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ABSTRACT

Caenorhabditis elegans is widely used for aging studies. 5-Fluoro-2’-deoxyuridine (FUdR) is commonly used to
control offspring. While larvae are stopped from further development, also mitochondrial DNA and function
may be affected. Since mitochondria and longevity are closely related, the use of FUdR may falsify possible
studies. PX627, an auxin inducible infertility strain to control offspring, allows mitochondrial investigations
during senescence without FUdR toxicity.

Longevity and health parameters were assessed in 2- and 10-day old nematodes wild-type N2 and PX627 treated
with FUdR or auxin, respectively. Mitochondrial membrane potential, energetic metabolites and reactive oxygen
species levels, were determined. mRNA expression levels of key genes involved were quantified using
quantitative real-time PCR.

FUdR significantly increased lifespan and health parameters, as well as, mitochondrial function compared to
untreated controls and auxin treated PX627. Although a decrease in all parameters could be observed in aged
nematodes, this was less severe after FUdR exposure. Glycolysis was significantly up-regulated in aged
PX627 compared to N2. Expression levels of daf-16, sir-2.1, aak-2, skn-1, atp-2 and atfs-1 were regulated
accordingly.

Hence, auxin in PX627 might be a good alternative to control progeny, for mitochondrial- and longevity-related
investigations in nematodes.

INTRODUCTION fertilizing hermaphrodites. One worm is able to lay
approximately 300 eggs after just 3 days [3].

First introduced in 1974 by Sydney Brenner [1], the free

living nematode Caenorhabditis elegans (C. elegans)
represents a well-established model organism, which is
commonly used to investigate numerous disorders,
ranging from dementia and metabolic imbalances to
aging in general. Its relatively small body size, short
lifespan and fully sequenced genome, which shows
more than 65% homology to humans, are distinct
advantages over other animal models [2]. Another
inherent advantage is the nematode’s rapid development
and ability to reproduce identical offspring as self-

This high number of identical offspring is a problem for
nematode-based investigations in general but longevity
especially, since larvae cannot be distinguished from
their parents once they reach adulthood [4]. This has
led to experimental designs focusing on 2-day old
adults of the first generation, since larval progeny
can be physically distinguished from their parents [5].
This allows the application of external stress to simulate
accelerated aging [6]. The wuse of 5-fluoro-2’-
deoxyuridine (FUdR) to chemically sterilize the nema-
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todes, enables investigations in older population without
larval contamination [7, 8]. FUdR inhibits DNA
synthesis, which does not affect adult nematodes,
because all of their somatic cells are post-mitotic, but
stops larvae from further development. Consequently, an
age-synchronized population without contamination of
their progeny, which is essential for lifespan
experiments, can be maintained [9]. Mitochondrial DNA
(mtDNA), on the other hand, replicates independently of
the cell cycle and is affected by FUdR throughout all
developmental stages. Consequential alterations in
mitochondrial function, due to mtDNA depletion, can be
linked to a number of human diseases, such as
encephalopathy or myopathy [10]. Furthermore, there is
a close relationship between mitochondrial function and
longevity [11], making the use of FUdR an unfavourable
option for investigations concerned with mitochondrial
function, longevity, or their interconnection.

An alternative strategy was first described by Zhang et
al., who adapted the auxin-inducible degradation (AID)
system into C. elegans for a controlled protein depletion
[12]. Kasimatis et al. developed the PX627 strain using
the AID system to target spe-44 gene, resulting in a
spermatogenesis arrest. Exposure to auxin during the
larval stage, therefore, induces infertility, resulting in a
progeny-free population without the unwanted effects

A 100

of FUdR toxicity [13]. Indole-3-acetic acid (auxin)
represents a key plant hormone essential for growth
regulation and development [14]. Due to its large
involvement in regulatory processes of plants, it is
commonly used for agricultural purposes [15].

Here we propose PX627 as an ideal system to
investigate age-related changes in nematodes and to
study the relationship between mitochondrial function
and longevity. By comparing PX627 to wild-type N2,
we show no differences in life-and health-span,
oxidative stress, or mitochondrial function after auxin
treatment, which are significantly altered upon
FUdR exposure. Especially, mitochondria- and
longevity-focused investigations may suffer from this
avoidable bias.

RESULTS
Lifespan

The lifespan of wild-type nematodes sterilized with
5-fluoro-2'-deoxyuridine  (FUdR) was significantly
increased by 40% (p*** < 0.001) after treatment
compared to untreated controls. PX627 nematodes,
however, showed no alterations compared to wild-type
N2, treated with or without auxin (Figure 1A).
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Figure 1. Survival and stress-resistance: Survival (A) and heat-stress resistance (B, C) of wild-type N2 and PX627 nematodes unfertilized
with either FUdR for N2, or auxin for PX627, at 20°C for physiological and 37°C for stress resistance assessment; n > 54; log-rank (Mantel-cox)

test; p*** < 0.001.
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Heat-stress resistance

Chemical sterilization with 100 pM FUdR significantly
increased the ability to tolerate heat-stress in 2-day old
wild-type nematodes (p*** < 0.001). Although
significantly reduced compared to the 2-day assessment
(p*** < 0.001), sterilized 10-day old nematodes were
still more resilient to heat-stress compared to untreated
2-day old wild-type nematodes (p*** < 0.001) (Figure
1B). With auxin unfertilized PX627 showed no
alteration compared to untreated controls and wild-type
N2 nematodes at the 2-day assessment, but aged auxin-
treated nematodes showed a significantly reduced
heat-stress tolerance compared to young controls
(p*** < 0.001) (Figure 1C).

Motility assessment

Wild-type N2 moved significantly faster (p* = 0.0236),
when sterilized with FUdR, whereas the movement of
aged animals significantly slowed down (p*** < 0.001).
As for PX627, auxin showed no effects during the 2-day

2-day e 10-day
° Kok —_———
= 100+ :
=) —_
-
o
=
=
Z 50
s
£
Lo
-]
@]
0= T
< L <
N
& ¥ N
A N
& &
& &
2-day : 10-day
ES i * kK
2 100 3
-
-g h—
=
E 50 [
=] H
g
@
=
&)
0= T T
)
< Fe Sy s
T TS TS
s o
R )
& &

assessment, but again aged nematodes moved
significantly slower (p*** < 0.001). Although not
significant, it is worth noting, that aged PX627 moved
remarkably faster compared to aged N2 (p = 0.087)
(Figure 2A, 2B).

Chemotaxis

FUdR significantly increased chemotaxis in 2-day old
wild-type N2 (p** = 0.0012). A significant decrease can
be observed in 10-day old sterilized nematodes (p*** <
0.001) (Figure 2C). Again, baseline chemotaxis was
comparable between untreated N2, untreated PX627
and unfertilized PX627 at day-2, but a significant
decrease in the nematodes” chemotaxis ability could be
observed at day-10 (p*** < 0.001) (Figure 2D).

