Delaying aging and the aging-associated decline
in protein homeostasis by inhibition of
tryptophan degradation
Annemieke T. van der Goota, Wentao Zhub, Rafael P. Vázquez-Manriquec,1, Renée I. Seinstraa, Katja Dettmerb,
Helen Michelsa, Francesca Farinac, Jasper Krijnend, Ronald Melkie, Rogier C. Buijsmanf, Mariana Ruiz Silvaa,
Karen L. Thijssena, Ido P. Kemad, Christian Neric, Peter J. Oefnerb, and Ellen A. A. Nollena,g,2
Departments of aGenetics and dLaboratory Medicine, University of Groningen, University Medical Centre Groningen, 9700 RB, Groningen, The Netherlands;
b
Institute of Functional Genomics, University of Regensburg, 93053 Regensburg, Germany; cInstitut National de la Santé et de la Recherche Médicale,
Unit 894, Laboratory of Neuronal Cell Biology and Pathology, 75014 Paris, France; eLaboratoire d’Enzymologie et Biochimie Structurales, Centre National
de la Recherche Scientiﬁque, 91190 Gif-sur-Yvette, France; fTranslational Research Centre B.V., 5342 AC, Oss, The Netherlands; and gUniversity of Groningen,
University Medical Centre Groningen, European Research Institute for the Biology of Aging, 9700 AD, Groningen, The Netherlands
Edited by F. Ulrich Hartl, Max Planck Institute of Biochemistry, Martinsried, Germany, and approved July 20, 2012 (received for review February 26, 2012)

Toxicity of aggregation-prone proteins is thought to play an important role in aging and age-related neurological diseases like
Parkinson and Alzheimer’s diseases. Here, we identify tryptophan
2,3-dioxygenase (tdo-2), the ﬁrst enzyme in the kynurenine pathway of tryptophan degradation, as a metabolic regulator of agerelated α-synuclein toxicity in a Caenorhabditis elegans model.
Depletion of tdo-2 also suppresses toxicity of other heterologous
aggregation-prone proteins, including amyloid-β and polyglutamine proteins, and endogenous metastable proteins that are
sensors of normal protein homeostasis. This ﬁnding suggests that
tdo-2 functions as a general regulator of protein homeostasis.
Analysis of metabolite levels in C. elegans strains with mutations
in enzymes that act downstream of tdo-2 indicates that this suppression of toxicity is independent of downstream metabolites in the
kynurenine pathway. Depletion of tdo-2 increases tryptophan levels,
and feeding worms with extra L-tryptophan also suppresses toxicity,
suggesting that tdo-2 regulates proteotoxicity through tryptophan. Depletion of tdo-2 extends lifespan in these worms. Together, these results implicate tdo-2 as a metabolic switch of
age-related protein homeostasis and lifespan. With TDO and
Indoleamine 2,3-dioxygenase as evolutionarily conserved human
orthologs of TDO-2, intervening with tryptophan metabolism
may offer avenues to reducing proteotoxicity in aging and agerelated diseases.
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aintaining a stable proteome is critical for an organism’s
survival, and cells have evolved several mechanisms to cope
with misfolded and aggregation-prone proteins (1). Conditions
such as environmental stress or aging increase protein damage,
and at the same time, protein quality control systems are thought
to be compromised, resulting over time in the accumulation of
toxic aggregation-prone proteins (2). Toxicity of such aggregation-prone proteins is thought to play an important role in aging
and age-related diseases, such as Parkinson, Alzheimer’s, and
Huntington disease (3–5). Although aging seems to be the greatest
risk factor for developing neurodegenerative diseases, little is
known about the metabolic and molecular processes that drive
the toxicity of aggregation-prone proteins during aging.
Studies in the nematode Caenorhabditis elegans have identiﬁed
evolutionarily conserved genetic pathways that regulate protein homeostasis as well as aging, including the insulin/insulin-like growth
factor 1 (IGF-1) signaling (IIS), hypoxic response, and dietary restriction pathways (6–13).
Here, we describe the identiﬁcation of the tryptophan-converting enzyme tryptophan 2,3-dioxygenase (TDO-2) as a metabolic regulator of age-related protein toxicity and lifespan in
C. elegans.
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Results
Knockdown of tdo-2 Suppresses Toxicity of α-Synuclein in C. elegans.

