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The previous chapters summarized the different theories of aging, the current 
knowledge on amino acid metabolism and its influence on aging, in particular on 
tryptophan and its breakdown products, and the research that has been performed on 
TDO-2 in C. elegans in the context of this thesis. The following chapter will connect 
and discuss the findings of the different chapters, summarizes open questions and 
suggests follow-up experiments that might help to better understand how TDO-2 – 
and the other two amino acid dioxygenases - control health- and lifespan.

9.1 Mechanism of lifespan regulation by TDO-2
Aging is a very complex phenomenon, which is also reflected in the broad range of 
lifespan-regulating genes that have been identified so far mainly in studies with C. 
elegans (summarized in Yanos et al., 2012). As already described in the introduction, 
there are several pathways that influence the aging process and there has not been 
only one ultimate aging gene been identified. Even though these studies suggest 
that some pathways and organelles take a more dominant role, the amount of recent 
publications on research in the field of aging shows that we are still far from having 
identified all players that contribute to the aging process. This thesis focuses on a 
new player in the aging process being connected to several cellular pathways: TDO-
2. 

We have identified TDO-2 as a regulator of health and lifespan in C. elegans. 
Depletion of TDO-2 suppresses age-related phenotypes, which raises the question 
why this gene exists. One possible explanation is that post-reproductive phenotypes, 
such as lifespan, are not selected for by evolution. Therefore, genes that are beneficial 
during development and reproduction of the organism, but not afterwards, may not be 
down-regulated post reproduction (Parsons, 2007; Blagosklonny, 2006; Kirkwood, 
2005; Curran and Ruvkun, 2007). Such mechanisms has been proposed also based 
on findings in C. elegans, in which knockdown of several developmental genes late 
in life extended the animals lifespan (Curran and Ruvkun, 2007). TDO-2 may fall 
into this category of genes: we mainly find positive effects of TDO-2 depletion on 
health- and lifespan, suggesting that this gene is not essential, but see a lowered in 
fertility of the organism, which might explain why the gene has been conserved 
during evolution (chapter III and paragraph 9.3). Important to note is that we work 
under laboratory conditions with low numbers of infectious microorganisms and 
plenty of food so we cannot exclude that TDO-2 is essential for the survival in the 
wild.  

Independently of this, a central question of this study was do elucidate the cellular 
mechanism by which TDO-2 can regulate lifespan. 
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Depletion of TDO-2 appears to affect several cellular aspects of aging. First, 
depletion of TDO-2 protects against age-related proteotoxicity, suggesting a role 
in protein homeostasis (Campesan et al., 2011; Van der Goot et al., 2012; Breda et 
al., 2016; discussion on TDO-2’s role in neurodegeneration in paragraph 9.9). It is, 
however, unclear through which process it interferes with protein homeostasis.  We 
find that changes in translation are not responsible nor can we find an upregulation 
of stress response pathways, such as the heat shock response, ER stress, and mtUPR 
pathways that maintain protein homeostasis in a cell (Chapter IV, transcriptome 
profile). In addition to this, chaperones, previously shown to protect against age-
related proteotoxicity, do not play a role in the proteoprotective effects of tdo-2 
depletion (Van der Goot et al., 2012). 

Depletion of tdo-2 has been shown to increase the inclusion formation of the PD-
associated protein alpha-synuclein (Van der Goot et al., 2012). A possible role in 
the aggregation process could be an explanation for the proteoprotective effects. On 
the other hand, depletion of tdo-2 does not affect the inclusion formation of HD-
associated Huntingtin, while it still improves the health of animals expressing this 
toxic protein (Van der Goot et al., 2012). Thus, a possible involvement in aggregation 
processes cannot be the only explanation. 

Second, depletion of TDO, and other amino acid dioxygenases, results in phenotypes 
that resemble long-lived mitochondrial mutants (summarized in Yanos et al., 2012): 
they are small in size (chapter V), have reduced reproduction rates (chapter III) 
and decrease mitochondrial respiration and capacity and often show an increased 
longevity (chapter VI). On the other hand, the amino-acid dioxygenases show some 
differences compared to the mitochondrial genes: their depletion after development 
still results in a lifespan extension (chapter VI) whereas it has been shown for other 
mitochondrial genes, that the lifespan extension can only be achieved when they are 
depleted during a narrow time window in development (Dillin et al., 2002; Rea et 
al., 2007). This may indicate that their lifespan regulation is unrelated to their effect 
on the mitochondria or that this represents a new post reproductive mechanism by 
which mitochondria regulate lifespan. 

One possible mechanism by which mitochondria regulate lifespan is by regulating 
the levels of reactive oxygen species (ROS) (see introduction). TDO-2 may act by 
regulating ROS as well in three different ways. It can use ROS instead of molecular 
oxygen to convert tryptophan into formyl-kynurenine (Ocampo et al., 2014). It 
might be therefore possible that ROS levels are increased when inhibiting TDO-
2’s activity. On the other hand, the activity of TDO-2 controls tryptophan levels, a 
highly reactive molecule due to its aromatic structure that has been shown to have 
anti-oxidant properties (Tsompo et al., 2009). Tryptophan levels decrease with age 
which might have effects on the redox state of the cell. By increasing tryptophan 
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levels through inhibition of TDO-2, it might a counteracting process by lowering 
ROS levels which could possibly add to the lifespan-extending phenotype. And 
finally, by knowing that TDO-2 regulates mitochondrial respiration, the enzyme 
could again have a general influence on the redox state of the cell. We performed a 
range of experiments to test these hypotheses (supplement of Chapter VI) which in 
total suggest that the phenotypes of depleted tdo-2 are not affected by ROS and the 
oxidative damage theory cannot be applied. 