Mitochondrial membrane potential (A¥Ym)
To evaluate the impact of FUdAR and auxin on

mitochondrial function, mitochondria were isolated and
assessed using Rh123. The A¥m was significantly
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Figure 2. Health assessment: Chemotaxis index (A, B) and Speed (C, D) of 2- and 10-day old wild-type N2 and PX627 treated and
untreated with FUdR or auxin, respectively; n = 6 (Chemotaxis index) and n = 100 (Speed); mean + standard deviation (SD); one-way ANOVA

with Tukey’s multiple post-test; p* < 0.05, p** < 0.01 and p*** < 0.001.
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increased upon FUdR exposure in 2-day old N2
compared to the control group (p** = 0.0092), but
significantly decreased in old nematodes (p*** < 0.001)
(Figure 3A). No alterations could be observed between
young wild-type N2 and untreated or auxin-treated
PX627, while old PX627 suffered from a significantly
decreased A¥m (p*** < 0.001) (Figure 3B).

0> consumption

Respirational flux was determined using an Oroboros
clark-type electrode (O2k Oxygraph, Oroboros
Instruments, Innsbruck, Austria). Neither FUdR nor
auxin treatment altered the oxygen consumption in the
young nematodes of both strains. In contrast, aged
PX627, showed a significantly increased O flux, by
approximately 2-fold (p*** < 0.001) (Figure 3C, 3D).

Adenosine triphosphate (ATP)

As indicated by an improved A¥m in young wild-type
nematodes, ATP levels were also significantly increased

(p*** < 0.001) in sterilized young animals and, again,
decreased after senescence (p** = 0.0064). Even though
not significant (p = 0.5927), the ATP levels of old
FUdR-treated N2’s stayed above the baseline of young
untreated nematodes (Figure 3E). ATP concentration
did not vary between untreated young N2 and PX627 (p
= 0.9997), whereas auxin treatment caused a significant
increase (p** = 0.0071), compared to the ATP
concentrations of old PX627 (p = 0.4268) (Figure 3F).

Mitochondrial structure

To confirm assessed mitochondrial parameters, electron
microscopic  pictures were taken to evaluate
mitochondrial structure. While the young groups of both
strains showed no statistical difference, the
mitochondrial integrity of wild-type N2 and PX627
nematodes significantly decreased as age progresses
(Figure 4; p*** < 0.001). With a mean integrity of 52%
the damage was more severe for 10-day old PX627
compared 61% integrity for 10-day old wild-type N2
nematodes. Although not significant, mitochondria of
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Figure 3. Mitochondrial function: Mitochondrial membrane potential (AWm) (A, B), O, Consumption (C, D) and ATP concentrations (E, F)
of 2- and 10-day old wild-type N2 untreated and sterilized with FUdR and PX627 unfertilized with auxin. For AWYm and ATP values were
normalized to protein concentrations, for O, to the number of nematodes analyzed. n =8 (0, and AWm) and n = 7-12 (ATP); mean + SD; one-
way ANOVA with Tukey’s multiple post-test; p** < 0.01 and p*** <0.001.
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2-day old FUdR-treated N2 nematodes were, with a
mean of 78%, numerically more intact than untreated
controls, with a mean of 72% (Figure 4).

Mitochondrial
measurement

reactive oxygen species (ROS)

To investigate ROS generation in young and aged
nematodes after FUdR or auxin treatment, MitoTracker®

Red was applied and mitochondrial ROS-dependent
fluorescence measured (Figure 5A-5F).

Two-day old FUdR-treated nematodes showed
significantly decreased ROS levels (p** = 0.0011),
which significantly increased with age (p*** < 0.001).
Compared to untreated young controls, this age-
dependent increase was not significant (p = 0.6125)
(Figure 5A). Young PX627 nematodes, however,
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Figure 4. Mitochondrial structure: Exemplary electron microscope pictures of isolated mitochondria from wild-type N2 (a—c) and PX627
(d—f) nematodes treated with and without FUdR or auxin, respectively. Two examples for intact (#) and fractured (*) mitochondria are
indicated in (a). Scaling bar is 2uM; n = 18-26; mean + SD; one-way ANOVA with Tukey’s multiple post-test; p*** < 0.001.

WWwWw.aging-us.com

12272

AGING



showed no differences in ROS, treated or untreated Glycolysis
with auxin, compared to wild-type N2. The ROS

levels of 10-day old treated PX627 were significantly Glycolytic activity as the second metabolic pathway to
increased by more than 2-fold compared to all other provide cellular energy, was assessed, since ATP levels
groups (p*** < 0.001) (Figure 5B). were numerically enhanced in aged N2 and significantly
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Figure 5. Reactive oxygen species (ROS) generation: Wild-type N2 (a—c) and PX627 (d—f) nematodes stained with MitoTracker® Red,
with and without FUdR or auxin treatment, respectively. Scaling bar is 200uM; n = 20-38; mean + SD; one-way ANOVA with Tukey’s multiple
post-test; p** < 0.01 and p*** < 0.001.
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increased in PX627, but A¥m, as the driving force for
ATPase, was significantly decreased. With the exception
of aged PX627 nematodes neither FUdR nor auxin
affected lactate or pyruvate concentrations. Old PX627
showed a 5-fold increase in pyruvate compared to 2-day
old worms (p*** < 0.001) (Figure 6A—6D). However,
the resulting ratio of lactate/pyruvate, as an indicator for
glycolysis, was numerically decreased in 10-day old
worms (N2: p = 0.2004; PX627: p = 0.2763), compared
to 2-day old treated controls (Figure 6E, 6F), suggesting
a lower glycolytic turnover [16].

Quantitative real-time PCR (QRT-PCR)

FUdR significantly up-regulated the expression levels of
longevity-related genes daf-16 (human forkhead box O1
ortholog) in aged and sir-2.1 (human Sirtuin 1 ortholog)
in young N2, as well as skn-1 (human PGCla ortholog),
a marker for mitochondrial biogenesis, whereas auxin
showed no effect in PX627. The expression levels of aak-
2 (human AMP-activated kinase) and atp-2 (subunit of

A C

complex V) were not affected, neither by treatment
nor by age. Interestingly, atfs-1 expression, responsible
for mitochondrial unfolded protein response, was
significantly decreased in 10-day old auxin-treated
PX627, whereas FUdR treated wild-type nematode’s
showed a slight, but not significant, upregulation
(Table 1).

DISCUSSION

The nematode model Caenorhabditis elegans is a
highly relevant tool for age and genetic related research
offering distinct advantages [3]. One drawback,
however, is the large number of hermaphroditic
progeny, which cannot be separated from their ancestors
once they reach adulthood.