α-Synuclein is an aggregation-prone protein that is involved in
Parkinson disease and other synucleinopathies (14, 15). We have
previously identiﬁed 80 genes that modify α-synuclein inclusion
formation in a C. elegans model (16).
Toxicity of α-synuclein in this model can be measured by a
progressive decline in the worms’ motility during aging (17). To
search for modiﬁers of α-synuclein toxicity, we measured the
motility of animals in which each of the 80 genes was individually
knocked down by RNAi (Dataset S1). We identiﬁed 10 genes that
increased toxicity and 3 genes that decreased toxicity on knockdown (Fig. 1A and Dataset S1). Our data are in line with other
studies showing that the presence of inclusions does not necessarily correlate with toxicity (18). The most potent suppressor of
toxicity identiﬁed in this screen was C28H8.11 (NCBI accession
number NM_065883.3), which resulted in a 2.5-fold increase in
motility in day 4 adults (Fig. 1A). We named this gene tdo-2
based on its homology to human TDO (NCBI accession number
NP_005642.1) (Fig. S1A). tdo-2 encodes TDO-2, which catalyzes
the ﬁrst and rate-limiting step in the kynurenine pathway of
tryptophan degradation (Fig. 1B). Analysis of a transcriptional
reporter strain expressing GFP under the control of the tdo-2
promoter suggests that tdo-2 is mainly expressed in body wall
muscle cells and the hypodermis and therefore, that it may
regulate proteotoxicity through these tissues (Fig. S1B) (19).
Knockdown of tdo-2 suppressed α-synuclein toxicity from day 1
of adulthood on without affecting expression levels of α-synuclein
(Fig. 1C and Fig. S1 C and D). A decline in muscle function is
one of the ﬁrst features that can be observed during aging in
many organisms (20–23), and decreased protein quality control
or the expression of aggregation-prone proteins can accelerate
this age-dependent decline in muscle function (6, 24). We, therefore, tested whether knockdown of tdo-2 would suppress the decline in motility during aging of control animals as well. Indeed,
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Fig. 1. Depletion of tdo-2 suppresses age-related proteotoxicity in C. elegans.
(A) Relative motility of α-synuclein animals grown on the indicated RNAi
foods compared with α-synuclein animals on control RNAi. We show
30 genes that were selected after a ﬁrst round of screening and retested
for two more rounds in multiple experiments. Bars represent the combined
average of three independent experiments per RNAi food. (B) TDO-2 catalyzes the ﬁrst and rate-limiting step of tryptophan degradation. (C) Number
of body bends per minute in animals expressing α-synuclein–YFP or YFP only
grown on control or tdo-2 RNAi from L1 measured over time. The graph shows
one experiment, which is representative for three independent experiments
(n = 15). (D) Number of body bends per 30 s in α-synuclein animals grown on
control or tdo-2 RNAi starting from day 1 of adulthood. The graph shows
one experiment, which is representative for three independent experiments
(n = 15). Unless indicated otherwise, motility was measured on day 4 of
adulthood. In all panels, error bars represent the SEM. *P < 0.05, **P < 0.01,
***P < 0.001.

from day 4 on, knockdown of tdo-2 suppressed the decline in
motility in control animals expressing YFP (Fig. 1C).
To exclude that knockdown of tdo-2 regulates α-synuclein
toxicity by interfering with a developmental program, we fed
worms on tdo-2 RNAi starting from the last larval stage (L4)
as well as day 1 of adulthood. In both cases, we observed that
knockdown of tdo-2 increased motility of animals expressing
α-synuclein by 1.7- and 1.6-fold on day 4 of adulthood compared
with an increase of 1.2- and 1.4-fold in motility of animals expressing YFP only (Fig. 1D, Fig. S1E, and Table S1).
Together, our data suggest that depletion of tdo-2 suppresses
α-synuclein toxicity and the age-related decline of motility in
general and that this suppression is independent of its role
in development.
Effect Upstream of tdo-2 Regulates Toxicity of α-Synuclein. To explore whether modulation of α-synuclein toxicity by tdo-2 depends
on metabolites downstream of tdo-2, we inactivated enzymes
downstream in the pathway by RNAi and by crossing α-synuclein
worms with mutant strains (Fig. 2A). We performed liquid
chromatography–tandem MS (LC-MS/MS) to measure levels of
kynurenines (25).
Deletions of kmo-1 encoding kynurenine 3-monooxygenase,
ﬂu-2 encoding kynureninase, and haao-1 encoding 3-hydroxyanthranilic acid oxygenase, blocked the kynurenine pathway,
van der Goot et al.

which was measured by increases in kynurenine, anthranilic acid,
3-hydroxykynurenine, and 3-hydroxyanthranilic acid (Fig. 2E
and Table S2). Deletions in kmo-1 and haao-1 did not affect the
motility of α-synuclein worms (Fig. 2B and Table S1), nor did
a deletion in afmd-1 encoding formamidase (Fig. S2A). Deletion
or RNAi inactivation of ﬂu-2 increased the motility of α-synuclein animals by 1.3-fold (Fig. 2 C and D and Table S1). When
we then depleted tdo-2 in afmd-1, kmo-1, and haao-1 mutant
animals, we observed a strong increase in motility comparable
with the increase observed in WT α-synuclein animals on tdo-2
RNAi (Fig. 2B, Fig. S2A, and Table S1). Similarly, depletion of
tdo-2 increased motility in ﬂu-2 mutant animals from 1.3- up to
1.8-fold (Fig. 2C and Table S1). Knockdown of tdo-2 almost fully
blocked the kynurenine pathway in all mutants, increasing the
tryptophan levels by more than ﬁvefold (Fig. 2E and Table S2).
This ﬁnding showed that, in WT animals, at least 80% of tryptophan was degraded by TDO-2. Knockdown of tdo-2 reduced
the levels of all other metabolites close to background levels
(Fig. 2E and Table S2). Kynurenic acid (KA) was detected only
in kmo-1 and ﬂu-2 mutant animals, and its level was unaltered by
knockdown of tdo-2 (Fig. 2F). Moreover, supplementing the
worms’ feed with kynurenine did not affect α-synuclein toxicity,
and when we depleted tdo-2 in animals grown on kynureninesupplemented plates, we still observed the strong suppression
of α-synuclein toxicity (Fig. S2B and Table S1). Together, these
data show that variations in the levels of kynurenine, anthranilic acid, 3-hydroxykynurenine, 3-hydroxyanthranilic acid, or
KA could not account for the changes in α-synuclein toxicity.
Suppression of α-Synuclein Toxicity by tdo-2 Can Be Independent of
Serotonin Synthesis. The only other route known to use tryptophan