In this context, it has to be emphasized that we only tested the role of ROS for 
TDO-2. Does the depletion of the other two amino acid dioxygenases show similar 
results? And what happens with the redox state when feeding free amino acids 
such as tryptophan? This is especially of interest when it comes to cdo-1 depletion. 
CDO-1 converts cysteine towards taurine (Brand et al., 1998; Satsu et al., 2003). By 
inhibiting this enzymatic step, more free cysteine is available for alternative reaction 
such as e.g. the conversion towards glutathione, a very potent antioxidant (Taylor, 
1958).  

This paragraph demonstrates that the effects of TDO-2 depletion are not linked 
to a single previous described aging pathway. It is a protein that is linking several 
metabolic processes in the cell making the effects on aging complex and difficult to 
analyze.

9.2 Regulation of mitochondrial respiration by amino acid dioxygenases
This study shows that depletion of the three amino acid dioxygenases TDO-2, CDO-
1 and HPD-1 results in the same phenotypes suggesting a common mechanism. The 
central organelle of this study is the mitochondrion. 

So far, we could identify one single subunit of complex IV of the ETC to possibly 
be involved in the regulation of mitochondrial respiration. It is not clear whether 
other subunits of complex IV or subunits of other complexes are also involved. 
To answer this, it would be necessary to systematically knockdown different 
subunits and check whether this has an effect on the regulation of respiration by 
amino acid dioxygenases. Once components are known, it still needs to be assessed 
whether amino acid dioxygenases control respiration directly or whether this is a 
consequence of a cascade of events in the cell. For this, the localization of amino 
acid dioxygenases within the cell is giving a first hint: are amino acid dioxygenases 
located at the mitochondria? This could be either done in cells or by tagging the 
specific proteins in C. elegans e.g. by a GFP knock-in by the CRISPR/Cas-9 system. 
If the signaling is indirect, through which pathway? Are there metabolites involved?
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As shown in chapter IV, animals depleted for amino acid dioxygenases react less 
well to FCCP than wild type animals. FCCP induces a fast proton leakage and the 
ability of an organism to react on this drug by boosting mitochondrial respiration can 
be used to detect a dysfunction of the mitochondria, because increasing the amount 
of mitochondria is not possible in such a short period. A reduction in mitochondrial 
oxygen consumption, however, can also be a result of less mitochondria in the cell, 
which we have not been able to exclude yet. We started to investigate the quantity of 
mitochondria by measuring mitochondrial protein levels. It has to be mentioned here, 
that C. elegans research is still limited in the availability of specific antibodies that 
we could only test for MTCO-1, a subunit of complex IV of the ETC. Preliminary 
runs showed no reduction in MTCO-1 levels in tdo-2 depleted animals (data not 
shown). Reporter strains with fluorescent-labeled mitochondria can be used in 
addition to determine the amount of mitochondria or measure the ratios of nuclear 
and mitochondrial DNA of wild type versus amino acid dioxygenases-depleted 
animals. 

In this context, the mitochondrial network might also affect the productivity of 
mitochondria. Studies on subunit F26E4.6 in C. elegans (the subunit of complex IV 
that we identified in chapter IV to act in line with the amino acid dioxygenases) have 
shown a highly fused mitochondrial network when depleting F26E4.6 (Smith et al., 
2015). Does the depletion of amino acid dioxygenases also change the mitochondrial 
fusion/fission processes in the cell? Reporter C. elegans strains with fluorescent 
labeled mitochondria can help to answer this question. Preliminary test runs, 
however, suggest that the depletion of amino acid dioxygenases have no obvious 
effect on the mitochondrial network or mitochondrial number. But these experiments 
should be further optimized and repeated.

The enzymatic reactions of TDO and IDO have been extensively studied on the 
molecule’s level (summarized in Thackray et al., 2008). It seems to be that these 
two enzymes form a special group of dioxygenases enzymes in the way of how they 
bind to ferrous heme (Geng and Liu, 2014). The structures and chemical reactions of 
HPD and CDO on the other hand have been hardly studied. It would be interesting 
to see whether they show comparable characteristics as TDO and IDO and whether 
this explains how they modify mitochondrial respiration? 

