitohormesis (Yun and Finkel, 2014). Evidence from 
studies in C. elegans suggests that the activation of cytoprotective responses – 
through stress signals such as induction of chaperones, xenobiotic detoxification or 
antioxidant defense – is linked to lifespan-extending effects (summarized in Yun 
and Finkel, 2014). Hormetic reactions can have cell non-autonomous effects as it 
has been shown that hormesis in one tissue is enough to increase the age of a whole 
organism (Durieux et al., 2011). Central molecules in the induction of mitohormetic 
effects are thought to be ROS , as described in more detail below. 

Mitochondria are the major source of ROS (Figure 3-B). It has been estimated 
that 2-4% of oxygen consumed by a human is reduced to superoxide and other 
ROS (Chance et al, 1979), mainly at complexes I and III of the electron transport 
chain (Jezek, 2005). For a long time, ROS and RNS have been seen as the main 
sources of cellular damage. Indeed, as far back as 60 years ago Harman formulated 
the “ROS theory of aging”, which postulated that age-related cellular damage is 
caused by free radicals (Harman, 1956). ROS and RNS can react with all three 
types of macromolecules in the cell: nucleic acids, lipids and proteins (e.g. Ishii et 
al., 2007; Levine and Stadtman, 2001). These kind of oxidation events such as e.g. 
carbonylation of proteins usually reduces the function and stability of the specific 
target (Rebrin et al., 2007). Levine and Stadtman suggested two possibilities that 
might cause enzymes to be less active during aging: decreased protein turnover 
resulting in longer-lived proteins, and increased protein oxidation (Levine and 
Stadtman, 2001). However, one does not necessarily exclude the other: A reduction 
in protein turnover increases the half-life of proteins. ROS and RNS lead to damage 
that is promoted in an environment where the damaged protein is not efficiently 
degraded and replaced, for example due to decreased protein turnover. 

Oxidative stress can be a consequence of respiration defects in the mitochondria and 
can result in misfolding and aggregation of mitochondrial proteins, which might 
eventually lead to irreversible damage of mitochondria (e.g. Fritz et al., 2011; Kong 
et al, 2010; summarized in Tatsuta, 2009). The control mechanisms that are involved 
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in maintaining the function of mitochondria can remove damaged proteins or even 
the entire organelle (summarized in Segref et al., 2014). Their reduced efficiency 
during aging – possibly through ROS-induced damage – might explain the age-
dependent functional decline in mitochondrial activity (Morimoto and Cuervo, 
2014; Segref et al., 2014). 

Mitochondrial ATP production is linked to the life expectancy of an organism. 
Longevity screens, primarily RNAi and mutagenesis screens in C. elegans, have 
revealed that a relatively large proportion of the genes that are involved in lifespan 
regulation are genes of the mitochondrial electron transport chain (ETC) (Lee et 
al., 2003; Hamilton et al., 2005; Hansen et al., 2005; Curran and Ruvkun, 2007). 
The lifespan-extending effects seen in these experiments as a result of attenuated 
mitochondrial function were accompanied by low ATP production, small body size, 
slow growth rate and reduced reproduction levels, as well as sterility in some cases 
(summarized in Yanos et al., 2012). 

An explanation frequently given for this mitochondrial-dependent lifespan extension 
has been the reduced production of ROS that often accompanies the decreased 
activity of the ETC. However, in the past few experiments have been performed to 
prove this theory. Several research groups have now finally shown the opposite to be 
true: that an increase in ROS production might even increase lifespan in yeast and 
C. elegans by inducing mild stress responses (hormesis effect, see above) (Doonan 
et al., 2008; Van Raamsdonk and Hekimi, 2009; Mesquita et al., 2010). ROS – 
produced by complex I of the ETC – also mediate lifespan-extending effects in flies 
(Scialò et al., 2016). Several studies have shown that there is indeed no correlation 
between ROS levels and the length of life of an organism (Lee et al. 2003; Yee 
et al., 2014; Van Remmen et al., 2003; Zhang et al., 2009; Perez et al., 2009). It 
has also been shown that ROS might have compartment-specific effects. Whereas 
mitochondrial ROS have been shown to increase lifespan, ROS generated in the 
cytosol appear to decrease lifespan. However, since these studies were based on the 
activity of mitochondrial and cytosol-specific superoxide dismutases (SODs) and 
did not measure the levels of ROS under different conditions (Schaar et al., 2015), 
level-dependent toxicity cannot yet be excluded.

It has also been shown that ROS even have signaling functions in the cell and are 
therefore involved in the regulation of cellular processes. For example, an imbalance 
of nuclear and mitochondrial-encoded proteins leads to problems in the assembly 
of ETC complexes which might result in an inefficient transfer of electrons and 
lead to the production of ROS (for more details see 4.2.3). ROS molecules then 
communicate this state to the cytosol where they induce the mitochondrial unfolded 
protein response (Figure 3-E). GCN2, a cytosolic regulator of translation that 
responds to the increase in ROS levels, adjusts the translational rates and induces 
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the transcription of certain stress-response genes in order to restore the balance 
between nuclear and mitochondrial-encoded proteins (Baker et al., 2012). Although 
the signaling cascade of the here described mitochondrial unfolded protein response 
(mtUPR) has as yet only partially been identified, it is subject of several studies. 