The most straightforward strategy, therefore, is to
separate the adult animals physically from their offspring
before maturation [17]. This approach, however,
becomes impracticable once worm populations exceed a
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Figure 6. Glycolytic involvement: Determination of intracellular lactate (A, B), pyruvate (C, D) and lactate/pyruvate ratio (E, F) of wild-
type C. elegans and PX627 treated with 100 uM FUdR or 1 mM auxin, respectively. Values were normalized to protein concentrations. n = 6-
15; mean + SD; one-way ANOVA with Tukey’s multiple post-test; p* < 0.05 and p*** < 0.001.
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Table 1. Relative normalized mRNA expression levels of 2-day and 10-day wild-type N2 and PX627 nematodes

untreated and treated with 100 uM FUdR or 1 mM auxin, respectively.

daf-16 sir-2.1 aak-2 skn-1 atfs-1 atp-2
p-value p-value p-value p-value p-value p-value
N2 2d 100.0 + 23.7 100.0 + 38.0 100.0 + 68.4 100.0 + 61.3 100.0 +35.8 100.0 + 16.3
M9
N2 2d 81.0+31.1 243.3+162.1 73.7+33.3 218.5+105.5 1417 +475 111.0+428
(100 uM) FUdR (p* = 0.023) (p* = 0.021)
N2 10d 126.5+43.3 171.3+96.7 84.6 +48.7 174.3 +69.7 137.2+395 1153 +33.6
(100 uM) FUdR (p+=0.022)
PX627 2d 96.0 + 15.3 114.8 +89.8 124.1 + 67.6 122.3+97.7 105.0 + 23.6 128.7+45.8
M9
PX627 2d 90.5+16.3 122.0+62.9 86.2 +48.0 96.5 +61.3 62.3+145 117.8+22.6
(1 mM) auxin
PX627 10d 78.5+35.2 136.6 £ 67.3 62.0 +16.7 98.0 +38.8 36.8 +10.6 143.6 £ 43.6
(1 mM) auxin

MRNA expression of 2-day N2 M9 control is 100%. n = 8; mean * standard deviation (SD); one-way ANOVA with Tukey’s
multiple post-test. * = compared to 2-day N2 M9 control; + = compared to 2-day N2 100 uM FUdR. Results are normalized to

mRNA expression of amanitin.

critical number impossible to handle. This has led to
the development of different techniques to control
reproduction.  Temperature-sensitive  sterile  mutant
strains, such as fer-15(b26), gon-2(q388), fem-1(hcl7),
or glp-4(bn2) [18, 19], whose infertility can be induced
through a temperature shift from 15°C or 20°C to 25°C,
are one strategy. These strains, however, have several
drawbacks such as the higher temperature itself, which is
no longer physiological for nematodes, and possible
unknown interactions  caused through  genetic
manipulation, which have to be taken into consideration
[17]. The most commonly applied technique to maintain
age-synchronized population, free of progeny, is the use
of 5-fluoro-2'-deoxyuridine (FUdR), a DNA synthesis
inhibitor, which hinders larvae from further development.
Although it does not affect post-mitotic adults, mtDNA
and consequently, ATP levels, mitochondrial function
and morphology, as well as lifespan can be affected [10].
Auxin exposure, on the other hand, is reported to have no
noticeable effects on development, since it is not native
to nematodes [12, 13].

Since it is almost impossible to generate large
populations of aged nematodes without interference of
progeny, we were only able to compare FUdR and auxin
treated 10-day old nematodes, instead of untreated
controls as well, as conducted for the 2-day assessment.
Exemplary pictures of 10-day old nematodes of both
strains are supposed to visualize both strategies to control
progeny (Supplementary Data). Not only does FUdR stop
eggs from further development, but also retains them
within their mothers. PX627 nematodes, on the other
hand, are able to successfully lay unfertilized eggs. This

confirms the findings of Kasimatis et al., reporting an
unaltered oogenesis after auxin administration to PX627
nematodes [13]. We therefore argue the inability of
FUdR treated nematodes to lay eggs represents a distinct
downside on its own, even before taking a closer look at
its physiological impact.

The proposed nematode strain PX627 is an ideal model
to maintain a synchronous aging population without the
adverse effects of FUdR, making it possible to study
large populations free of progeny necessary for
mitochondrial investigations, with as little confounding
and interference as possible. Furthermore, we elucidated
age-dependent changes in the mitochondrial function,
energy metabolism and expression patterns of key
genetic regulators in N2 and PX627 after the application
of FUdR and auxin, respectively, shedding light on the
high impact of FUdR on mitochondria.

Life- and health assessment

To study mitochondrial- and longevity-related questions,
a nematode strain with a controllable reproductive
system, or a substance to induce infertility, should
ideally not affect physiological functions such as those
of wild-type N2 and should be non-toxic [13]. FUdR,
commonly used to sterilize nematodes in concentrations
ranging from 50 to 400 puM. Although there are studies
reporting no effect of FUdR on the nematodes lifespan
[8, 13], the majority of recent publications suggest a
significantly increased lifespan of nematodes up to 50%
[7, 9, 10, 20], which was confirmed by our own
experiments. Even though the physiological impact of
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FUdR may not be fully understood to this day, here we
report a distinct impact on the nematodes physiology.
Similar results were observed in a heat-resistance assay.
Not only young N2 nematodes treated with FUdR, but
also aged ones showed a significantly improved heat-
stress resistance compared to 2-day old controls.
Improved thermal stress resistance upon FUdR exposure
has previously been demonstrated [7, 21], and could be
explained by decreased copy number of mtDNA [22].
PX627 nematodes, on the other hand, showed no
alterations in lifespan under physiological conditions
compared to wild-type N2, neither when treated with
auxin nor when left untreated. In addition to our findings
under physiological conditions, auxin-induced infertility
did not affect 2-day old nematodes” response to thermal
stress, as a marker for aging, in comparison to untreated
wild-type N2, whereas 10-day old PX627 suffered from
a significantly decreased ability to tolerate heat-stress.
To further strengthen these results we investigated the
key genetic markers of longevity and stress-resistance,
such as daf-16, aak-2 and sir-2.1 [23-25]. Up-regulation
of daf-16 and sir-2.1 expression is well documented with
longevity and improved stress resistance [26, 27],
especially after FUdR exposure [7]. Meanwhile, daf-16
and sir-2.1 were mostly unaffected throughout all
groups. Aged and young N2 nematodes treated with
FUdR, respectively, showed significantly increased
MRNA expression levels, which may have contributed
to the increased longevity and stress resistance of both
groups. Interestingly, however, the expression of aak-2
slightly, but not significantly decreased in aged auxin-
treated PX627. This result could have been expected,
since PX627 lack the life-prolonging effect of FUdR and
a decreased expression of aak-2, as a marker for energy
levels, which is in line with increased ATP levels in
aged PX627 [28, 29].

Furthermore, the evaluation of the animals” speed, as a
marker of motility, fits with the results of our lifespan
and stress resistance assessments. We report the novel
findings that young FUdR-treated wild-type worms
showed accelerated speed, reflecting a slowed aging
process, compared to untreated wild-type worms, as
well as to auxin-treated PX627. We observed, however,
an age-dependent decrease for both strains.

Only a limited number of studies have investigated the
effects of indoles and derivates, such as auxin, on
nematodes and findings are somewhat contradictory.
While Lee et al. showed a decreased lifespan for
concentrations above 0.5 M [30], Sonowal et al.
suggested that indoles promote healthy aging in a
concentration range of 0.1 — 0.25 mM [31]. Here, we
report that 1 mM auxin has no effect on health- and
lifespan, which is in line with the findings of Kasimatis
et al. who applied the same concentration [13].

The ability to locate a food source offers an alternative
aspect of the nematodes” physiology, focusing on their
neurological function and capacity [32, 33]. FUdR
treatment significantly improved chemotaxis in 2-day old
N2, while aged nematodes suffered from a significantly
impaired ability to locate the attractant. Increased
chemotaxis is further associated with increased sir-2.1
expression [27], which is in line with our results.