The biosynthesis of heme is located to the mitochondria where heme also is a crucial 
factor for the assembly of the complexes of the electron transport chain (summarized 
in Duggan et al., 2011). It has been demonstrated that aβ that is imported to the 
mitochondria binds heme which has been proposed as an explanation for reduced 
ETC function during Alzheimer’s disease (Santos et al., 2010). Could it be that 
the binding of heme by dioxygenases is influencing mitochondrial function or is 
mitochondrial activity controlled by dioxygenases by balancing the heme availibility? 
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In the context of molecules’ structures, Salminen and colleagues have found that 
a group of dioxygenases, mainly non-heme dioxygenases, do use oxoglutarate as 
cofactor, a mechanism that enables them to induce transcriptional changes in response 
to oxygen changes and alterations in mitochondrial activity (Salminen et al., 2015): 
oxoglutarate is a product of the TCA cycle. Its level reflects thus the activity of the 
TCA cycle. Do amino acid dioxygenases belong to that group as well? Do they 
maybe function in a comparable manner? What would be the critical co-substrate? 
Oxoglutarate as it is for the other non-heme dioxygenases? One of the targets of 
these oxoglutarate-binding dioxygenases is a collagen hydroxylase which is crucial 
for the synthesis of collagens. During aging, the composition and organization of 
collagens in various tissues such as skin, bones and the vascular wall is altered 
which impacts the aging process (Salminen et al., 2015). Whether collagens also 
affect mitochondrial performance has not been tested yet but could very well be as 
those molecules strongly influence the structure and functionality of membranes. 
The transcriptome profiling of tdo-2 depleted animals revealed that the expression 
of genes involved in the synthesis of structural components, mainly collagens, are 
decreased (Chapter IV). This opens a new hypothesis: Could the aging process and 
the mitochondrial performance be affected by the changes in collagen composition? 

Another aspect of mitochondrial dysfunction is the misbalance of protein production 
that is encoded by the nucleus on the one hand and the mitochondrion on the other 
hand (mtUPR, see introduction). We approached this theory by testing various 
components of the translational control and machinery (Chapter VI). Furthermore, 
could it be that the amino acid dioxygenases only control one of the two groups of 
proteins (nuclear- of mitochondrial encoded) which would lead to the alterations in 
respiration? 

We showed that of the tested proteins, only TDO-2, HPD-1 and CDO-1, combining 
oxygen consumption with amino acid degradation, do have the here described effects 
on mitochondrial respiration (Chapter VI). Do they perhaps function as sensors for 
nutrients and oxygen, communicating simultaneously the availability of amino acids 
and oxygen that is needed to generate ATP for amino acid processing? Are they still able 
to control mitochondrial respiration when one of the two characteristics is inhibited? 
Is it possible to generate a mutant that still binds tryptophan but not oxygen and vice 
versa? Like this, it can be assessed whether the combined binding of both molecules 
is necessary for the regulation of mitochondrial functions. Unfortunately, studies on 
the enzymatic structure of TDO showed that the binding of oxygen or tryptophan is 
strongly connected (Chauhan et al., 2009), suggesting that such a mutant is unlikely 
because a substrate-binding mutant is probably automatically not binding oxygen 
and vice versa. It might be therefore better to modulate the oxygen and amino acid 
availability of the environment (providing high levels of amino acids but reducing 
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oxygen availability at the same time) to test whether amino acid dioxygenases are 
indeed important for signaling this condition e.g. to the mitochondria. The use of a 
mammalian cell culture model would facilitate the testing. However, one has to keep 
in mind that oxygen availability controls not only energy metabolism but also has 
a fundamental role in the regulation of gene expression (summarized in Salminen 
et al., 2015). Changes in oxygen levels might therefore provoke unexpected 
responses that are not necessarily linked to the mechanisms regulated by amino acid 
dioxygenases. If the three enzymes do act as sensors, amino acid dioxygenases build 
a new category of enzymes integrating nutrient with oxygen availability contributing 
to the control of metabolism in a similar manner as e.g. mTOR that is connecting 
nutrient availability to energy levels in a cell (Laplante and Sabatini, 2012).  

9.3 Downregulation of the reproduction system and the immune 
response
The transcriptome analysis of tdo-2 depleted animals revealed that mitochondrial beta 
oxidation is upregulated. We first focused on these findings as mitochondrial function 
had been linked to lifespan regulation before (Lee et al., 2003; Hamilton et al., 2005; 
Hansen et al., 2005; Curran and Ruvkun, 2007). However, the transcriptome profiling 
also gave other insights in the expression patterns that still can be explored. We found 
e.g. that some genes that are involved in reproduction (e.g. major sperm proteins) are 
downregulated in tdo-2 depleted animals which fits with the low reproduction rates 
of those animals (chapter III). It could be a tryptophan metabolism-specific effect as 
melatonin levels are possibly changed, a molecule that is strongly involved in the 
regulation of reproductive behavior (Waldhauser et al., 1993). On the other hand, 
melatonin-related effects are not really likely as the observed transcript changes 
are independent of the melatonin/serotonin pathway: we still find those changes in 
the tph-1(del) mutant. Could it then be that the phenotypes are a secondary effect 
induced by low energy availability due to reduced mitochondrial activity? Several 
mitochondrial mutants have been described to show reduced fertility before (Yanos 
et al., 2012). This is also the case for tdo-2 depleted animals (Chapter III). It is 
possible that the organism reduces its non-essential, energy-consuming functions 
such as reproduction to save ATP for other acute tasks. The same might be the case 
for the immune response of the animal: we see a downregulation of immune system 
components in tdo-2 depleted animals. Especially under laboratory conditions, the 
maintenance of an active immune system is less needed. However, this raises the 
question whether tdo-2 depleted animals and possibly other mitochondrial mutants 
are more prone for infections then wild type animals and how this affects their ability 
to survive in the wild.
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9.4 Amino acid dioxygenases share cellular functions: Do they 
communicate?
The fact that the amino acid dioxygenases TDO-2, CDO-1 and HPD-1 seem to 
share similar functions in the cell, raises the questions whether there is a cross-talk 
between those enzymes? All three enzymes share a common expression profile: 
they are mainly expressed in the liver (Danesch et al., 1987; Hosokawa et al., 1990; 
Ruetschi et al., 1993),  a mitochondrial-rich tissue (Forner et al., 2006). In addition, 
the transcriptome profile showed that hpd-1 is upregulated in tdo-2 depleted animals 
so that there might be indeed a feed-back mechanism. In the case of cdo-1, we could 
not detect sufficient cdo-1 transcripts in none of the conditions, being wild type 
or tdo-2 depleted. We also observed very low transcript levels of cdo-1 when we 
cloned the sequence into the RNAi vector and amplification was only possible with 
a nested-PCR reaction. This makes it hard to test for changes in expression when 
one of the other amino acid dioxygenases is depleted. It seems however that cdo-1 
transcript levels are higher in human cells. It might be therefore better to perform 
those experiments in a cell model.