Another example of the cellular functions of ROS is their communication with 
some chaperones: some molecules of the chaperone machinery adapt to ROS stress 
by using protein oxidation to induce structural changes in the chaperone, thereby 
stabilizing it and improving function (Dahl et al., 2015). Oxidative stress reduces 
cellular ATP levels, resulting in an environment of low energy and high ROS levels. 
But, in order to properly fold polypeptides into proteins, chaperones need energy 
and under conditions of low energy however, there is the risk that polypeptides and 
aggregation-sensitive folding intermediates might accumulate and finally aggregate. 
In this situation, energy-independent chaperones (small heat shock proteins (sHsp)), 
so-called “holdases”, can bind those structures to prevent their aggregation without 
refolding them. When energy becomes available again, the load is transferred to 
energy-dependent chaperones that finish the folding to a protein (Voth et al., 2014). 
In particular, under oxidative stress, a special group of chaperones becomes active: 
these specific chaperones known as conditionally disordered chaperones (Dahl et al., 
2015) have been shown to have a four-cysteine-residue motif that is highly sensitive 
to oxidation by ROS. This therefore allows for a post-translational redox switch 
that induces structural changes by modulating disulfide bonds. These changes in 
quaternary structure switch the chaperones to energy-independent holdases which 
can remain bound to protein folding intermediates (Voth et al., 2014). 

Increased ROS levels are also seen in hypoxia (reduced oxygen availability in the 
cell). Hypoxia activates the transcription factor known as hypoxia-inducible factor 
(HIF), which induces the transcription of hypoxia-related stress-response genes. 
Transient hypoxia can extend the lifespan of C. elegans (Schieber and Chandal, 
2014). This special form of lifespan extension is dependent on mtUPR and mTOR 
(mammalian target of rapamycin) activity and has been shown to be inhibited by 
antioxidant treatment, suggesting once more a mitohormetic effect signaled by ROS 
(Schieber and Chandal, 2014). 

To summarize, since Harman formulated his theory of aging in 1956, there have been 
several key developments in our knowledge of how ROS might be involved. Firstly, 
we now know that ROS are not only toxic molecules that induce global uncontrolled 
damage, they also function as signaling factors that induce a cellular stress response, 
possibly also through damage to key proteins. Secondly, and as a direct result, they 
are involved in the control of cellular functions and can increase lifespan. This has 
necessitated an update to the ROS-based theory of aging: whereas low amounts of 
ROS are involved in cellular signaling and promote longevity, excessive amounts of 
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ROS lead to increased damage to macromolecules in the cell and might cause cell 
death. 

4.2 ROS-independent mitochondrial dysfunctions 
As described above, aging can be aggravated by dysfunctional mitochondria 
independently of ROS (Edgar et al., 2009; Hiona et al., 2010). Such mitochondrial 
defects include mutations and deletions in mtDNA; aberrant production of 
mitochondrial proteins; oxidation of mitochondrial proteins; destabilization of 
respiratory complexes and alterations in the formation of supercomplexes; changes 
in the lipid composition of the mitochondrial membrane, which alters interorganellar 
communication; age-dependent variations in fusion and fission events; and defects in 
quality control by mitophagy (Wang and Klionsky, 2011).

4.2.1 Alterations in metabolites and energy sources
Mitochondria use pyruvate, a product of the metabolism of glucose during glycolysis, 
fatty acids for mitochondrial beta oxidation and glutamine for glutaminolysis, three 
processes that enable them to produce ATP under aerobic conditions (Figure 3-C, 
summarized in Demine et al., 2014). The main substrate is NADH, which is formed 
out of NAD+. In C. elegans, NAD+ levels decline with age and restoring them can 
extend lifespan (Mouchiroud et al., 2013). 

NADH and FADH2 feed the ETC with electrons at complex I or II. Electrons are 
transported from one complex to the next, thereby freeing energy to generate a proton 
gradient between the mitochondrial matrix and the inner-mitochondrial membrane 
space. The complexes of the electron transport chain can form supercomplexes, so-
called respirasomes, to better channel the transport of electrons from one complex 
to another (Schagger and Pfeiffer, 2001). The formation of those supercomplexes is 
facilitated by other proteins and certain structures of the lipid membrane (Strogolova 
et al., 2012). Electrons are finally transferred to molecular oxygen in complex 
IV. Protons of the proton gradient are used by the ATPase (sometimes also called 
complex V) to produce ATP. This whole process of oxidative phosphorylation is 
dependent on the availability of oxygen.

However, an organism is also able to generate ATP under anaerobic conditions. 
Pyruvate, the product of glycolysis, is then converted into lactate by lactate 
dehydrogenase (summarized in Demine et al., 2014). Even though the resulting 
amount of energy is higher under aerobic conditions – i.e. through active oxidative 
phosphorylation – organisms without mitochondria are known to be viable 
(Williamson, 2002). Furthermore, cancer cells often shift their metabolism towards 
lactate production to generate ATP (Warburg effect) (Warburg, 1956). 
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4.2.2 Genetic alterations within the mitochondria
Since mitochondria are derived from a symbiotic relationship between eukaryotes and 
aerobic bacteria, they still contain their own DNA as well as their own transcription 
and translation machinery (Figure 3-D, summarized in DiMauro and Schon, 2003). 

Mutations in mitochondrial DNA do not necessarily cause dramatic changes in cellular 
function as mitochondria contain several copies of their genome. Furthermore, since 
a cell contains a high number of mitochondria, one mutation is easily compensated 
for by hundreds of unmutated copies (summarized in Payne and Chinnery, 2015). It 
has been suggested that in order to have potential effects on mitochondrial function 
a mutation must reach a threshold, thus, a certain fraction of total mitochondrial 
DNA has to carry the same mutation. However this threshold might be lower if a 
tissue is highly dependent on oxidative metabolism, as is the case for the brain, 
heart and skeletal muscle (Perier and Vila, 2012). Mutations in mitochondrial DNA 
accumulate during aging and correlate with the decline in mitochondrial function 
(Corral-Debrinski et al., 1992). It might be that this is a consequence of age-dependent 
changes in the quality control of mitochondrial transcription and translation, as well 
as reduced degradation and protein production. These age-related developments 
lead to a longer median life of mitochondria, and changes in fusion and fission of 
the mitochondrial network help mutations to spread and accumulate (Perier and 
Vila, 2012). For example, it has been suggested that in a young healthy cell, fusion 
events might be needed to dilute mutations and/or fission events might occur to 
isolate those mitochondria that have a mutated genome (Figure 3-F to I, Payne and 
Chinnery, 2015). Through fission, isolated single mitochondria as well as smaller 
multi-mitochondrial complexes can be sent for degradation by mitophagy, a process 
that recycles impaired mitochondria (Figures 3-G and I, Palikaras et al., 2015). 