Impact on mitochondria and energy metabolism

Although FUdR has no influence on genomic DNA, it
interacts with mitochondrial DNA [9, 10, 20]. Thus, we
next focused on the impact of FUdR on mitochondrial
function, energy metabolism and mitochondria-related
oxidative stress. Mitochondria are responsible for the
production of ATP as an energetic metabolite through
respiration, but also play a key role during aging and the
development of several diseases [11]. The mito-
chondrial membrane potential (A¥m) is the driving
force for respiration, production of reactive oxygen
species (ROS) and ATP synthesis. Thus, it acts as a
central parameter for bioenergetics [34], and is reported
to decline with aging [35]. While FUdR does in fact
decrease the copy numbers of mtDNA, it supposedly
has no impact on mitochondrial morphology [10]. Our
findings concerning the influence of FUdR on the A¥m,
however, are novel to the literature. A¥m was
significantly increased in young wild-type nematodes
after FUdR treatment, whereas auxin had no effect in
PX627. FUdR may have induced mitogenesis, as
indicated by enhanced skn-1 expression, which could be
one explanation for the increased A¥m. Skn-1, the
ortholog of mammalian PGCla, represents the main
driver for mitogenesis in nematodes [36, 37]. Pryzbysz
et al. reported that oxidative stress induced by juglone, a
reactive naphthochinone, reduces skn-1 expression in
aged nematodes [38].

A close relation between A¥Ym and ROS has been well
documented throughout the literature [11, 39]. Our
results confirmed that there are no changes between the
two parameters, neither with an improved A¥Ym nor
with reduced ROS, or vice versa. However, the ROS
values are worth mentioning. FUdR treatment increased
ROS levels in old compared to young FUdR-treated N2
nematodes, which in turn were significantly decreased
compared to untreated young wild-type N2’s. Aged
PX627, on the other hand, showed a significant increase
of ROS by more than 2-fold compared to all young
controls. We argue FUdR masks a physiological ROS
generation in aged wild-type’s since it significantly
improves the mitochondrial membrane potential. This
further strengthens our main hypothesis, that FUdR
significantly improves mitochondrial function and
mitochondria-associated parameters, thus potentially
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concealing any beneficial effects of other investigated
substances of interest.

ATP, a major energetic metabolite, represents the
product of mitochondrial respiration. Rooney et al.
reported no effect of FUdR on ATP levels in 4- and 8-
day old JK1 mutants nematodes [10]. Yanase et al., on
the other hand, showed a significant decrease in wild-
type N2 nematodes from day 5 to day 15 after FUdR
treatment [16]. However, it is to mention, that not only
a different time-point was assessed, but also a different
concentration of FUdR applied. We found significantly
increased levels in 2-day old wild-type nematodes after
FUdR treatment compared to untreated worms, which
decreased over time. These findings are in line with the
measured A¥m data. Interestingly, however, even aged
nematodes showed elevated ATP levels after FUdR
treatment compared to untreated N2 nematodes.
Although energy levels appeared to be elevated in both
aged strains compared to their untreated controls, old
nematodes moved significantly slower compared to
their younger counterparts, suggesting a decreased
energy utilization, as previously reported. Van
Raamsdonk et al. hypothesized a decreased energy
utilization to be responsible for increased ATP levels in
C. elegans clk-1 mutants [40]. Thus, it is plausible that
ATP may have accumulated in aged worms.

The relation between A¥Ym, ATP and ROS becomes
more meaningful when the amount of oxygen consumed
by the mitochondria is also taken into account. For
wild-type N2’s the oxygen flux stayed the same for all
treatment groups, while an improved A¥Ym in young
FUdR-treated nematodes accompanied with decreased
ROS levels, whereas a decreased A¥Ym resulted in
increased ROS levels in aged worms. For PX627, a
significantly accelerated oxygen utilization could be
measured in aged animals. Again, a decreased A¥m in
combination with increased ROS was observed, while
ATP concentrations were significantly increased. This
would suggest increased mitochondrial turnover under
suboptimal conditions, requiring increased amounts of
pyruvate, as a main substrate for mitochondrial
respiration. Especially in aged PX627, but also to a
lesser degree in aged N2, severely higher concentrations
of pyruvate were measured. Even though not significant
a slight up-regulation of atp-2, as an essential subunit of
complex V [11], could be observed, thus further
explaining the ATP increase during senescence.
Visualization of mitochondrial integrity by electron
microscopy revealed the the intactness of the
mitochondrial outer membrane reflects the previously
described findings. To the best of our knowledge, this is
the first investigation to take a closer look at the
interplay between A¥m, ROS and ATP in combination
with age and the use of FUdR.

Particularly intriguing is also the decrease in atfs-1
expression of aged PX627, which was not observed in
N2. Atfs-1 activates the mitochondrial unfolded protein
response  (UPR™) in nematodes, thus regulating
mitochondrial turnover and repair upon stress [41]. Age
and a decline in UPR™ are closely correlated. Stressors,
such as paraquat, or longevity have shown to increase
UPR™ [11, 42]. Since FUdR up-regulates atfs-1
expression, we argue this not only contributes to the
increased longevity, but also masks physiological
mitochondrial turnover, which can be further evidenced
by a more severely decreased A¥m of aged PX627
compared to N2.

Glycolysis provides cells with an additional pathway
to produce energy [43]. Thus, increased glycolytic
turnover in aged nematodes could be an alternative
explanation for the elevated ATP levels. However, the
ratio between lactate and pyruvate, as an indicator for
anaerobic glycolysis [16], was unchanged between
strains and treatments, but significantly decreased in
aged animals. Since neither FUdR nor auxin affected
anaerobic glycolytic activity, it does not appear to be a
significant source of ATP.

In summary, these results suggest that caution should
be taken when using FUdR for aging studies, as it
clearly affects the energetic pathways and
consequently alters lifespan and mitochondrial
function in C. elegans. Since mitochondrial function
and longevity are closely related, the use of FUdR
adds an experimental bias that may obscure the
effects of interventions. PX627 offers a good
alternative to avoid the influence of FUdR, allowing
studies that are closer to the nematodes unaffected

physiology.
MATERIALS AND METHODS
Chemicals

The chemicals used were of the highest available purity
and standard from Sigma Aldrich (St. Louis, MO, USA)
or Merck (Darmstadt, Germany).

Nematode and bacterial strains

C. elegans wild-type strain N2 and transgenic strain
PX627 (fxlsl 1, spe-44(fx110[spe-44::degron])IV)
were ordered from the Caenorhabditis Genetics
Center (University of Minnesota, MN, US). PX627
represents a modified wild-type strain with an
inserted auxin-inducible degradation system targeting
the spe-44 gene mediating sterility, backcrossed
five times [13]. Nematodes were maintained on
nematode growth medium (NGM) agar plates
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seeded with Escherichia coli (E. coli)OP50 at 20°C
according to standard protocols [1] and as previously
described [5].

Cultivation and treatment

Synchronous larvae were washed twice in M9 buffer,
counted and adjusted to 10 larvae per 10 pl.
Nematodes were raised in cell culture flasks (Sarstedt,
Nirmbrecht, Germany) or OP50 spread NGM plates.
OP50-NGM was given as a standardized food source
with a volume 4.4-fold of the larvae containing M9
solution used. L1 larvae were maintained under
continuous shaking at 20°C, reaching adulthood within
3 days.