What effect do we see when depleting more than one amino acid dioxygenase? 
Depleting hpd-1 in tdo-2(del) mutants does not lead to an additional motility increase 
as it does in wild type animals (Appendix Figures A7 and A8). The same effect can 
be observed when depleting tdo-2 in hpd-1(del) animals. Analogous to the findings 
on healthspan, depletion of hpd-1 in tdo-2(del) animals and depletion of tdo-2 in 
hpd-1(del) mutants does not reduce oxygen consumption rates any further. This 
suggests that there is indeed a connection between those two enzymes. Based on 
the findings of the transcriptome profile, the depletion of tdo-2 might influence the 
expression of hpd-1. 

Assuming that there is indeed a communication between the three enzymes and 
possible compensation for the deficiency of one enzyme, what happens when deleting 
all three enzymes? Would the animal be able to develop and survive? Would there be 
any reproduction at all (which complicates the generation of such a mutant)? Would 
the animal even be fine and extremely long-lived? 

9.5. Are changes in tryptophan levels responsible for the phenotypes of 
tdo-2 depletion? 
The findings that tryptophan supplementation increases the healthspan of C. elegans 
in wildtype and PD animals (Van der Goot et al., 2012; introduction and paragraph 
9.9) lead to the question if changes in tryptophan levels are responsible for the other 
phenotypes we observe when depleting tdo-2.  
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The observation that tdo-2 depletion and tryptophan feeding result in the same 
phenotype might lead to the conclusion that tryptophan levels are indeed the central 
factor. But one should keep in mind that we are not looking at necessarily at the 
same processes when depleting tdo-2 or when feeding tryptophan. In both cases, 
an increase in internal tryptophan levels can be observed. However, in the case of 
tryptophan feeding, we also increase the levels of the metabolites of the kynurenine 
pathway as it is completely active and even stimulated by the higher levels of 
substrate. 

With this background, tryptophan feeding could be theoretically seen as a state 
with hyperactive TDO-2 as it is described that tryptophan stimulates its degradation 
mainly via activation of the kynurenine pathway (Danesch et al., 1987). This would 
suggest to measure the expression levels and enzymatic activity of TDO-2 when 
supplying tryptophan in C. elegans. If TDO-2 is indeed hyperactive, it would mean 
that depletion of tdo-2 but also stimulation of TDO-2 by tryptophan supply both 
result in similar phenotypes such as e.g. motility increase. The generation of an 
overexpression mutant either by integration of an extrachromosomal array or by 
single gene knock-in could give additional information. Does an overexpression of 
TDO-2 result in more mitochondrial activity? Or is a specific balanced level of the 
enzyme the optimum for maximal mitochondrial functionality?

Furthermore, effects that accompany tryptophan feeding could be still dependent on 
other metabolite changes as degradation pathways are still active. In order to exclude 
such an effect, we also tried to combine tryptophan feeding with a depletion of TDO-
2. However, feeding the standard concentrations of tryptophan (10mM and 20mM) 
had toxic effects when combined with depleted tdo-2. It could be that internal levels 
are reaching a toxic levels when the major degradation pathway is inhibited. It is 
therefore worthwhile to try lower concentrations and to repeat the assays.

Amino acid supplementation is indeed activating a range of signaling cascades in 
the cell. The systematic feeding of amino acids by Claire Edwards showed that 
tryptophan feeding increases the expression of small heat shock proteins and the ER 
stress response and that the lifespan extension is dependent on GCN-2 and AAK-2 
(Edwards et al., 2015). Our results on tdo-2 depleted animals show the opposite: we 
did not find changes in the heat shock response, ER stress response nor did GCN-2 
or AAK-2 affect the lifespan regulation by TDO-2. The study of Claire Edwards is 
missing some critical controls to actually show that the effects are provoked directly 
by tryptophan and not a general stress effect by changes in the animal’s nutrition and 
environment that might also result in a lifespan extension (Edwards et al., 2015). 
In addition to that, it should still be tested whether phenotypes of tryptophan-fed 
animals are dependent on serotonin signaling, translation etc. as we performed it for 
tdo-2 depleted animals. 
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We finally assayed whether tryptophan supplementation has an influence on oxygen 
consumption rates (Appendix Figure A9). It has been shown that amino acid 
supplementation has an effect on oxygen consumption rates or ATP levels (Edwards 
et al., 2015). This overlaps partially with our findings: tryptophan-fed animals do not 
show alterations in basal mitochondrial respiration (Appendix Figure A9). However, 
the application of the Seahorse analyzer (Chapter VII) gave us the possibility to 
test the respiration rates under stressed conditions (proton leakage): tryptophan-
fed animals showed a decreased maximum mitochondrial capacity, similar to tdo-2 
depleted animals (Chapter VI).  This suggests that tryptophan indeed has effects on 
mitochondrial function which is especially critical under stressed conditions with 
high mitochondrial activity.