4.2.3 An imbalance in the coordination of nuclear and mitochondrial 
translation
The mitochondrial unfolded protein response (mtUPR) is the cellular response to an 
imbalance in the expression of mitochondrial proteins (Figure 3-E, Houtkooper et 
al., 2010). The mtUPR has several triggers and is highly influenced by the balance 
between mitochondrial autophagy (mitophagy) and mitochondrial biosynthesis 
(summarized in Yun and Finkel, 2014). 

More than 1000 nuclear genes encode mitochondrial proteins  (Vinuela et al., 2010). 
However, there is a small group of proteins that are encoded by the mitochondrial 
genome and synthesized by the mitochondrial translational machinery (summarized 
in Lin and Beal, 2006). This group of proteins (37 in total) is made up of 13 proteins 
in the electron transport chain (ETC) and 24 translational components (ribosomal 



513375-L-bw-michels513375-L-bw-michels513375-L-bw-michels513375-L-bw-michels
Processed on: 29-8-2017Processed on: 29-8-2017Processed on: 29-8-2017Processed on: 29-8-2017 PDF page: 32PDF page: 32PDF page: 32PDF page: 32

32 

subunits and mitochondrial-specific tRNAs; summarized in Yun and Finkel, 2014). 
For mitochondria to function properly it is therefore very important that nuclear 
and mitochondrial translation are coordinated, thereby enabling the assembly of 
complexes that contain nuclear as well as mitochondrial-encoded proteins. For 
example, complex IV of the ETC is composed of 10 nuclear and 3 mitochondrial-
encoded proteins. As described above (Section 4.1), it has been shown that this 
communication between nuclear and mitochondrial translation is at least partially 
mediated by ROS (Baker et al., 2012) but also by specialized signaling molecules 
such ATFS-1 (activating transcription factor associated with stress-1) (Haynes et al., 
2010). The induction of mtUPR has been demonstrated to increase lifespan (Hamilton 
et al., 2005). This can apparently also be achieved by cell non-autonomous signals as 
the activation of mtUPR in the intestine has been shown to be sufficient to increase 
organismal lifespan (Durieux et al., 2011). 

4.2.4 Dysfunctional inter-mitochondrial communication, transport and 
recycling
Mitochondrial function and quality control are maintained by the dynamics of the 
mitochondrial network, i.e. fusion and fission events. These processes ensure adequate 
mitochondrial function at a specific time and location (Perier and Vila, 2012). For 
example, fusion enables the exchange of mitochondrial DNA and proteins with 
neighboring mitochondria and can restore the functionality of a single mitochondrion 
(Figure 3-F, Detmer and Chan, 2007; Schon and Przedborski, 2011). Fission is 
important for long distance transport of mitochondria, e.g. along axons (Figure 3-H, 
Brown et al., 2006). Defects in fission can therefore have consequences for the rate 
of neurotransmission: energy and calcium homeostasis is needed at the synapse, both 
processes of the mitochondria that can be altered if mitochondria are not properly 
transported (Verstreken et al., 2005). Mitochondrial fission can also be induced by 
a loss in membrane potential, which subsequently leads to the removal of single 
mitochondria by mitophagy (Figure 3-I, Veatch et al., 2009). The number of single, 
thus fragmented mitochondria increases with aging, either to compensate for reduced 
ATP production or as a result of impaired removal of less active mitochondria (Payne 
and Chinnery, 2015). In neurodegenerative diseases, mitochondria have been shown 
to have more fragmentation/fission than their counterparts in healthy cells. These 
higher levels of fission might have effects on inter-mitochondrial communication. Or 
they could be a consequence of higher mitochondrial damage and dysfunction, thus 
of increased activation of mitophagy (Otera et al., 2013). 
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4.3 Mitochondrial dysfunction in neurodegenerative diseases
The increasing levels of dysfunctional mitochondria with increasing age – due 
to alterations in the structure, dynamics, gene expression and metabolism of 
mitochondria – may well aid the development of age-related diseases (Gomes et 
al., 2013). Indeed, mitochondrial dysfunction has been demonstrated to already 
occur early in the pathogenesis of neurodegenerative disorders and might be a cause 
for the toxicity observed in those diseases (summarized in Lin and Beal, 2006). 
Neurons are vulnerable to mitochondrial impairment as they are highly dependent 
on energy, especially for long distance cargo transport and synapse activity (Perier 
and Vila, 2012). Oxidative stress, possibly induced by dysfunctional mitochondria, 
is also associated with many age-related diseases, including neurodegeneration in 
the pathology of AD, PD and HD (summarized in Lin and Beal, 2006). 

Besides having general age-related effects, for example on energy balance which 
affects organismal health, many disease-related proteins have been shown to 
be directly associated with the mitochondria and to directly interact with them 
(summarized in Lin and Beal, 2006). Although this interaction might be part of their 
normal function, changes in the interaction might be involved in the pathology of 
specific diseases (e.g. Lutz et al., 2009). 