as a substrate is the pathway synthesizing the neurotransmitter
serotonin. To test whether serotonin is required for suppressing
α-synuclein toxicity after tdo-2 depletion, we deleted tph-1 encoding tryptophan hydroxylase, which is necessary for serotonin
synthesis (Fig. 2A), in α-synuclein animals. Previous studies
reported that no detectable levels of serotonin were measured in
tph-1 mutant animals (26). Although deletion of tph-1 resulted in
an ∼60% decrease in motility (Fig. 2G and Table S1), which could
be explained by the fact that tph-1 mutants have been shown to be
severely impaired in initiation and maintenance of swimming
(27), depletion of tdo-2 still resulted in an ∼2.6-fold increase
in motility, similar to the relative increase that we observed
in control animals (∼2.5-fold increase). However, suppression
of toxicity by tdo-2 depletion was more variable in the tph-1
mutants than WT animals (Table S1). Together, these results
indicated that, although serotonin could, in part, be responsible,
regulation of proteotoxicity by tdo-2 can occur independently of
its presence.
Increasing Tryptophan Concentrations Inhibits Toxicity. L-tryptophan
is an essential amino acid that can only be taken up through the
diet in both humans and C. elegans (28). To test whether the
accumulation of tryptophan was involved in regulating proteotoxicity, we supplemented the nematodes’ feed with increasing
amounts of L-tryptophan. We observed a dose-dependent suppression of α-synuclein toxicity (Fig. 2H, Fig. S2C, and Table S1).
Supplementation with similar amounts of the essential amino
acid L-threonine did not affect α-synuclein toxicity (Fig. S2C),
whereas we measured similar fold increases in their abundance
by LC-MS/MS (Fig. S2 D and E). These results suggest that
inhibition of TDO-2 regulates proteotoxicity by increasing the
levels of tryptophan.
TDO-2 Is a General Regulator of Proteotoxicity. To test whether
TDO-2 had a general role in the regulation of proteotoxicity,
we analyzed the effects of tdo-2 depletion on toxicity of other
aggregation-prone disease proteins, including β-amyloid peptide
PNAS | September 11, 2012 | vol. 109 | no. 37 | 14913

CELL BIOLOGY

250

ssmg
g-9
m -7
mcm
prii-2
C07
7A9
9.8
tdo
o-2
ndxx-4
n
ccyp--34A
A7
ugt-3
u
34
ma
ath-2
24
T06
6A4
4.1
efkk-1
F56
6H6
6.9
ssrab-2
C28
8H8
8.5
rsp--7
sstr-1
13
F10
0E9
9.3
F12A
F
A10
0.6
F19
9H8
8.2
srb
rbc-5
59
Y71G12
Y
2B.2
20
B0238.1
B
11
9F9
9.1
C29
D10
022
2.5
lett-2
F56
6C4
4.1
R09
9H3
3.3
ZK
K1290.1
11
pqn
p
n-9
C34C
C
C12
2.2

Relativ
ve m
motiility
y (%)

A

Serotonin

COOH
N
H

5-Hydroxytryptophan

90

30

E

O

NH2
COOH

N
H

CHO

N-Formylkynurenine

O

NH2
COOH

kynureninase
flu-2 (C15H9.7)

Kynurenine aminotransferase

NH2

Kynurenine (KYN)

nkat-1/nkat-3/
COOH
N
tatn-1
Kynurenic acid (KA)

O

COOH
NH2
OH

3-Hydroxyanthranilic acid (HAA)
3-hydroxyanthranilic
acid oxygenase / haao-1
COOH
OHC
HOOC

NH2

2-amino-3-carboxymuconic
semialdehyde
nonenzymatic
COOH
N

F

COOH

Quinolinic acid (QA)
Quinolinic acid
phophoribosyltransferase

NAD+

ctrl RNAi tdo-2
4.0 KA levels
3.5
3.0
2.5
2.0
1.5
LLOQ
1.0
0.5
0
Del: kmo-1 flu-2

Concentration (nM)