PX627 were treated with 1 mM indole-3-acetic acid
(auxin, Alfa Aesar, Haverhill, MA, USA) to induce
infertility during the L3 stage [12, 13]. Wild-type N2
nematodes were treated with 100 pM 5-fluoro-2”-
deoxyuridine (FUdR) or M9 control after reaching
young adulthood. PX627 were also treated with M9
control 48 h prior to the assessment on day-2. The day
upon which the nematodes reached young adulthood
was defined as day 1. To ensure ad libitum food
supply until day 10, at day-2 and day-6, old OP50-
NGM was discarded after sedimentation of gravid
nematodes and fresh OP50-NGM, with effectors
incorporated, was given. For the measurements on
day-2, FUdR- and auxin-treated young controls and
untreated nematodes were co-assessed, whereas at
day-10, only sterilized and unfertilized animals could
be assessed.

Lifespan assay

After completing the L4 larval stage, 60 healthy
animals per group were transferred onto fresh NGM E.
coli-containing plates with a sterilized platinum
wire. Effectors were incorporated into the OP50
culture with the necessary concentration. To
distinguish nematodes of the first generation from their
offspring all groups were transferred to new plates
every two days, using a platinum wire, until egg-
laying of untreated groups stopped. Afterwards
nematodes were only transferred onto fresh plates to
maintain a sufficient food supply, to reduce stress onto
the nematodes during “pick-up”. During separation,
nematodes were checked for vital signs using a hot
platinum wire held next to the animals” heads. Worms
showing no reaction to the heat stimulus were
considered dead. Animals that crawled off the plates,
were Killed during transfer, or dug themselves into the
agar were censored from the experiment. The lifespan
curves were statistically compared using the log-rank
test.

Heat-stress resistance assay

To elaborate the nematodes” resistance to 37°C heat-
stress a microplate thermo-tolerance assay was applied.
In brief, a nylon mesh (Dr. Fill®, Giessen, Germany), if
necessary, was used to wash nematodes with
M9-Tween® 20 buffer in orderto discard progeny
and residual bacteria. Each well of a black 384-well
low-volume  microtiter plate (Greiner Bio-One,
Frickenhausen, Germany) was prefilled with 6.5 pul
M9-buffer/Tween® 20 (1% v/v). Subsequently, one
nematode was immersed in 1 pl M9 buffer under a
stereomicroscope (Breukhoven Microscope Systems,
Netherlands). A volume of 7.5 pul SYTOX™ green (final
concentration 1 pM; Life Technologies, Karlsruhe,
Germany), which penetrates only into cells with
compromised plasma membrane and becomes
fluorescent after binding to DNA, was added for
fluorescence detection. Plates were sealed with a Rotilab
sealing film (Greiner Bio-One, Frickenhausen, Germany)
to prevent water evaporation. Heat shock (37°C) was
applied and fluorescence measured with a ClarioStar
Platereader (BMG, Ortenberg, Germany) every 30 min
over the course of 17 h. The excitation wavelength was
485 nm and the emission 538 nm.

Chemotaxis assay

Agar plates were divided into four quadrants. Sodium
azid (0.5 M) was mixed in same parts with ethanol
(95%) as control, or diacetyl (0.5%) as attractant. A
volume of 2 pl for either control or attractant was added
to the center of two opposite quadrants. After separation
from larvae and residual bacteria, approximately 150
animals were placed in the center of the plates. After 1
h, each quadrant was counted and a chemotaxis index
calculated ((number of attractant — number of control) /
number total) [32, 33].

Motility assessment

On the day of analysis, the animals were washed and
separated from larvae and residual bacteria as
described above. To induce full motility, nematodes
were mixed on an orbital shaker at 400 rpm for 1 min,
immediately transferred to an unseeded NGM petri
dish, and staged for imaging with a 6 MP monochrome
camera and a 16 mm FL high-resolution lens. File
collection was initiated 1 min after shaking. Speed was
measured by a custom software written in Python
(Python Software Foundation) called the WF-NTP
(Wide Field-of-view Nematode Tracking Platform)
[44]. The code initially detects and subtracts the
background, considering non-moving objects such as
small particles and shadows from the agar plate. After
this operation, the remaining labeled regions are
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identified as individual worms and the positions of
such regions are stored for each frame.

O> consumption

Populations of 1,000 adult nematodes were thoroughly
washed, immersed in M9 buffer into the chamber of an
Oroboros O2k Oxygraph (O2k Oxygraph, Oroboros
Instruments, Innsbruck, Austria), and oxygen flux
measured at 20°C. The provided DatLab software
(Version 7.0.0.2, Oroboros Instruments, Innsbruck,
Austria) was used for analysis.

Isolation of mitochondria

A population of 5,000 gravid adults were separated
from progeny, if necessary, washed with M9-Tween®
20 and transferred into ice-cold isolation buffer (300
mM Sucrose, 5 mM TES, 200 uM EGTA, pH 7.2).
Balch  homogenization  (Isobiotec,  Heidelberg,
Germany) was applied to generate a sufficient and
mitochondria-enriched fraction as previously described
[5]. In short, nematodes were passed through the
homogenizer’s chamber five times, leaving a 12 uM
clearance, using a 1 ml glass syringes (SGE Syringe,
Trajan, Australia). The homogenate was centrifuged at
800 g for 5 min at 4°C (Heraeus Fresco 21, Thermo
Scientific, Langenselbold, Germany) to sediment debris
and larger worm fragments. The mitochondria-
containing supernatant was collected and centrifuged at
9,000 g for 10 min at 4°C. The crude mitochondria
containing pellet was resuspended in 70 ul swelling
buffer (SWB) (0.2 M sucrose, 10 mM MOPS-Tris, 5
mM succinate, 1 mM H3POs, 10 uM EGTA, 2 uM
rotenone). Aliquots were shock frozen in liquid nitrogen
for determination of protein content.

Mitochondrial membrane potential (A¥m)

Mitochondrial membrane potential was determined in
25 pl of in SWB resuspended isolated mitochondria,
using fluorescent dye rhodamine 123 (Rh123) in a black
96-well plate with a ClarioStar Platereader (BMG,
Ortenberg, Germany). To ensure mitochondrial
integrity, A¥Ym was measured for 30 min and after
reaching equilibrium and 500 nM FCCP was added to
evaluate the A¥Ym-dependent effect on the quenching of
Rh123. The results were normalized to protein content.

Nematode homogenization

A population of 5,000 adult nematodes per group were
harvested, thoroughly washed, shock frozen and boiled
for 15 min for enzymatic denaturation. Supernatants
were collected, after centrifugation at 15,000 g for 10
min. ATP was assessed immediately and spare samples

were stored at -80 °C for lactate, pyruvate and protein
measurements.

ATP measurement

ATP was determined using the ATPlite luminescence
assay (Perkin Elmer, Waltham, MA, USA).
Luminescence was measured in triplicates, according to
the manufacturer’s guidelines, using a ClarioStar
Platereader (BMG, Ortenberg, Germany). The results
were normalized to protein concentrations.