Evidence for links between the disease-related proteins seen in AD, PD and HD and 
the mitochondria is accumulating, as discussed below.

First, APP, implicated in AD, has an endoplasmic reticulum/mitochondrial targeting 
sequence. Overexpression of APP in mice inhibits the mitochondrial protein import 
machinery which is important for mitochondrial function and ATP production 
(Anandatheerthavarada et al., 2003). Furthermore, amyloid-beta, presenilins and 
other components of the gamma-secretase complex have been localized at the 
mitochondria (Lustbader et al., 2004; Hansson et al., 2004). 

Second, the expansion mutation in the Huntingtin protein (high number of glutamine 
repeats) seems to increase the interaction with mitochondrial proteins involved in 
oxidative phosphorylation (subunits of the ETC and ATPase), which might cause the 
mitochondrial dysfunction that is observed in HD pathology (Ratovitski et al., 2012). 
In accordance with this, a decline in activity of complex II and complex III of the 
ETC has been found in human brains of HD patients (Gu et al., 1996). 

Third, in PD, nine nuclear genes have so far been identified as either being mutated 
or known to increase the risk of disease. Among those, alpha-synuclein, parkin, DJ-
1, PINK1 (phosphatase and tensin homolog (PTEN)-induced kinase 1), LRRK2 
(leucine-rich-repeat kinase 2) and HTRA2 are directly or indirectly involved in 
mitochondrial regulation (summarized in Lin and Beal, 2006). 
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For example, alpha-synuclein binds to mitochondrial membranes and can cause 
fragmentation of mitochondria (Kamp et al., 2010; Nakamura et al., 2011). 
Overexpression of alpha-synuclein in mice impairs mitochondrial function and 
increases oxidative stress (Song et al., 2004). In isolated rat brain mitochondria 
under oxidative stress, aggregated alpha-synuclein is also able to induce the 
release of cytochrome c (Parihar et al., 2008). Cytochrome c release can provoke 
apoptosis, a finding confirmed in rat substantia nigra overexpressing alpha-synuclein 
(Yamada et al., 2004).  Deficiency of or mutations in the Parkin gene also lead to 
mitochondrial dysfunction and oxidative stress (Pesah et al., 2004; Palacino et al., 
2004). Parkin is an E3 ubiquitin ligase that also ubiquitinates proteins of mitochondria 
with low mitochondrial membrane potential to target the whole organelle for 
degradation (Youle and Narendra, 2011). Parkin and the other PD-associated protein 
PINK1 are involved in the regulation of mitophagy. PINK1 accumulates at the 
mitochondria in response to a loss in membrane potential and then recruits Parkin to 
ubiquitinate mitochondrial membrane proteins to induce the degradation of damaged 
mitochondria (Dzamko et al., 2014). This suggests that dysfunctional Parkin, as is 
the case when it is mutated in PD, might highly influence the quality of mitochondria 
in the cell and might be associated with an increase in dysfunctional, fragmented 
mitochondria (Lutz et al., 2009). In support of this, experiments have shown that 
stimulating mitochondrial fusion by pharmacological inactivation of Drp1, a protein 
involved in mitochondrial fission, can offset mitochondrial damage induced by 
PINK1 and Parkin  (Cui et al., 2010). 

And a last example is DJ-1, another PD-related protein, has been suggested to 
function as a sensor for oxidative stress as it contains a sensitive cysteine residue 
that reacts with ROS. The acidification of this residue leads to DJ-1 relocalizing to 
the mitochondria (Canet-Aviles et al., 2004). 

Thus, several PD-associated proteins are linked to the mitochondria. This suggests 
that the mitochondrion is indeed a central organelle when it comes to the development 
of this neurodegenerative disease. PD mainly affects dopaminergic neurons. Under 
non-disease conditions, these neurons not only have smaller mitochondria and slower 
transport of mitochondria along the axons (Kim-Han et al., 2011), they also have 
fewer mitochondria in the cell body and dendrites (Liang et al., 2007) than their non-
dopaminergic counterparts. This might explain their higher sensitivity to changes in 
mitochondrial metabolism and transport relative to other types of neurons. 

PD is accompanied by a deficiency of complex I and this has been found in the 
brain, platelets, and skeletal muscles of patients (Parker et al. 1989). Induction of 
complex I deficiency by different compounds or mutations leads to parkinsonism 
in mammals, a state that is accompanied by PD-related phenotypes (Langston 
et al., 1983) suggesting that the mitochondrial dysfunction might be causative. 
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Experiments that have tried to bypass ATP production via deficient complex I, in 
order to restore mitochondrial ATP synthesis, for example by promoting the activity 
of complex II by feeding energy carriers, have shown improvement of PD-associated 
phenotypes (Tieu et al., 2003). This also supports the hypothesis that complex I 
deficiency contributes to the disease. It has been suggested that the toxicity is caused 
by ATP depletion. However, toxic effects of low ATP levels are only seen if complex 
I activity is reduced by more than 50% (Davey and Clark, 1996). Since earlier studies 
have shown that ATP levels in the mitochondria of PD patients are only reduced by 
about 25-30% (Parker et al. 1989), ATP depletion cannot be the only cause of disease 
toxicity. An alternative explanation might be the generation of ROS, levels of which 
are dramatically increased after complex I inhibition (Ramsay et al., 1987) but which 
might also happen  outside of the mitochondria (Zhou et al., 2008). 

Another hypothesis is that changes in the recycling of proteins might also be causing 
PD-related toxicity, as has been suggested for Parkin mutations. General autophagic 
degradation including mitophagy is also found to be impaired in PD (Dehay et 
al., 2010; Vila et al., 2011). As mitophagy is necessary for a constant turnover of 
mitochondria and for adjustments to the energy demands in the cell, as well as for 
removal of defective mitochondria, lower levels of mitophagy might contribute to an 
accumulation of dysfunctional mitochondria in PD. 