3-Hydroxykynurenine (3HK)
kynureninase
flu-2

H

100
80
60

**

syn toxicity day 4
wt

60

*

30

0
RNAi: ctr flu-2

flu-2

8
6
4
2

300
200
100
0
Del: wt kmo-1 flu-2 haao-1

400
200
0
Del: wt kmo-1 flu-2 haao-1

G
140

L-Trp addition from L4
syn toxicity day 4
***
***
***
**

3HK

0
Del: wt kmo-1 flu-2 haao-1
HAA
600

0
Del: wt kmo-1 flu-2 haao-1

Body bends / min

Anthranillic acid (AA)

2

10

COOH

OH

4

20

NH2

NH2

90

12 Kyn
10

6

30

NH2

D

tdo-2

0
Del: wt kmo-1 flu-2 haao-1
40 AA

OH

kynurenine 3-monoxygenase
kmo-1 (R07B7.5)
COOH

ctrl RNAi
Trp
8

Fold-increase

formamidase
afmd-1 (D2024.2)

0
Del: wt

kmo-1 haao-1

Fold-increase

Indoleamine 2,3-dioxygenase

Fold-increase

Tryptophan 2,3-dioxygenase
tdo-2 (C28H8.11)

***

30

60

0
Del: wt

COOH
N
H

syn toxicity day 4
ctrl RNAi tdo-2

60

120

NH2

L-Tryptophan (Trp)

90

Fold-increase

tryptophan hydroxylase
tph-1

C

Body bends / min

N
H

NH2

HO

Body bends / min

Aromatic L-amino
acid decarboxylase

syn toxicity day 4
ctrl RNAi
tdo-2
180
***
***
150 ***

Fold-increase

B

Body bends / 30 sec

NH2

Human / C. elegans

Body bends / min

A

120

syn toxicity day 4
tdo-2
ctrl RNAi
***
Fold-increase
***
3.0

100
80
60

***

2.5
2.0
1.5
1.0
0.5
0

wt tph-1

40
20
0
Del: wt

tph-1

***

40
20
0

0 0.87 1.75 3.5 7 10
L-Tryptophan addition(g/L)

Fig. 2. Increased levels of tryptophan regulate toxicity of α-synuclein. (A) Schematic representation of the kynurenine pathway of tryptophan degradation
and serotonin synthesis in human and C. elegans. Human genes are shown in gray, with the ortholog C. elegans genes in black. (B) Number of body bends per
minute of α-synuclein animals carrying mutations in kmo-1 or haao-1 on control or tdo-2 RNAi from L1. The graph shows one experiment, which is representative for two independent experiments (n = 15). (C) Number of body bends per 30 s of α-synuclein animals with a deletion in ﬂu-2 on control or tdo-2
RNAi from L1. The graph shows one experiment, which is representative for three independent experiments (n = 15). (D) Number of body bends per minute of
α-synuclein animals on control or ﬂu-2 RNAi from L1. The graph shows one experiment, which is representative for three independent experiments (n = 15).
(E) Quantiﬁcation of the indicated metabolites in α-synuclein animals carrying the indicated mutations on control or tdo-2 RNAi by LC-MS/MS. Bars show the
average fold increase relative to α-synuclein animals on control RNAi and represent the average of three independent experiments. (F) Quantiﬁcation of
KA levels in kmo-1 and ﬂu-2 mutant animals. KA levels were determined in a separate experiment, but the same samples were used as in E. Bars represent
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tph-1(del) animals on control or tdo-2 RNAi. The graph shows one experiment, which is representative of three independent experiments (n = 15). (H) Number
of body bends per minute in α-synuclein animals grown on plates containing different amounts of L-tryptophan starting from L4. The graph shows one
experiment, which is representative of three independent experiments (n = 15). Unless indicated otherwise, motility was measured on day 4 of adulthood. In
all panels, error bars represent the SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

and polyglutamine (Q40/128Q) in muscle cells and mechanosensory neurons, and on functions of endogenous metastable proteins, which are frequently used as indicators of general
protein homeostasis (6, 12, 17, 29–31). Depletion of tdo-2 resulted in an ∼30% decrease in the number of paralyzed Aβworms over a 14-d period (Fig. 3A). Similarly, depletion of tdo-2
increased the motility of Q40 animals by 1.5- and 2.1-fold in 8- and
14914 | www.pnas.org/cgi/doi/10.1073/pnas.1203083109