Even though, the study of Claire Edwards did not find a direct link between amino 
acids and respiration, it showed that the lifespan-extending effects of amino acid 
supplementation could be inhibited by mutations in the electron transport chain 
of the mitochondria (Edwards et al., 2015).  This suggests indeed a link between 
amino acid metabolism, mitochondrial function, and aging supporting our findings 
on amino acid dioxygenases.

9.6. Do changes in certain amino acid levels mediate the effects on 
health- and lifespan when depleting amino acid dioxygenases?
The fact that tryptophan metabolism is involved in health- and lifespan regulation, 
leads to the question whether other amino acids and their metabolic pathways might 
have similar effects. First attempts to systematically feed all amino acids separately 
and test the animals for their motility showed that further optimization is strongly 
needed before any conclusions can be drawn. Especially the uptake of the amino 
acid has to be guaranteed. However, genetic inhibition of certain enzymes involved 
in the degradation of specific amino acids or classes of amino acids (Chapter VI) 
showed that they do not regulate healthspan as TDO-2 does. However, the findings 
that the two other amino acid dioxygenases CDO-1 and HPD-1 seem to share similar 
functions as TDO-2 might propose that at least the metabolism of cysteine and 
tyrosine are also important for the organismal health- and lifespan determination, 
which is similar as for the metabolism of tryptophan. Supplementation of cysteine 
and tyrosine will be required to confirm this similarity.

In addition, when it comes to amino acid homeostasis, the feedback response can play 
a crucial role and induce side-effects that we might not consider when interpreting 
results. Could it be that we have to look at effects that are induced by level changes 
of another amino acid? As already mentioned in the introduction, amino acids are 
strongly linked and might be even converted into another amino acid. Methionine and 
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serine can be e.g. precursors for cysteine (summarized in Jung, 2015). Furthermore, 
cellular processes can affect the amino acid homeostasis and induce shifts: Mutants 
of the respiratory chain have e.g. typically increased levels of branched amino 
acids (leucine, valine, isoleucine) (Falk et al., 2008). By generating an amino acid 
profile of tdo-2(del) and tdo-2 RNAi-depleted animals, we found that they also show 
increased levels of those three amino acids (Appendix Figure A10). It was suggested 
that the increase in production of branched amino acids is a compensation effect to 
react on low mitochondrial activity: branched amino acids can be used by the cell to 
produce substrates for mitochondrial ATP production (Falk et al., 2008). It might be 
that the tdo-2 depletion dependent increase in levels of leucine, valine, isoleucine is 
responsible for the induction of pathways that are linked to these three amino acids 
and not directly to tryptophan and might result in the observed phenotypes. 

9.7. Other tryptophan metabolites: kynurenine and serotonin 

It has to be emphasized that this study focusses on certain phenotypes, which are 
healthspan and lifespan extension and control of mitochondrial respiration.  For 
these phenotypes, we could show that the kynurenine pathway, the serotonin and 
tryptamine pathway as well as AHR-1, GCN-2, mTOR and AAK-2 (AMPK) are 
not involved in the regulating mechanism. That does not mean that other functions 
of TDO-2 are also independent of these candidates. We do observe e.g. that tdo-
2(del) animals are smaller in size (Chapter V), which suggests actual alterations in 
development. Transcriptome profiling showed a long list of differentially expressed 
genes that were dependent on either the kynurenine pathway or the serotonin pathway 
(partially shown in heatmaps of Chapter VI). We did not focus on those hits as we 
showed before that the health- and lifespan benefits in C. elegans were independent 
of those pathways. But the data could become of high interest again when focusing 
on other phenotypes.

Focusing on the kynurenine pathway, C. elegans results differ from other organisms 
especially from those found in flies: the group of F. Giorgini showed that health- and 
lifespan benefits in Drosophila are at least partially dependent on the metabolite 
changes within the kynurenine pathway (Breda et al., 2016). Their explanation is 
that the ratio between the neuroprotective kynurenic acid-producing “kat”-branch 
and the neurotoxic 3HK-producing “kmo”-branch (see Figure 4 in the introduction 
of this thesis) is shifted towards kynurenic acid (Breda et al., 2016). However, it is 
not shown whether this shift is due to less 3HK being produced or more kynurenic 
acid being synthetized or a combination of both. Could it be that the “kmo”-branch 
is first deactivated to make sure that kynurenic acid is still produced? It could be that 
an organism that is strongly dependent on kynurenic acid for proper brain function 
and has control mechanisms that make sure that its production is maintained as long 
as possible even though tryptophan that enters the kynurenine pathway is scare e.g. 
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when TDO is inhibited. If this is the case, the kynurenine pathway got a higher 
importance during evolution from organisms with basic neuronal structures (e.g. C. 
elegans) to organisms with already complex brain organization (e.g. Drosophila). 
This might explain the differences we see between C. elegans and flies. 