5. Nutrient availability, nutrient sensing and nutrient processing – how 
the diet influences the aging process
One would assume that maintenance of high levels of translation is essential for 
renewing the pool of fresh and intact proteins (Charmpilas et al., 2015). Protein 
synthesis levels are highly dependent on nutrient availability, especially on 
nutrients required for energy metabolism and on amino acids for building proteins. 
Surprisingly, the attenuation of protein synthesis (e.g. during dietary restriction) has 
been shown to be beneficial for lifespan, probably shifting energy resources to repair 
and stress-response mechanisms (Tavernarakis, 2007). 

Dietary restriction increases health- and lifespan in all eukaryotic species that have 
been tested (summarized in López-Otin et al., 2013). These studies demonstrate that 
nutrient availability and nutrient sensing is central to aging. One hypothesis relating 
to the lifespan-extending effects of dietary restriction is that it mimics defensive 
responses by minimizing cell growth and metabolism, a process also seen in the 
context of systemic damage (Garinis et al., 2008). The process by which dietary 
restriction extends lifespan is thought to involve the following components: growth 
hormones; IGF-1 (insulin-like growth factor 1) signaling; insulin signaling, including 
downstream effectors such as AKT, mTOR and FOXO; metabolites such as glucose, 
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lipids, amino acids; and the cellular processes that require these metabolites, 
including protein synthesis and the production of ATP and biomass (summarized in 
López-Otin et al., 2013).

As described above (Section 2.3), nutrient availability and nutrient sensing can 
have effects on metabolism and lifespan over several generations. This epigenetic 
inheritance has been demonstrated in C. elegans, where dietary restriction-triggered 
lifespan extension is still observed in up to three generations of normally fed animals 
following starvation of their predecessors (Greer et al., 2011). 

5.1 GCN-2 and mTOR – the key sensors of nutrient availability
Nutrients that are taken up in the diet, particularly amino acids, are mainly sensed by 
GCN-2 (general control nonderepressible -2 kinase) or mTOR (mammalian target of 
rapamycin). These two kinases then control global translational activity and energy 
metabolism to maintain cellular homeostasis (Sattlegger and Hinnebusch, 2000). 
While both kinases have been linked to longevity, their interplay has still barely 
been studied. 

For example, mTOR has been suggested to be one of the key players in the 
regulation of aging (Blagosklonny, 2006). It integrates mitogenic, oxidative and 
metabolic signaling by promoting the conversion of nutrients into cellular biomass 
while inhibiting autophagy and lysosomal biogenesis (Laplante and Sabatini, 2012). 
It is therefore a central driving force for development and consequently for post-
developmental aging, in which such processes play a crucial role (Blagosklonny, 
2006). Inhibition of mTOR prolongs lifespan in worms, flies and mammals (Hara 
et al., 2002; Kapahi et al., 2004; Liang et al., 2003). On the other hand, inhibition 
of mTOR attenuates lifespan benefits caused by dietary restriction, suggesting a 
phenocopied effect (Johnson et al., 2013).

The activity of mTOR is regulated by several kinases. These include the AMP-
activated protein kinase (AMPK) (summarized in Bost et al., 2016). AMPK is 
activated by decreased energy availability (ratio AMP:ATP) which might be a 
consequence of reduced levels of energy sources in the diet (Houtkooper et al., 
2010). Therefore, AMPK could be a link between dietary restriction and mTOR. 
The upregulation of AMPK favors healthy aging (Mair et al., 2011). Anne Brunet’s 
group has shown that AMPK is required for the lifespan extension caused by dietary 
restriction (Greer et al., 2007). This effect is dependent on the FOXO transcription 
factor DAF-16 (see Section 5.2), that can be phosphorylated and activated by AMPK 
(Greer et al., 2007). 

Besides the role of AMPK and mTOR in lifespan regulation, activation of the 
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mTOR pathway has been also found in various diseases. For example, mTOR 
seems to increase the production of Tau in neurons, which might contribute to AD 
(An et al., 2003). And in a fly model of tauopathy (AD), TOR activation causes 
neurodegeneration (Ravikumar et al., 2004). Furthermore, in a fly model of HD, 
inhibition of TOR protects against neurodegeneration, probably by increasing the 
autophagic clearance of toxic proteins (Berger et al., 2006). 

5.2 Nutrient sensing and signaling via the insulin/IGF-1 signaling 
pathway and the FOXO transcription factor DAF-16
Another pathway involved in the extension of lifespan through dietary restriction 
is the insulin/IGF-1 signaling (IIS) pathway, which integrates nutrient availability 
and the transcriptional response, thereby modulating cellular metabolic activity. The 
IIS pathway functionally interacts and communicates with the mTOR pathway at 
multiple levels (Wullschleger et al., 2006). When altered, the ISS nutrient-sensing 
pathway has been shown to increase lifespan in worms, flies and mice (e.g. Kenyon 
et al., 1993; Tatar et al., 2011; Holzenberger et al., 2003) and this lifespan extension 
protects against age-related pathologies (e.g. Killick et al., 2009; Cohen et al., 2009). 
Other studies have shown that this might involve autophagy, transcription, cell-
cycle inhibition and decreased translational activity including ribosome synthesis 
(Blagosklonny, 2006; Anisimov et al., 2010; Bove et al., 2011). 