12-d-old animals, respectively (Fig. 3B and Table S1), without
affecting their expression levels (Fig. S3 A and B).
Next, we tested whether tdo-2 could also regulate the misfolding of metastable proteins in strains carrying mutations in unc-52
(e669su250) and unc-54 (e1157), encoding perlecan and a myosin heavy chain protein, which result in the temperature-sensitive
misfolding of these muscle-speciﬁc proteins. When we moved
van der Goot et al.
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these strains to a restrictive temperature (25 °C) for ∼42 h,
resulting in the temperature-sensitive misfolding of these muscle-speciﬁc proteins, ∼70% of the control animals became paralyzed. Depletion of tdo-2 reduced this paralysis phenotype by
∼20% in unc-52 animals and ∼50% in unc-54 animals (Fig. 3C).
We then tested whether tdo-2 could suppress a temperaturesensitive phenotype independent of motility. Animals carrying
a mutation in let-60 (ga89), the C. elegans homolog of ras-1,
present a developmental defect at the restrictive temperature.
Depletion of tdo-2 resulted in a rescue of this developmental
defect in the offspring of let-60 animals grown at the restrictive
temperature (25 °C), which was measured by the number of
hatched animals reaching L4 after ∼48 h (Fig. 3D).
Finally, we tested whether suppression of proteotoxicity by tdo-2
depletion could be extended to other cell types. To do so, we
knocked down tdo-2 in RNAi-sensitive animals expressing the ﬁrst
exon of mutant huntingtin with an expanded polyQ tract (128Q)
in touch-receptor neurons (Fig. S3C). Touch response is greatly
impaired in 128Q animals but only moderately impaired in 19Q
control animals (32, 33). Depletion of tdo-2 reduced neuron
dysfunction in 128Q animals, whereas it did not affect the touch
response in 19Q animals (Fig. 3E and Fig. S3 D and E).
These data indicate that TDO-2 functions as a general regulator of proteotoxicity.
TDO-2 Regulates Lifespan. Because many of the known regulators
of proteotoxicity play a role in regulating lifespan (7, 10, 12, 34,
35), we investigated whether down-regulation of tdo-2 would also
affect lifespan. Expression of α-synuclein in the body wall muscles cells did not affect the animals’ lifespan (Fig. 4A and Table
S3). Knockdown of tdo-2 in both WT animals and animals expressing α-synuclein resulted in an extension of both the median
and mean lifespan of ∼15% (Fig. 4A and Table S3). Related to
this ﬁnding, knockdown of tdo-2 in WT animals affected reproductive lifespan as well by causing a delay and an extension in
the production of progeny without affecting the total amount of
progeny (Fig. S4A). Furthermore, knockdown of tdo-2 in animals
without germ lines could still extend longevity (Fig. S4B and
Table S3), showing that tdo-2 does not exert its effects through
the germ line.
Moreover, depletion of tdo-2 could extend both mean and
median lifespan even more in long-lived, serotonin-deﬁcient tph-1
mutant animals (Fig. 4B and Table S3), indicating that lifespan
extension by tdo-2 does not depend on serotonin.
van der Goot et al.