In addition, when it comes to the kynurenine pathway, it seems that small amounts of 
tryptophan are also converted to kynurenine in a non-enzymatic manner. When we 
characterized the CRISPR/Cas-9 mutants, we found a constant level of kynurenine, 
independent of tryptophan levels and TDO-2 activity (Chapter III). This suggests 
that a full inhibition of this metabolic step is rather unlikely, it is only possible to 
strongly decrease the speed by blocking the specific enzymes.  

Does this altogether mean that the work in C. elegans is not needed to better 
understand cellular mechanism that are finally meant to better understand human 
aging? Could it even be that TDO depletion has negative effects in higher organisms 
e.g. because kynurenic acid production is decreased? At this point, it has to be 
emphasized that tryptophan feeding as well as TDO depletion has similar positive 
effects on health- and lifespan in both organisms (C. elegans and flies) suggesting 
that there are proteoprotective, kynurenine pathway-independent mechanisms. Of 
course, this does not explain the possible consequences in mammals but so far, the 
depletion of TDO in different mouse models also did not result in any severe, obvious 
phenotypes suggesting that TDO depletion is at least not deteriorating the organism’s 
health (Kanai et al., 2009; Mellor et al., 2003; personal communication M. Platten).

Earlier studies in yeast flies and mice focused on KMO as the central enzyme of the 
kynurenine pathway. They found health-and lifespan benefits when depleting KMO 
(Giorgini et al., 2005; Campesan et al., 2011; Zwilling et al., 2011). We could not 
confirm these findings in C. elegans (Van der Goot et al., 2012 and Chapter IV). 
As already mentioned the depletion of TDO has proteoprotective effects in various 
organisms (Oxenkrug, 2010; Campesan et al., 2011; Van der Goot et al., 2012; Breda 
et al., 2016). Is it now better to target KMO or TDO? In nematodes at least, TDO-2 
seems to be the better target: the transcriptome profiling showed that a high range 
of expression levels of stress response pathways are indeed altered in tdo-2 depleted 
animals, but these changes are strongly dependent on kmo-1 (changes are the opposite 
in kmo-1(del) animals, data not shown), suggesting that these alterations are linked 
to the kynurenine pathway. This might indicate that tdo-2 depletion is less invasive 
by less inducing stress response pathways and effects might be more controllable. 



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: 233PDF page: 233PDF page: 233PDF page: 233

233 

9

9.8. Depletion of amino acid dioxygenases affects health- and lifespan 
and mitochondrial respiration: are the phenotypes connected and how?
All metabolic processes in a cell are strongly linked but every branch has first to be 
analyzed separately before possible connections can be drawn. 

One major question of this study was in this context whether the health- and 
lifespan regulation and the control of respiration are interconnected. Unfortunately, 
this question could not be answered yet. As all three phenotypes showed to be 
independent of the above-mentioned signaling cascades (kynurenine, serotonin, 
translation), an interconnection is possible. Especially a connection between 
mitochondrial activity and lifespan control is likely as a lot of mitochondrial mutants 
also show lifespan-extending phenotypes (summarized in Yanos et al., 2012). It 
would be interesting to see whether the complex IV subunit F26E4.6 - that seems 
to be involved in the regulation of mitochondrial activity by TDO-2 and the other 
two amino acid dioxygenases - is also able to affect the regulation of health- and 
lifespan. Furthermore, other mitochondrial components might be identified to be part 
of the mitochondrial regulation by amino acid dioxygenases. Do they also influence 
organismal health and longevity? 

If the three functions of TDO-2 are interconnected, the longevity effect would be 
last in the cascade. This can be concluded from assays on the dependency on the 
transcription factor DAF-16: whereas oxygen consumption rates and motility are 
controlled independently of DAF-16, the longevity effect is influenced by DAF-
16 (Van der Goot et al., 2012 and appendix of this study). Thus, mitochondrial 
respiration control and healthspan regulation are either independent or upstream of 
the lifespan control. 

What if TDO-2’s function on mitochondria is independent of the role in 
proteotoxicity? How can TDO-2 affect e.g. the aggregation process independently 
of the mitochondria? Analysis of protein structures revealed that tryptophan 
residues are common motifs that have been found to stabilize the loops between 
two beta strands (Santiveri and Jiménez, 2010). Beta strands are overrepresented 
in aggregation-prone proteins (David et al., 2010; Reis-Rodrigues et al., 2012). It 
might be possible that TDO-2 affects the stability of those loops by e.g. changing 
the availability of tryptophan. And how about modifications at those tryptophan 
residues as we detected them in chapter VIII? Would such a modification change 
the aggregation properties of a protein? It will be interesting to analyze the list of 
modified peptides and compare them with list of aggregation-prone proteins that 
have been generated by other (Walther et al., 2015). 