The very end of the ISS pathway involves the activity of transcription factors that 
modulate the transcriptional response to metabolic needs. Among these is the family 
of FOXO transcription factors. FOXO transcription factors are highly conserved and 
are involved in the response to several stresses (including insulin signaling via the 
IIS pathway). They do so by upregulating the transcription of a series of target genes, 
including ROS-detoxification genes (Oh et al., 2006; Barzilai et al., 2012). The best 
studied FOXO transcription factor is DAF-16 in C. elegans. DAF-16 regulates the 
transcription of diverse cellular processes, including metabolism, the oxidative 
stress response, detoxification and immunity (Dong et al., 2007; McElwee et al., 
2003; Murphy et al., 2003). 

Only a few longevity-promoting factors in C. elegans have been found to act 
independently of the FOXO transcription factor DAF-16 (Hamilton et al., 2005). 
One of them is mTOR (Vellai et al., 2003). Others include factors that help to control 
the activity of the mitochondrial oxidative phosphorylation machinery (Feng et al., 
2001; Dillin et al, 2002; Lee et al., 2003) and the hypoxic response (Yanos et al., 
2012). 
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5.3 Nutrient sensing and mitochondrial activity
As mentioned above, mitochondria use different metabolites to produce ATP. Thus, 
mitochondrial activity is highly dependent on the availability of nutrients in the diet. 
Several signaling pathways are involved in the communication between nutrient 
sensing and mitochondrial energy metabolism. For example, a state of low energy 
can also influence translational activity and biomass production, as about half of a 
cell’s total energy is used for translation (Charmpilas et al., 2015). Mitochondrial 
mutants in C. elegans are typically smaller in size and have lower reproductive 
rates (Dancy et al., 2014), both of which might be a consequence of reduced protein 
synthesis. A possible link between energy sensing and protein synthesis is – again – 
AMPK, which regulates mTOR activity (Bost et al., 2016). This could be mediated 
by the downregulation of components of the ETC, which have been shown to 
trigger longevity in multiple studies (Lee et al., 2003; Hamilton et al., 2005; Curran 
and Ruvkun, 2007). In most cases this happens independently of the IIS pathway 
(Lakowski and Hekimi, 1996; Dillin et al., 2002). The low energy state might 
again activate AMPK (see Section 5.1). Alternatively, a low energy state might be 
detected by sirtuins via high NAD+ levels (inactivation of mitochondria inhibits the 
conversion of NAD+ to NADH) (Houtkooper et al., 2010). Sirtuins are deacetylases 
that regulate the metabolic response; they do so by promoting mitochondriogenesis, 
enhancing antioxidant defense and increasing fatty acid oxidation (Fernandez-Marcos 
and Auwerx, 2011). An upregulation of sirtuins improves healthy aging (Rodgers et 
al., 2005) and both sirtuins and AMPK engage feedback loops that connect the two 
signaling pathways (Price et al., 2012).

5.4 Nutrient-specific diets and their implications in lifespan control
Dietary restriction increases lifespan in a broad range of organisms (see Section 5). 
In recent years, research groups have tried to find out which essential factors in a 
diet contribute to longevity. For this reason, diets that either miss or are increased in 
a certain component have been studied for their effect on lifespan. A central group of 
components in food are amino acids. Levels of free amino acids in an organism are 
known to change with age, and in mutant animals that have an extended lifespan the 
majority of amino acid pools are upregulated (Fuchs et al., 2010). It is not yet known 
whether the increased amino acid pools are due to reduced rates  of protein synthesis 
or to an upregulation in amino acid synthesis or a downregulation in amino acid 
degradation. However, these findings suggest that the availability of amino acids 
might be crucial for the survival of an organism.

At this point, studies on specific amino acids are still rather inconclusive and 
sometimes contradictory. For example, the restriction of methionine or tryptophan 
has been suggested to extend lifespan in higher eukaryotes (Orentreich et al., 1993; 
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Ooka et al., 1988), whereas increased levels of proline and tryptophan extend 
lifespan in C. elegans (Zarse et al., 2012; Van der Goot et al., 2012). Feeding mice 
with high amounts of branched chain amino acids (leucine, isoleucine and valine) 
can extend the average lifespan of male mice, and this is accompanied by increased 
mitochondrial biogenesis and decreased ROS production (D’Antona et al., 2010). In 
line with this, in yeast, supplementation with branched amino acids and threonine 
also extends chronological lifespan (Alvers et al., 2009). But others have found 
that addition of serine, threonine or valine decreases yeast’s chronological lifespan 
(Mirisola et al., 2014) while deprivation of methionine, aspartate, glutamate and 
asparagine has lifespan-extending effects (Wu et al., 2013; Powers et al., 2006). 
Similar effects were seen in another study, in which depletion of methionine extended 
the chronological lifespan of yeast cells and delayed senescence of mammalian cell 
cultures (Johnson and Johnson, 2014; Koziel et al., 2014). 

Claire Edwards and her colleagues performed a systematic screen to study the 
effect on lifespan of supplying C. elegans with different amounts of amino acids 
as an addition to their diet (Edwards et al., 2015). They found that low levels of 
supplementation of most amino acids (except for phenylalanine and aspartate) 
increased the nematode’s lifespan. However, the lifespan-increasing effects declined 
with higher amounts of amino acids (Edwards et al., 2015) suggesting that the effect 
on lifespan depends on amino acid balance, which might explain the protective and 
toxic effects of the same amino acid seen in different studies.