Together, these data show that tdo-2 regulates both the chronological lifespan as well as the reproductive span of C. elegans.
Next, we determined whether lifespan extension by depletion
of tdo-2 depended on the IIS, dietary restriction, or hypoxia
pathways, which had previously been implicated in protein homeostasis (7, 10–12, 36). To that end, we depleted tdo-2 in strains
with inactivating mutations in hsf-1 and daf-16, which act in the
IIS pathway, and hif-1, which acts in the hypoxia stress response
pathway. Depletion of tdo-2 in daf-16 deletion mutants resulted
in a small extension of the median lifespan (Fig. 4C and Table
S3) and affected the mean lifespan in one of three independent
experiments (Table S3). It was noteworthy that knockdown of
tdo-2 in a DAF-16::GFP reporter strain prevented a decline in
DAF-16::GFP levels in old worms, supporting a role for DAF-16
in regulating lifespan by tdo-2 (Fig. S4 C–E). Depletion of tdo-2
in hif-1 mutant animals resulted in an extension of median and
mean lifespan as well but not to the same extent as for WT animals.
This ﬁnding suggests that lifespan extension by tdo-2 depletion
may, in part, depend on hif-1 (Fig. 4E and Table S3). In contrast,
depletion of tdo-2 resulted in an extension of both median and
mean lifespan in hsf-1 loss-of-function mutant animals, which
carry a truncating mutation in the transactivation domain preventing the heat induction of HSF-1 target genes (37). This increase was similar to the increase seen in WT animals (Fig. 4D
and Table S3). Similarly, when we depleted tdo-2 in long-lived
eat-2 mutants, which are often used to mimic dietary restriction,
this depletion resulted in an even larger increase in both median
and mean lifespan (Fig. 4F and Table S3). Moreover, we did not
observe any change in pharyngeal pumping behavior (Fig. S4F).
This ﬁnding indicates that tdo-2 does not act through dietary restriction, although we cannot exclude that other forms of dietary
restriction play a role.
Interestingly, the regulation of proteotoxicity was independent
of hsf-1, eat-2, and daf-16 (Fig. S5). This ﬁnding showed that the
regulation of lifespan by tdo-2 is either downstream or independent
of its role in regulating proteotoxicity.
Together, our data suggest that daf-16 is involved in lifespan
regulation by tdo-2 but that tdo-2 acts in parallel to pathways
regulating dietary restriction and hypoxia.
Discussion
Our data suggest that tdo-2 plays a role in regulating general
protein homeostasis during aging by increasing tryptophan levels.
Previously, inhibition of the kynurenine pathway has been shown
to suppress toxicity of neurodegenerative disease proteins by
PNAS | September 11, 2012 | vol. 109 | no. 37 | 14915
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Fig. 3. TDO-2 is a general regulator of proteotoxicity. (A) The percentage of paralyzed Aβ-animals on control or tdo-2 RNAi starting from L4 measured for
14 d. One of four independent experiments is shown; n = 100 for each independent experiment. (B) Number of body bends per minute in animals expressing
Q40 in the muscle on control or tdo-2 RNAi starting from L4 measured over time. The graph shows one experiment, which is representative of three independent experiments (n = 15). (C) The percentage of paralyzed unc-52(e669su250) and unc-54(e1157) animals on control or tdo-2 RNAi from the embryonic
stage on after ∼42 h at the restrictive temperature. Bars represent the average of three independent experiments, and n = 100 for each independent experiment. (D) The percentage of let-60(ga89) and WT animals that reached the L4 stage or older 48 h after egg-laying by animals grown on control or tdo-2
RNAi from L1 stage on. Bars represent the average of three independent experiments. (E) Touch response assays on animals expressing mt htt in the touch
receptor neurons grown on control or tdo-2 RNAi. Three independent experiments were performed using a total of more than 150 individuals per strain and
treatment. In all panels, error bars represent the SEM. *P < 0.05, ***P < 0.001.
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always suppressed proteotoxicity to a similar extent as tdo-2 depletion in WT animals, independent of relative changes in the
metabolite levels. Finally, when we fed worms with increasing
amounts of tryptophan, it also suppressed α-synuclein toxicity.
Although our results suggest that tdo-2 regulates toxicity
through tryptophan, tryptophan does not seem to act directly on
α-synuclein aggregation (Fig. S2F). One possibility is that tryptophan or tryptophan derivatives play a role by acting on other
signaling molecules that inﬂuence proteotoxicity.
In mammals, TDO or its functional homolog indoleamine
2,3-dioxygenase can be induced by various internal and external
stimuli, such as hormones (41), stress (42, 43), and immune activation (44), leading to the breakdown of tryptophan. Together
with the recent ﬁnding that inhibition of TDO reverses tumoral
immune resistance as well (45), our ﬁndings implicate TDO-2
as a general metabolic regulator of age-related pathologies
and lifespan.
Because tdo-2 expression naturally increases during aging (46)
and in experimental models expressing α-synuclein (47, 48), this
process may contribute to the age-dependent decline in protein
homeostasis. Our results suggest that inhibiting TDO may delay
this age-dependent process. Moreover, they provide insight into
the role of tryptophan metabolism in the biology of animal aging.
Because TDO and indoleamine 2,3- dioxygenase are evolutionary
highly conserved orthologs of TDO-2, tryptophan metabolism
may offer targets for therapeutic intervention in the early toxic
molecular events of aging-associated neurodegenerative diseases.
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Fig. 4. Depletion of TDO-2 enhances longevity. (A) Survival curves of N2 and
α-synuclein animals on control or tdo-2 RNAi. (B) Survival curves of α-synuclein
and α-synuclein;tph-1(mg280) animals on control or tdo-2 RNAi. (C) Survival
curve of α-synuclein and α-synuclein;daf-16(mu86) animals on control or tdo-2
RNAi. (D) Survival curve of α-synuclein and α-synuclein;hsf-1(sy441) animals on
control or tdo-2 RNAi. (E) Survival curve of N2 animals and hif-1(ia4) animals on
control or tdo-2 RNAi. (F) Survival curve of α-synuclein and α-synuclein;eat-2
(ad1116) animals on control or tdo-2 RNAi. Results in B and F represent one
experiment. In all panels, one representative survival curve is shown. All of
the survival experiments were performed three times (Table S3).