In the context of modifications at tryptophan residues, it has to be determined whether 
the depletion of tdo-2 or supplementation with tryptophan change these? If yes, are 
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the tryptophan modifications responsible for the health- and lifespan-extending 
effects of tdo-2 depletion? If the tryptophan modifications are a consequence of 
translational rates and the composition and availability of tryptophan metabolites, 
as we suggested it in chapter VIII (co-translational theory), then it is not likely that 
they affect health and lifespan, just as the changes in translation (Chapter V) and 
composition of metabolites (Chapter IV) have been excluded for those phenotypes. 
However, we also see that tryptophan supplementation improves healthspan and that 
the mutants of the kynurenine and serotonin pathway do not at all show similar 
motility rates or share similar life expectations (Van der Goot et al., 2012 and chapter 
IV). It would be interesting to test the modifications of tryptophan residues in those 
mutants. Even though, it might not explain the lifespan extension of tdo-2 depleted 
worms, it might give clues for the shorter lifespan of some mutants. Are perhaps 
some modifications more severe than others? Further analysis of modifications at 
tryptophan residues may yield new insights in age-related protein modifications and 
reveal new aspects of proteostatic mechanisms. 

9.9. Age-related diseases: Is the control of mitochondrial respiration by 
TDO-2 linked to the regulation of proteotoxic processes?
TDO-2 was initially found in a screen for Parkinson’s disease-associated alpha-
synuclein toxicity and has been identified as a general regulator of proteotoxic 
processes (Van der Goot et al., 2012). Furthermore, depletion of tdo-2 also improved 
the motility and lifespan of wild type animals (Van der Goot et al., 2012 and this 
thesis) suggesting common proteotoxic mechanisms in neurodegenerative diseases 
and aging.

The performed transcriptome profile of tdo-2 depleted animals was initially meant 
to find new candidates that would give insights in the processes that lead to the 
observed proteoprotective effects (improvement of motility) in those animals. We 
systematically checked the candidate list for effects on healthspan (motility screen, 
data not shown) but could not find any consistent results. We then changed the 
strategy and checked for functional groups in the candidate list which brought us to 
the here presented findings that TDO-2 is involved in the regulation of mitochondrial 
activity. This raises the question whether this mitochondrial function is connected 
to its role in proteotoxicity. As described in detail in the introduction, mitochondrial 
activity is altered in a variety of age-related diseases, among them neurodegenerative 
disorders such as Parkinson’s, Huntington’s and Alzheimer’s disease (see introduction 
paragraph 4.3). A connection between mitochondrial regulation and proteotoxic 
control by TDO-2 is therefore hypothetically possible. 
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Unfortunately, we could not fully answer this question yet but experiments were 
planned and already partially prepared. We crossed for example our CRISPR-Cas9-
induced deletion mutants with a neuronal Huntington’s disease model of the research 
group of Christian Neri (Parker et al., 2007) to initially confirm previous results 
that show that depletion of tdo-2 by RNAi improves the neuronal touch response of 
these animals (Van der Goot et al., 2012) but also to have a second disease-specific 
readout. It would be interesting to see whether subunit F26E4.6 of complex IV of 
the ETC - involved in TDO-2’s regulation of the mitochondrial respiration (Chapter 
VI) - also has effects on neuronal performance in this HD model. 

Another idea would be to test various disease models for their mitochondrial 
respiration. It has been suggested that oxidative stress by the mitochondria promotes 
the progression of AD (Li et al., 2004; Lovell et al., 2004; Tamagno et al., 2005; 
Velliquette et al., 2005). And cellular models of AD show lowered respiration at the 
level of complex I and IV (Keil et al., 2004; Devi et al., 2006). Is a depletion in tdo-2 
able to restore these defects? If this is true and the reason for proteoprotective effects, 
then it could be also possible that any other gene that has similar effects on respiration 
as TDO-2 should also improve the health state of the diseased animals. Two of these 
candidates would be the here presented dioxygenases CDO-1 and HPD-1 whose 
depletion have comparable effects on wildtype animals as TDO-2 depletion (Chapter 
VI). First tests suggest indeed that depletion of these two genes also improves health 
parameters in models of Parkinson’s and Alzheimer’s disease (chapter IV and data 
not shown). Further experiments also with the neuronal Huntington’s disease model 
are planned. 

It has also been suggested that toxic effects in neurodegenerative diseases are 
linked to increased levels of reactive oxygen species (ROS). Even though, we did 
not observe a change in H2O2 levels in wildtype animals when depleting tdo-2, 
we cannot exclude such an effect in the disease models as well as when depleting 
the other dioxygenases. Measurements of ROS in various disease models also in 
combination with a depletion of one or more dioxygenases could possibly answer 
whether ROS are at least partially responsible for the proteoprotective effects in 
dioxygenase-depleted animals. 