Transmission electron microscopy

The same volume of fixative (glutaraldehyde (5%) in
0.1 M cacodylate buffer) was added to isolated
mitochondria. After 30 minutes incubation at room
temperature, probes were centrifuged at 9,000 g for 10
minutes, the supernatant discarded and replaced with
fresh fixative (glutaraldehyde (2.5%) in 0.1 M
cacodylate buffer). For post-fixation 1% OsO4in 0.1 M
cacodylate buffer was applied for 45 minutes at room
temperature. Before staining with 1% uranyl acetate
over night at 4°C, samples were embedded in low
melting temperature gelatine. To dehydrate the gelatine
blocks an ethanol series (10-20 minutes each in 30%,
50%, 70%, 80%, 90%, 96%, 99% and 99% over
molecular sieve) was conducted on ice followed by
propylene oxide. Samples were embedded in Epon and
hardened at 60°C for 24 hours. Slices of 80 nm diameter
werecut and placed on copper mesh grids, prior to
staining with uranyl acetate and lead citrate. For
examination, a Leo 912 AB Omega Electron
Microscope (Carl Zeiss, Oberkochen, Germany), was
used.

For evaluation, pictures were randomized by a third
party, to exclude an eventual -evaluation bias.
Mitochondria were assessed according there structural
integrity and divided into two categories: “intact” —
cristae structure and outer membrane appears intact or
only slightly damaged (#); “fractured” — cristae and
outer membrane are heavily ruptured or fragmented (*).
Categorization was conducted by two independent
investigators.

Mitochondrial ROS measurement

To determine mitochondrial ROS levels, the nematodes
were incubated for 48 h with 0.5 uM MitoTracker® Red
CM-H2XRos (Fisher Scientific, Schwerte, Germany).
MitoTracker® Red accumulates to a high extent at the
inner mitochondrial membrane, showing an increased
fluorescence upon elevated ROS mainly associated with
mitochondria. For epifluorescence microscopy (EVOS
FL digital fluorescence microscope, AMG, Bothell,

WWW.aging-us.com 12279

AGING



Table 2. Oligonucleotide primer sequences and product sizes for qRT-PCR.

Primer Sequence

Product size (bp)

5’-tgcttcaccatatgctctge-3°
5’-gtggatcatctcccagcaat-3
5’-ccaggaacttcggctcagta-3”
5’-tgtatgatggtgaagctggceg-3°
5’-cccactcaatccaaaggcta-3”
5’-gggactgtgtgggraacacc-3”
5’-tcggcgatcgatcagctaac-3
5’-agaatcagttcttggattagggga-3
5’-tccaagtcgctgaggtgttc-3°
5’-aggtggtcgagttctcctga-3
5’-tcctcattcactcecgattc-3
5’-ccggtgtattcatgaacgtg-3
5’-tggctgacgattcgatggat-3°
5’-atgagcagaaatcgcgacac-3
5’-acagggtggaaaaagcaagg-3’
5’-caggccaaacgccaatgac-3

The concentration was 0.1 uM for all primers. bp: base pairs.

USA), worms were washed with M9-buffer/Tween®20
(1% v/v) solution and anesthetized by addition of 2 mM
levamisole. Nematodes were transferred onto a labeled
glass slide and covered with a cover slip. The dye was
visualized using the EVOS LED Light Cube RFP, with
excitation at 531 + 40 nm and emission at 593 = 40 nm.
Images were taken at a 10-fold magnification. For each
group, at least 20 nematodes were photographed. For
quantification of fluorescence intensity, only the head
region was taken into consideration, using the ImageJ
(National Institute of Health (NIH)) software.

Colorimetric assessment of lactate and pyruvate
content

Frozen homogenate samples were slowly thawed to
room temperature. Lactate and pyruvate were assessed
using two colorimetric assay kits from Sigma Aldrich
following the manufacturer’'s guidelines (Sigma
Aldrich, St. Louis, MO, USA) with a ClarioStar
Platereader (BMG, Ortenberg, Germany) and
normalized to protein concentrations.

Protein quantification
Protein concentrations were assessed according to the
Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Bovine serum albumin
was used as a standard.

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated using the RNeasy Mini
Kit (Qiagen, Hilden, Germany) according to the

manufacturer’s guidelines. Complementary DNA was
synthesized from 1 g total RNA using an iScript cDNA
Synthesis Kit (Bio-Rad, Munich, Germany). gRT-PCR
was conducted using a CfX 96 Connect™ system (Bio-
Rad, Munich, Germany) with primers purchased from
Biomers (Ulm, Germany). Oligonucleotide primer
sequences, primer concentrations and product sizes are
listed in Table 2. Gene expression levels were normalized
to amanitin resistant (ama-1) and actin (act-2). For a
detailed description see our previous publication [11].
According to the MIQUE guidelines a melting curve was
prepared for each primer pair resulting in one significant
melting peak.

Statistics

Unless otherwise stated, values are presented as mean +
standard deviation (SD). Statistical analyses were
performed by applying a one-way analysis of variance
(ANOVA) with Tukey’s multiple comparison post-test
(Prism 8.3 GraphPad Software, San Diego, CA, USA).
Statistical significance was defined for p values
p * <0.05, p** < 0.01, and p*** < 0.001.

Data availability

The dataset generated during this study is available
from the corresponding author on reasonable request.

Abbreviations

A¥m: mitochondrial membrane potential; AID: auxin
inducible degradation; ANOVA.: one-way analysis of
variance; aak-2: AMP-Activated Kinase; act-2: actin;
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ama-1: amanitin resistant; ATP: adenosine triphosphate;
atfs-1: Activating Transcription Factor associated with
Stress; atp-2: ATP synthase subunit; C. elegans:
Caenorhabditis elegans; cDNA: copy deoxyribonucleic
acid; DNA: deoxyribonucleic acid; daf-16: abnormal
DAuer Formation; E. coli: Escherichia coli; FCCP:
Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone;
FUdR: 5-fluoro-2"-deoxyuridine; mtDNA: mitochondrial
deoxyribonucleic acid; NGM: nematode growth medium;
NIH: National Institute of Health; PCR: polymerase
chain reaction; QgRT-PCR: quantitative real-time
polymerase chain reaction; Rh123: rhodamine 123;
RNA: ribonucleic acid; ROS: reactive oxygen Sspecies;
SD: standard deviation; sir-2.1: yeast SIR related; skn-1:
SKiNhead; SWB: swelling buffer; UPR™: mitochondrial
unfolded protein response.

AUTHOR CONTRIBUTIONS

Benjamin Dilberger collected most of the data and
wrote the manuscript. The corresponding Author, Prof.
Dr. Gunter P. Eckert, supervised the work and corrected
the manuscript. Prof. Dr. Uwe Wenzel acted as an
additional supervisor and overlooked the experiments
regarding oxidative stress. All other authors contributed
to the collection of data. All authors had access to the
data and take responsibility for its accuracy.

ACKNOWLEDGMENTS

The authors thank their colleagues from the Centre for
Misfolding Diseases, Department of Chemistry,
University of Cambridge and especially Michele Perni
for providing the WF-NTP. Furthermore, we want to
thank Dr. Martin Hardt, especially Anna Mdbus who
was heavily involved Prof. Dr. Hans Zischka, Molecular
Toxicology and Pharmacology, German Research
Center for Environmental Health, Munich, Germany,
for his great support with the evaluation of the EM-
results, as well as everybody involved in the making of
this manuscript and the reviewers for providing further
input and constructive comments.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

FUNDING
FlexiFond “Mitochondrial-Network™ (#2018 1 1 2).
REFERENCES

1. Brenner S. The genetics of caenorhabditis elegans.
Genetics. 1974; 77:71-94. PMID:4366476

10.