changing the relative abundance of the downstream metabolites 3-hydroxykynurenine, which is neurotoxic, and kynurenic
acid, which is neuroprotective (38–40). Our data suggest yet
another role for the kynurenine pathway in neurodegeneration,
namely as a regulator of age-related protein toxicity. We show
that this role is independent of downstream metabolites. The fact
that the protective effect of tdo-2 inhibition is upstream of the
kynurenine pathway is supported by several of our ﬁndings. First,
deletion of individual enzymes downstream of tdo-2 in the
kynurenine pathway never resulted in a similar suppression of
α-synuclein toxicity as depletion of tdo-2. Second, in strains in
which downstream enzymes were deleted, depletion of tdo-2
1. Hartl FU, Hayer-Hartl M (2009) Converging concepts of protein folding in vitro and
in vivo. Nat Struct Mol Biol 16:574–581.
2. Balch WE, Morimoto RI, Dillin A, Kelly JW (2008) Adapting proteostasis for disease
intervention. Science 319:916–919.
3. Masters CL, et al. (1985) Amyloid plaque core protein in Alzheimer disease and Down
syndrome. Proc Natl Acad Sci USA 82:4245–4249.
4. Scherzinger E, et al. (1997) Huntingtin-encoded polyglutamine expansions form
amyloid-like protein aggregates in vitro and in vivo. Cell 90:549–558.
5. Spillantini MG, Goedert M (2000) The alpha-synucleinopathies: Parkinson’s disease,
dementia with Lewy bodies, and multiple system atrophy. Ann N Y Acad Sci 920:16–27.
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Media and Strains. Standard conditions were used for C. elegans propagation
at 20 °C (49). Information on strains, RNAi experiments, RT-PCRs, immunoblotting, DAF-16::GFP localization, motility, paralysis, temperature sensitivity,
touch response, lifespan, fecundity, and pharyngeal pumping assays can be
found in SI Methods.
LC-MS/MS. Samples were prepared as described in SI Methods. Tryptophan
and the kynurenine pathway metabolites were measured by LC–electrospray
ionization–MS/MS as described previously (25) and in detail in SI Methods.
Supplementation with L-Tryptophan, L-Threonine, or L-Kynurenine. Different
amounts of L-tryptophan (T-0254; Sigma) and L-threonine (T-8625; Sigma)
were added to NGM medium before autoclaving. Different amounts of
L-kynurenine (K8625; Sigma) were dissolved in H2O and added to the
Nematode Growth Medium (NGM) after autoclaving. Animals were grown
on the supplemented plates either from L1 or L4 as indicated. Motility was
measured on day 4 of adulthood. Threonine levels were measured by HPLCMS/MS and are described in more detail in SI Methods.
ACKNOWLEDGMENTS. We thank the Caenorhabditis Genetics Centre (funded
by the National Institutes of Health National Centre for Research Resources),
the Mitani laboratory, Rick Morimoto, and Chris Link for C. elegans strains. We
thank Yannick Sourigues, Alle Pranger, Guido J. R. Zaman, and Jos de Man for
experimental support. We thank Barbara Bakker, Gerard te Meerman, Gerald
de Haan, and the anonymous reviewers for helpful suggestions, Robert
Hofstra and Céline Martineau for reading the manuscript, and Jackie Senior
for editing this manuscript. This project was funded by a Groningen University
Institute for Drug Exploration (GUIDE) Top Master’s fellowship (to A.T.v.d.G.),
a Rosalind Franklin Fellowship (to E.A.A.N.), and a grant from the Division for
Earth and Life Sciences (ALW) with ﬁnancial aid from The Netherlands Organization for Scientiﬁc Research (NWO; E.A.A.N.), BayGene (P.J.O.), and a European Research Council (ERC) starting grant (to E.A.A.N.).

6. Ben-Zvi A, Miller EA, Morimoto RI (2009) Collapse of proteostasis represents an early molecular event in Caenorhabditis elegans aging. Proc Natl Acad Sci USA 106:14914–14919.
7. Cohen E, Bieschke J, Perciavalle RM, Kelly JW, Dillin A (2006) Opposing activities
protect against age-onset proteotoxicity. Science 313:1604–1610.
8. Curran SP, Ruvkun G (2007) Lifespan regulation by evolutionarily conserved genes
essential for viability. PLoS Genet 3:e56.
9. David DC, et al. (2010) Widespread protein aggregation as an inherent part of aging
in C. elegans. PLoS Biol 8:e1000450.
10. Hsu AL, Murphy CT, Kenyon C (2003) Regulation of aging and age-related disease by
DAF-16 and heat-shock factor. Science 300:1142–1145.

van der Goot et al.

van der Goot et al.

31. Gidalevitz T, Ben-Zvi A, Ho KH, Brignull HR, Morimoto RI (2006) Progressive disruption
of cellular protein folding in models of polyglutamine diseases. Science 311:1471–1474.
32. Parker AJ, et al. (2005) Resveratrol rescues mutant polyglutamine cytotoxicity in
nematode and mammalian neurons. Med Sci (Paris) 21:556–557.
33. Parker JA, et al. (2007) Huntingtin-interacting protein 1 inﬂuences worm and mouse
presynaptic function and protects Caenorhabditis elegans neurons against mutant
polyglutamine toxicity. J Neurosci 27:11056–11064.
34. Morley JF, Morimoto RI (2004) Regulation of longevity in Caenorhabditis elegans by
heat shock factor and molecular chaperones. Mol Biol Cell 15:657–664.
35. Kenyon C (2005) The plasticity of aging: Insights from long-lived mutants. Cell 120:
449–460.
36. Avery L (1993) The genetics of feeding in Caenorhabditis elegans. Genetics 133:897–917.
37. Hajdu-Cronin YM, Chen WJ, Sternberg PW (2004) The L-type cyclin CYL-1 and the
heat-shock-factor HSF-1 are required for heat-shock-induced protein expression in
Caenorhabditis elegans. Genetics 168:1937–1949.
38. Giorgini F, Guidetti P, Nguyen Q, Bennett SC, Muchowski PJ (2005) A genomic screen
in yeast implicates kynurenine 3-monooxygenase as a therapeutic target for Huntington disease. Nat Genet 37:526–531.
39. Campesan S, et al. (2011) The kynurenine pathway modulates neurodegeneration in
a Drosophila model of Huntington’s disease. Curr Biol 21:961–966.
40. Zwilling D, et al. (2011) Kynurenine 3-monooxygenase inhibition in blood ameliorates
neurodegeneration. Cell 145:863–874.
41. Rubin RT, Mandell AJ, Crandall PH (1966) Corticosteroid responses to limbic stimulation in man: Localization of stimulus sites. Science 153:767–768.
42. Miura H, Ozaki N, Shirokawa T, Isobe K (2008) Changes in brain tryptophan metabolism elicited by ageing, social environment, and psychological stress in mice. Stress
11:160–169.
43. Pawlak D, Takada Y, Urano T, Takada A (2000) Serotonergic and kynurenic pathways
in rats exposed to foot shock. Brain Res Bull 52:197–205.
44. Taylor MW, Feng GS (1991) Relationship between interferon-gamma, indoleamine
2,3-dioxygenase, and tryptophan catabolism. FASEB J 5:2516–2522.
45. Pilotte L, et al. (2012) Reversal of tumoral immune resistance by inhibition of tryptophan 2,3-dioxygenase. Proc Natl Acad Sci USA 109:2497–2502.
46. Dupuy D, et al. (2007) Genome-scale analysis of in vivo spatiotemporal promoter
activity in Caenorhabditis elegans. Nat Biotechnol 25:663–668.
47. Yeger-Lotem E, et al. (2009) Bridging high-throughput genetic and transcriptional
data reveals cellular responses to alpha-synuclein toxicity. Nat Genet 41:316–323.
48. Vartiainen S, Pehkonen P, Lakso M, Nass R, Wong G (2006) Identiﬁcation of gene
expression changes in transgenic C. elegans overexpressing human alpha-synuclein.
Neurobiol Dis 22:477–486.
49. Brenner S (1974) The genetics of Caenorhabditis elegans. Genetics 77:71–94.