At least for Parkinson’s disease it has been shown that the recycling rates and 
cleaning-up of dysfunctional mitochondria is decreased (Malkus and Ischiropoulos, 
2012). Does a depletion of tdo-2 affect these processes? The transcriptome profiling 
of wildtype animals showed no changes in the expression of autophagy-related 
genes but it might be still possible that autophagic rates are changed under disease 
conditions. It would be interesting to see whether tdo-2 depletion changes the ratio 
between functional and dysfunctional mitochondria. One possible measurement 
of functional mitochondria is to test for a proton gradient with specific dyes. 
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TMRM (tetramethylrhodamine-methylester) is for example a dye that changes the 
fluorescence spectrum based on the acidification of the environment and is commonly 
used for mitochondrial staining (Ishigaki et al., 2016; Monteith et al., 2013). TMRM 
staining is also possible in living C. elegans (personal communication S. Henau) 
and might help to give more insights in how tdo-2 depletion affects mitochondrial 
function. 

Also in the context of disease-related proteotoxic effect, one open question is still 
whether the observed effects by tdo-2 depletion are indirectly an effect of increased 
tryptophan levels. Supplementation of tryptophan to a PD model improved the 
healthspan of these animals (Van der Goot et al., 2012). In humans however, 
tryptophan levels are rather constant in the brain even under tryptophan starvation 
conditions (personal communication M. Platten). Is it even possible to modify 
tryptophan conditions then to e.g. treat neurodegenerative diseases?

Attempts to feed tryptophan to other disease models (HD and AD models) and 
wildtype animals to check for changes in phenotypes resulted in some difficulties: 
Long-term feeding with tryptophan has toxic effects (data not shown). Other groups 
observed similar effects with higher concentration of tryptophan (Edwards et al., 
2015). It is possible to still adjust the conditions (kill the bacteria that they cannot 
convert tryptophan, short term feeding for a certain period to check whether this is 
enough for long-term effects such as lifespan extension etc.) but so far we are not 
able to completely exclude that the increase in tryptophan might be, at least partially, 
responsible for the observed proteoprotective effects. 

9.10. Amino acid dioxygenases in higher organisms: the translation of 
results
The ultimate goal of the here presented research is the understanding of cellular 
processes that prolong human healthspan. Especially when working with rather 
simple model organisms such as C. elegans, one should always keep in mind whether 
the findings can be translated and that research findings still have to be translated to 
higher organisms.

When it comes to the long-lived nature of mitochondrial C. elegans mutants, 
Gallo and colleagues added a completely new aspect to the discussion: they have 
found that C. elegans possesses an alternative ATP generating pathway (glyoxylate 
pathway) that does not exist in humans (Gallo et al., 2011). Thus, under conditions 
of mitochondrial dysfunction, nematodes are able to switch to this alternative 
pathway whereas humans can develop severe metabolic syndromes (Wallace, 1999). 
They imply that the research on mitochondria in C. elegans might therefore not be 
representative for the human situation (Gallo et al., 2011). This alternative pathway, 
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however, cannot have such an universal impact, as ATP levels are still dramatically 
reduced in mitochondrial mutants, a compensatory mechanism is thus inefficient. 

Second, it is important to know which molecules in the cell do control mitochondrial 
function, as they might be targets for drugs for mitochondrial diseases and it is 
of special importance to know possible side-effects of treatments. As described 
in chapter III, TDO is such a candidate for drug development to treat a range of 
diseases. If a TDO inhibitor is used for treatment, it is important to know that this 
treatment might also affect the cellular energy balance as mitochondrial function is 
simultaneously reduced. 

And last, some diseases like some cancer types are linked to an uncoupled mitochondrial 
energy metabolism. In these conditions, the modulation of mitochondrial regulators 
might be a therapeutic strategy.

Nevertheless, studies on TDO-2 in C. elegans do not capture all aspects of the human 
variant of the pathway because nematodes have only one tryptophan-degrading 
dioxygenase (Yuasa and Ball, 2015). and humans have a second enzyme: IDO 
(Higuchi and Hayaishi, 1967, see introduction). It is therefore of high importance 
to also control for IDO levels in translational studies with cells or mice. It might be 
that IDO takes over some functions of TDO when the latter is depleted. It is possible 
to measure metabolite levels to control for a complete inhibition of tryptophan 
degradation. And finally, it might be even necessary to reduce not only TDO but also 
IDO to see effects and draw conclusions. 

Furthermore, if the combination of amino acid degradation and oxygen use leads 
to overlapping functions of respective enzymes, then IDO would also fall into this 
category: it binds oxygen and degrades tryptophan. It would be interesting to see 
if the depletion of IDO has similar effects as the reduction of the other amino acid 
dioxygenases on proteotoxicity and mitochondrial function. 

9.11. Final conclusion
To summarize, the goal of this thesis was to find cellular mechanisms that can explain 
the health- and lifespan benefits of tdo-2 depleted animals. So far, we are not able to 
draw any final, exclusive conclusion but we identified a new cellular player being 
possibly involved: the mitochondrion. TDO-2 does control mitochondrial respiration 
in C. elegans. Whether this affects health- and lifespan of the organism still needs 
to be elucidated. We further found two other amino acid dioxygenases, CDO-1 
and HPD-1, that share functions with TDO-2 in the regulation of mitochondrial 
respiration as well as in the control of health- and lifespan in C. elegans. Again, 
details on regulation mechanisms or signaling pathways have not been resolved but 
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a range of assays was performed that suggest that obvious pathways - such as ROS 
signaling – are most probably not involved (see also Appendix). This thesis has 
laid the foundation for future identification of new health-and lifespan extending 
mechanisms based on inhibition of amino acid dioxygenases.
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