Shen P, Yue Y, Park Y. A living model for obesity and
aging research: caenorhabditis elegans. Crit Rev Food
Sci Nutr. 2018; 58:741-54.
https://doi.org/10.1080/10408398.2016.1220914
PMID:27575804

Johnson TE. Advantages and disadvantages of
caenorhabditis elegans for aging research. Exp
Gerontol. 2003; 38:1329-32.
https://doi.org/10.1016/j.exger.2003.10.020
PMID:14698813

Rezai P, Salam S, Selvaganapathy PR, Gupta BP.
Electrical sorting of caenorhabditis elegans. Lab Chip.
2012; 12:1831-40.
https://doi.org/10.1039/c2Ic20967e

PMID:22460920

Dilberger B, Passon M, Asseburg H, Silaidos CV, Schmitt
F, Schmiedl T, Schieber A, Eckert GP. Polyphenols and
metabolites enhance survival in rodents and
nematodes-impact of mitochondria. Nutrients. 2019;
11:1886.

https://doi.org/10.3390/nu11081886

PMID:31412639

Drobny A, Meloh H, Wachtershauser E, Hellmann B,
Mueller AS, van der Klis JD, Fitzenberger E, Wenzel U.
Betaine-rich sugar beet molasses protects from
homocysteine-induced reduction of survival in
caenorhabditis elegans. Eur J Nutr. 2020; 59:779-86.
https://doi.org/10.1007/s00394-019-01944-3
PMID:30863895

Anderson EN, Corkins ME, Li JC, Singh K, Parsons S,
Tucey TM, Sorka¢ A, Huang H, Dimitriadi M, Sinclair
DA, Hart AC. C. Elegans lifespan extension by osmotic
stress requires FUdR, base excision repair, FOXO, and
sirtuins. Mech Ageing Dev. 2016; 154:30-42.
https://doi.org/10.1016/j.mad.2016.01.004
PMID:26854551

Mitchell DH, Stiles JW, Santelli J, Sanadi DR.
Synchronous growth and aging of caenorhabditis
elegans in the presence of fluorodeoxyuridine. J
Gerontol. 1979; 34:28-36.

https://doi.org/10.1093/geronj/34.1.28 PMID:153363

Van Raamsdonk JM, Hekimi S. FUdR causes a twofold
increase in the lifespan of the mitochondrial mutant
gas-1. Mech Ageing Dev. 2011; 132:519-21.
https://doi.org/10.1016/j.mad.2011.08.006
PMID:21893079

Rooney JP, Luz AL, Gonzalez-Hunt CP, Bodhicharla R,
Ryde IT, Anbalagan C, Meyer IN. Effects of 5'-fluoro-2-
deoxyuridine  on mitochondrial biology in
caenorhabditis elegans. Exp Gerontol. 2014; 56:69-76.
https://doi.org/10.1016/j.exger.2014.03.021
PMID:24704715

WWW.aging-us.com

12281

AGING


https://pubmed.ncbi.nlm.nih.gov/4366476
https://doi.org/10.1080/10408398.2016.1220914
https://pubmed.ncbi.nlm.nih.gov/27575804
https://doi.org/10.1016/j.exger.2003.10.020
https://pubmed.ncbi.nlm.nih.gov/14698813
https://doi.org/10.1039/c2lc20967e
https://pubmed.ncbi.nlm.nih.gov/22460920
https://doi.org/10.3390/nu11081886
https://pubmed.ncbi.nlm.nih.gov/31412639
https://doi.org/10.1007/s00394-019-01944-3
https://pubmed.ncbi.nlm.nih.gov/30863895
https://doi.org/10.1016/j.mad.2016.01.004
https://pubmed.ncbi.nlm.nih.gov/26854551
https://doi.org/10.1093/geronj/34.1.28
https://pubmed.ncbi.nlm.nih.gov/153363
https://doi.org/10.1016/j.mad.2011.08.006
https://pubmed.ncbi.nlm.nih.gov/21893079
https://doi.org/10.1016/j.exger.2014.03.021
https://pubmed.ncbi.nlm.nih.gov/24704715

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Dilberger B, Baumanns S, Schmitt F, Schmied! T, Hardt
M, Wenzel U, Eckert GP. Mitochondrial oxidative stress
impairs energy metabolism and reduces stress
resistance and longevity of C. Elegans. Oxid Med Cell
Longev. 2019; 2019:6840540.
https://doi.org/10.1155/2019/6840540
PMID:31827694

Zhang L, Ward D, Cheng Z, Dernburg AF. The auxin-
inducible degradation (AID) system enables versatile
conditional protein depletion in C. elegans.
Development. 2015; 142:4374-84.
https://doi.org/10.1242/dev.129635 PMID:26552885

Kasimatis KR, Moerdyk-Schauwecker MJ, Phillips PC.
Auxin-mediated sterility induction system for longevity
and mating studies in Caenorhabditis elegans. G3
(Bethesda). 2018; 8:2655—62.
https://doi.org/10.1534/g3.118.200278
PMID:29880556

Frick EM, Strader LC. Roles for IBA-derived auxin in
plant development. J Exp Bot. 2018; 69:169-77.
https://doi.org/10.1093/jxb/erx298

PMID:28992091

Quareshy M, Prusinska J, Kieffer M, Fukui K, Pardal AJ,
Lehmann S, Schafer P, Del Genio Cl, Kepinski S, Hayashi
K, Marsh A, Napier RM. The tetrazole analogue of the
auxin indole-3-acetic acid binds preferentially to TIR1
and not AFB5. ACS Chem Biol. 2018; 13:2585-94.
https://doi.org/10.1021/acschembio.8b00527
PMID:30138566

Yanase S, Suda H, Yasuda K, Ishii N. Impaired p53/CEP-
1 is associated with lifespan extension through an age-
related imbalance in the energy metabolism of C.
Elegans. Genes Cells. 2017; 22:1004-10.
https://doi.org/10.1111/gtc.12540

PMID:29114996

Park HH, Jung Y, Lee SV. Survival assays using
Caenorhabditis elegans. Mol Cells. 2017; 40:90-99.
https://doi.org/10.14348/molcells.2017.0017
PMID:28241407

Sun AY, Lambie EJ. Gon-2, a gene required for
gonadogenesis in caenorhabditis elegans. Genetics.
1997; 147:1077-89.

PMID:9383054

Ward S, Miwa J. Characterization of temperature-
sensitive, fertilization-defective mutants of the
nematode caenorhabditis elegans. Genetics. 1978;
88:285-303.
PMID:580424

Wang H, Zhao Y, Zhang Z. Age-dependent effects of
floxuridine (FUdR) on senescent pathology and
mortality in the nematode Caenorhabditis elegans.
Biochem Biophys Res Commun. 2019; 509:694—699.

21.

22.

23.

24,

25.

26.

27.