PNAS | September 11, 2012 | vol. 109 | no. 37 | 14917

CELL BIOLOGY

11. Mehta R, et al. (2009) Proteasomal regulation of the hypoxic response modulates
aging in C. elegans. Science 324:1196–1198.
12. Morley JF, Brignull HR, Weyers JJ, Morimoto RI (2002) The threshold for polyglutamine-expansion protein aggregation and cellular toxicity is dynamic and inﬂuenced
by aging in Caenorhabditis elegans. Proc Natl Acad Sci USA 99:10417–10422.
13. Steinkraus KA, et al. (2008) Dietary restriction suppresses proteotoxicity and enhances
longevity by an hsf-1-dependent mechanism in Caenorhabditis elegans. Aging Cell 7:
394–404.
14. Spillantini MG, et al. (1997) Alpha-synuclein in Lewy bodies. Nature 388:839–840.
15. Polymeropoulos MH, et al. (1997) Mutation in the alpha-synuclein gene identiﬁed in
families with Parkinson’s disease. Science 276:2045–2047.
16. van Ham TJ, et al. (2008) C. elegans model identiﬁes genetic modiﬁers of alphasynuclein inclusion formation during aging. PLoS Genet 4:e1000027.
17. van Ham TJ, et al. (2010) Identiﬁcation of MOAG-4/SERF as a regulator of age-related
proteotoxicity. Cell 142:601–612.
18. Silva MC, et al. (2011) A genetic screening strategy identiﬁes novel regulators of the
proteostasis network. PLoS Genet 7:e1002438.
19. Hunt-Newbury R, et al. (2007) High-throughput in vivo analysis of gene expression in
Caenorhabditis elegans. PLoS Biol 5:e237.
20. Augustin H, Partridge L (2009) Invertebrate models of age-related muscle degeneration.
Biochim Biophys Acta 1790:1084–1094.
21. Herndon LA, et al. (2002) Stochastic and genetic factors inﬂuence tissue-speciﬁc decline in ageing C. elegans. Nature 419:808–814.
22. Nair KS (2005) Aging muscle. Am J Clin Nutr 81:953–963.
23. Zheng J, et al. (2005) Differential patterns of apoptosis in response to aging in Drosophila. Proc Natl Acad Sci USA 102:12083–12088.
24. Demontis F, Perrimon N (2010) FOXO/4E-BP signaling in Drosophila muscles regulates
organism-wide proteostasis during aging. Cell 143:813–825.
25. Zhu W, et al. (2011) Quantitative proﬁling of tryptophan metabolites in serum, urine,
and cell culture supernatants by liquid chromatography-tandem mass spectrometry.
Anal Bioanal Chem 401:3249–3261.
26. Sze JY, Victor M, Loer C, Shi Y, Ruvkun G (2000) Food and metabolic signalling defects
in a Caenorhabditis elegans serotonin-synthesis mutant. Nature 403:560–564.
27. Vidal-Gadea A, et al. (2011) Caenorhabditis elegans selects distinct crawling and
swimming gaits via dopamine and serotonin. Proc Natl Acad Sci USA 108:17504–17509.
28. Vanﬂeteren JR (1980) Nematodes as Biological Models, ed Zuckermann BM (Academic,
New York), pp 47–79.
29. Link CD (1995) Expression of human beta-amyloid peptide in transgenic Caenorhabditis elegans. Proc Natl Acad Sci USA 92:9368–9372.
30. Alavez S, Vantipalli MC, Zucker DJ, Klang IM, Lithgow GJ (2011) Amyloid-binding
compounds maintain protein homeostasis during ageing and extend lifespan. Nature
472:226–229.