It is also necessary to mention that the studies performed by Edwards et al. and 
by others did not check whether an amino acid had been taken up by the animals 
(internal amino acid levels) or whether the feeding might have induced a general 
stress response due to changes in the animals’ diet. For example, food avoidance 
behavior could provoke starvation effects, and it has been shown that just small 
changes in the bacterial composition of feed for C. elegans can activate the animals’ 
innate immune response (Alper et al., 2008). Furthermore, when interpreting such 
studies, one should also keep in mind that the amino acid pools are connected and 
that the animals themselves can generate any missing non-essential amino acids. 
It is therefore possible, for example, that methionine is converted to cysteine 
(summarized in Jung, 2015). Changes in metabolism can also affect amino acid pools 
which then has consequences for other cellular processes. For example, reduced ATP 
production in the mitochondria leads to an upregulation of branched amino acids 
such as leucine, valine and isoleucine, which can be used to supply the mitochondria 
with fresh substrate (Falk et al., 2008). Thus, there might be secondary effects that 
influence the outcome of an experiment. 

All these results show that supplementation or deprivation studies depend strongly 
on the levels of the component of interest and that their interpretation requires well-
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controlled experiments and tests (e.g. metabolite measurements). 

Besides changes in the diets of model organisms, genetic studies on genes that 
affect nutrient transport and metabolism have also been performed. For example, 
the knockdown of aromatic amino acid transporters has been shown to extend the 
lifespan of C. elegans, suggesting that low levels of tryptophan might be beneficial 
(He et al., 2014). In line with this finding, inhibition of the major tryptophan-
degrading pathway in C. elegans – which leads to an increase in tryptophan levels 
– also results in lifespan extension (Van der Goot et al., 2012). And a decrease in 
tyrosine degradation leads to increased longevity (Ferguson et al., 2013). 

6. Tryptophan and its metabolites in cellular signaling
Tryptophan is the least abundant essential amino acid. Besides being used for 
the production of proteins, tryptophan is also a precursor for a range of signaling 
molecules (Figure 4). It can be converted into the neurotransmitters serotonin and 
melatonin and into the neuromodulator tryptamine (summarized in Van der Goot and 
Nollen, 2013). However, most of the free tryptophan that is not used for translation 
enters the kynurenine pathway (Anderson et al., 2013). Whereas this pathway was 
long thought to be mainly a source of the coenzyme NAD+ (Schwarcz et al., 2012), 
other metabolites of the kynurenine pathway have now been found to be associated 
with neuromodulation: kynurenic acid (KYNA) has neuroprotective properties 
and 3-hydroxykynurenine (3-HK) and quinolinic acid (QUIN) are neurotoxic at 
high concentrations (summarized in Maddison and Giorgini, 2015). The effects of 
these metabolites have been linked to three distinct properties: their antagonistic 
actions on neuronal receptors (e.g. N-methyl-D-aspartate (NMDA)) (Schwarcz et 
al., 2012); their ability to modulate the redox state of the cell by ROS-generating 
or ROS-detoxifying properties (Ocampo et al., 2014); and/or their localization 
close to the mitochondria and their effects in modulating mitochondrial activity 
(Baran et al., 2003). As tryptophan as well as kynurenine can cross the blood brain 
barrier (summarized in Maddison and Giorgini, 2015), changes in serum levels of 
metabolites of the kynurenine pathway can highly influence their abundance in the 
brain: Alterations in tryptophan metabolism during aging have been reported. For 
example, people of advanced age have a higher kynurenine/tryptophan ratio, which 
has been suggested to be due to increased tryptophan degradation (Frick et al., 2004). 

In a variety of different diseases, measuring the levels and ratios of metabolites has 
become a relatively common technique for deducing information about the health of 
an individual (summary of studies in Bohar et al., 2015). As a result, alterations in 
tryptophan metabolism have been found in several diseases. For example, increased 
activity of IDO (indolamine 2,3-dioxygenase) and TDO (tryptophan 2,3-dioxygenase) 
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has been found in different kinds of cancer, thereby increasing the immune tolerance 
of the tumor (Hjortsø et al., 2015; Metz et al., 2012). Patients with cardiovascular 
disease also have reduced tryptophan levels (Wirleitner et al., 2003). In type 2 
diabetes, patients with high plasma kynurenine levels are more likely to have severe 
insulin resistance (Oxenkrug, 2015). Other research has shown that patients with 
AD have low tryptophan and high kynurenine levels, and that these levels correlate 
with their cognitive decline (Widner et al, 1999). In other patients with AD, high 
concentrations of QUIN have been found in amyloid plaques (Ting et al., 2009). 
Furthermore, in the early phase of HD, elevated levels of QUIN and 3-HK have been 
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Figure 4: Overview of tryptophan metabolism The metabolism of the essential amino acid tryptophan is highly conserved 
from nematodes to humans. The major breakdown products are serotonin, tryptamine and the metabolites of the kynurenine 
pathway.Humans, however, possess besides TDO (tryptophan 2,3-dioxygenase) a second enzyme, IDO (indolamine 
2,3-dioxygenase), which is also able to convert tryptophan into N-formylkynurenine.
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measured, as well as low levels of KYNA (Beal et al., 1990; Pearson et al, 1992; 
Guidetti et al., 2004). Based on these findings in different diseases, enzymes of the 
kynurenine pathway have become popular targets in drug development (summarized 
in Schwarcz et al., 2012). 

 Most of the above-mentioned studies are however correlative, and therefore do not 
provide much insight into the mechanisms that might underlie the aging process or 
the progression of a certain disease. Research is still needed in order to elucidate 
whether the metabolic changes observed are a cause or consequence of a certain 
disease, and what exactly happens at the cellular level. Only a few studies in worms, 
flies and more recently in mice have started to elucidate the importance of tryptophan 
metabolism in homeostasis and signaling (Van der Goot et al., 2012; Campesan 
et al., 2011; Zwilling et al., 2011; Opitz et al., 2011; Breda et al., 2016, for more 
details see Sections 6.1 and 6.2). One of the main developments in this field comes 
from studies on a central enzyme of the kynurenine pathway called kynurenine 
monooxygenase (KMO; Figure 4), and the findings regarding its involvement in 
neurodegenerative diseases. KMO mutations in yeast have been shown to suppress 
HD-related proteotoxicity (Giorgini et al., 2005) and inhibition of KMO in flies 
can reduce neurodegeneration in a HD model; this was found to be connected to 
increased levels of KYNA relative to 3-HK (Campesan et al., 2011). Furthermore, 
inhibition of KMO has also been shown to reduce neurotoxicity in mouse models of 
AD and HD (Zwilling et al., 2011). 

6.1 The central enzymes of tryptophan metabolism – tryptophan 
2,3-dioxygenase (TDO) and indolamine 2,3-dioxygenase (IDO)
In mammals, the conversion of tryptophan to N-formylkynurenine (first step of 
the kynurenine pathway) can be catalyzed by two different enzymes: tryptophan 
2,3-dioxygenase (TDO) and indolamine 2,3-dioxygenase (IDO) (Figure 4; Higuchi 
and Hayaishi, 1967). Whereas TDO is found in almost all species, IDO only exists 
in higher organisms, suggesting that TDO developed earlier in evolution (Yuasa and 
Ball, 2015). Besides catalyzing the same enzymatic conversion of tryptophan, there 
is no significant homology between the two enzymes (Dang et al., 2000). While 
TDO is thought to regulate systemic tryptophan levels, IDO is usually activated 
locally to deplete tryptophan in certain tissues (summarized in Van der Goot and 
Nollen, 2013). Furthermore, TDO and IDO differ in their expression in different 
tissues and are regulated via different stimuli. TDO is mainly expressed in the liver 
and induced by glucocorticoids that are secreted in response to stress (Danesch et 
al., 1987). Recently, TDO expression has also been found in the brain (Kanai et 
al., 2009). In contrast, IDO is ubiquitously expressed except in the liver (Haber et 
al., 1993) and is stimulated by immunoregulatory molecules such as interferon-γ 
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(Yoshida et al., 1981; Hayaishi and Yoshida, 1978). Whereas TDO needs molecular 
oxygen for its activity, IDO preferentially uses superoxide but can also use oxygen 
(Dang et al., 2000). Furthermore, TDO is strictly limited to tryptophan as substrate, 
whereas IDO can also bind and metabolize other tryptophan metabolites such as 
tryptamine and serotonin (Sono et al., 1996). 

TDO and IDO have been the subject of several studies in various model organisms. 
Both knockout mice for TDO and IDO are viable and do not show any severe 
morphological or behavioral abnormalities (Kanai et al., 2009; Mellor et al., 2003). 
C. elegans and Drosophila melanogaster possess only TDO (TDO-2 in C. elegans, 
vermillion in D. melanogaster) (summarized in Van der Goot and Nollen, 2013). 
Depletion of TDO in those model organisms has been shown to increase lifespan (Van 
der Goot et el., 2012; Campesan et al., 2011; Oxenkrug, 2010). Research on IDO has 
been done in mammalian model systems. It has been found that IDO is involved in 
immune regulation via macrophages and it is stimulated by INF-γ and other immune 
stimuli (Yoshida et al., 1981; Havaishi and Yoshida, 1978). It has been proposed 
that IDO depletes tryptophan levels locally to induce cell-cycle arrest in T cells, 
which consequently results in their apoptosis (Mellor et al., 2001). Fougeray and 
colleagues found that the INF-γ-induced depletion of tryptophan activates GCN-2, 
which is further needed to activate autophagic processes also related to macrophage 
activity (Fougeray et al., 2012). IDO might directly be involved in pathogen defense 
by the same mechanism, depleting tryptophan in the environment of pathogens 
that are unable to generate their own tryptophan and that are then inhibited in their 
proliferation (Gupta et al., 1994). However, the hypothesis of local tryptophan 
depletion still needs to be proven. The role of IDO and tryptophan in the immune 
response described here has also been shown to be important during pregnancy. IDO 
is upregulated in the placenta and inhibits the activity and proliferation of maternal 
T cells to prevent the detection and destruction of the allogeneic fetus. Inhibition of 
IDO in pregnant rats leads to the loss of the embryos (Munn et al., 1998; Munn et 
al., 2005). 

6.2 The role of TDO in aging and age-related diseases
As mentioned above, in recent years TDO has become the subject of several studies 
on aging and age-related diseases. The depletion of TDO as well as supplementation 
of tryptophan has shown reduced toxicity in a fly model for HD as well as in worm 
models for AD, HD and PD (Campesan et al., 2011; Van der Goot et al., 2012; Breda 
et al., 2016). Whereas the protective effects in flies have been linked to changes 
in the levels of metabolites of the kynurenine pathway (Breda et al., 2016), the 
healthspan effects in worms have been found to be independent of the kynurenine 
pathway, suggesting the involvement of additional pathways (Van der Goot et al., 
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2012). It is also worth mentioning that TDO depletion has beneficial effects on life- 
and healthspan not only in disease models but also in wild type nematodes. This 
suggests that TDO is a general regulator of the proteotoxicity that is induced by 
diseases or seen as an effect of aging (Van der Goot et al., 2012).

It is however not yet fully clear, how TDO mediates its proteoprotective effects. 
Does it involve other tryptophan-metabolizing pathways or signaling by tryptophan 
metabolites? Does a change in tryptophan availability induce translational changes 
that might be beneficial for the animal’s health- and lifespan? Are completely new 
pathways involved? In particular, aging-associated processes that have not been 
linked to tryptophan metabolism before? The goal of this thesis is to understand the 
cellular mechanisms that increase healthspan and extend lifespan in C. elegans as a 
result of TDO depletion. 
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