28.

https://doi.org/10.1016/j.bbrc.2018.12.161
PMID:30611569

Brunquell J, Bowers P, Westerheide SD.
Fluorodeoxyuridine enhances the heat shock response
and decreases polyglutamine aggregation in an HSF-1-
dependent manner in caenorhabditis elegans. Mech
Ageing Dev. 2014; 141:1-4.
https://doi.org/10.1016/j.mad.2014.08.002
PMID:25168631

Knorre DA, Severin FF. Longevity and mitochondrial
membrane potential. Biochemistry (Mosc). 2012;
77:793-94.
https://doi.org/10.1134/5S0006297912070127
PMID:22817543

Gubert P, Puntel B, Lehmen T, Fessel JP, Cheng P,
Bornhorst J, Trindade LS, Avila DS, Aschner M, Soares
FA. Metabolic effects of manganese in the nematode
caenorhabditis elegans through DAergic pathway and
transcription factors activation. Neurotoxicology. 2018;
67:65-72.
https://doi.org/10.1016/j.neuro.2018.04.008
PMID:29673961

Wu S, Lei L, Song Y, Liu M, Lu S, Lou D, Shi Y, Wang Z,
He D. Mutation of hop-1 and pink-1 attenuates
vulnerability of neurotoxicity in C. elegans: the role of
mitochondria-associated membrane proteins in
Parkinsonism. Exp Neurol. 2018; 309:67-78.
https://doi.org/10.1016/j.expneurol.2018.07.018
PMID:30076829

Zhou Q, Zhang H, Wu Q, Shi J, Zhou S. Pharmacological
manipulations of autophagy modulate paraquat-
induced cytotoxicity in PC12 cells. Int J Biochem Mol
Biol. 2017; 8:13-22.

PMID:28695042

Rizki G, Iwata TN, Li J, Riedel CG, Picard CL, Jan M,
Murphy CT, Lee SS. The evolutionarily conserved
longevity determinants HCF-1 and SIR-2.1/SIRT1
collaborate to regulate DAF-16/FOXO. PLoS Genet.
2011; 7:e1002235.
https://doi.org/10.1371/journal.pgen.1002235
PMID:21909281

Ludewig AH, Izrayelit Y, Park D, Malik RU, Zimmermann
A, Mahanti P, Fox BW, Bethke A, Doering F, Riddle DL,
Schroeder FC. Pheromone sensing regulates
caenorhabditis elegans lifespan and stress resistance
via the deacetylase SIR-2.1. Proc Natl Acad Sci USA.
2013; 110:5522-27.
https://doi.org/10.1073/pnas.1214467110
PMID:23509272

Curtis R, O’Connor G, DiStefano PS. Aging networks in
caenorhabditis elegans: AMP-activated protein kinase
(aak-2) links multiple aging and metabolism pathways.
Aging Cell. 2006; 5:119-26.

WWW.aging-us.com

12282

AGING


https://doi.org/10.1155/2019/6840540
https://pubmed.ncbi.nlm.nih.gov/31827694
https://doi.org/10.1242/dev.129635
https://pubmed.ncbi.nlm.nih.gov/26552885
https://doi.org/10.1534/g3.118.200278
https://pubmed.ncbi.nlm.nih.gov/29880556
https://doi.org/10.1093/jxb/erx298
https://pubmed.ncbi.nlm.nih.gov/28992091
https://doi.org/10.1021/acschembio.8b00527
https://pubmed.ncbi.nlm.nih.gov/30138566
https://doi.org/10.1111/gtc.12540
https://pubmed.ncbi.nlm.nih.gov/29114996
https://doi.org/10.14348/molcells.2017.0017
https://pubmed.ncbi.nlm.nih.gov/28241407
https://pubmed.ncbi.nlm.nih.gov/9383054
https://pubmed.ncbi.nlm.nih.gov/580424
https://doi.org/10.1016/j.bbrc.2018.12.161
https://pubmed.ncbi.nlm.nih.gov/30611569
https://doi.org/10.1016/j.mad.2014.08.002
https://pubmed.ncbi.nlm.nih.gov/25168631
https://doi.org/10.1134/S0006297912070127
https://pubmed.ncbi.nlm.nih.gov/22817543
https://doi.org/10.1016/j.neuro.2018.04.008
https://pubmed.ncbi.nlm.nih.gov/29673961
https://doi.org/10.1016/j.expneurol.2018.07.018
https://pubmed.ncbi.nlm.nih.gov/30076829
https://pubmed.ncbi.nlm.nih.gov/28695042
https://doi.org/10.1371/journal.pgen.1002235
https://pubmed.ncbi.nlm.nih.gov/21909281
https://doi.org/10.1073/pnas.1214467110
https://pubmed.ncbi.nlm.nih.gov/23509272

29.

30.

31

32.

33.

34,

35.

36.

37.

https://doi.org/10.1111/].1474-9726.2006.00205.x
PMID:16626391

Chang HW, Pisano S, Chaturbedi A, Chen J, Gordon S,
Baruah A, Lee SS. Transcription factors CEP-1/p53 and
CEH-23 collaborate with AAK-2/AMPK to modulate
longevity in caenorhabditis elegans. Aging Cell. 2017;
16:814-24.

https://doi.org/10.1111/acel.12619

PMID:28560849

Lee JH, Kim YG, Kim M, Kim E, Choi H, Kim Y, Lee J.
Indole-associated predator-prey interactions between
the nematode caenorhabditis elegans and bacteria.
Environ Microbiol. 2017; 19:1776-90.
https://doi.org/10.1111/1462-2920.13649
PMID:28028877

Sonowal R, Swimm A, Sahoo A, Luo L, Matsunaga Y,
Wu Z, Bhingarde JA, Ejzak EA, Ranawade A, Qadota H,
Powell DN, Capaldo CT, Flacker JM, et al. Indoles from
commensal bacteria extend healthspan. Proc Natl Acad
Sci USA. 2017; 114:E7506-15.
https://doi.org/10.1073/pnas. 1706464114
PMID:28827345

Bargmann Cl. Chemosensation in C. elegans.
WormBook: the online review of C. elegans biology,
2006, 1-29.
https://doi.org/10.1895/wormbook.1.123.1
PMID:18050433

Margie O, Palmer C, Chin-Sang I. C. Elegans chemotaxis
assay. J Vis Exp. 2013; e50069.
https://doi.org/10.3791/50069

PMID:23644543

Nicholls DG. Mitochondrial membrane potential and
aging. Aging Cell. 2004; 3:35-40.
https://doi.org/10.1111/j.1474-9728.2003.00079.x
PMID:14965354

Liu Y, Han M, Li X, Wang H, Ma M, Zhang S, Guo Y,
Wang S, Wang Y, Duan N, Xu B, Yin J, Yao Y. Age-
related changes in the mitochondria of human mural
granulosa cells. Hum Reprod. 2017; 32:2465-73.
https://doi.org/10.1093/humrep/dex309
PMID:29045673

Palikaras K, Lionaki E, Tavernarakis N. Coordination of
mitophagy and mitochondrial biogenesis during ageing
in C. Elegans. Nature. 2015; 521:525-28.
https://doi.org/10.1038/nature14300

PMID:25896323

Friedman JR, Nunnari J. Mitochondrial form and
function. Nature. 2014; 505:335-43.
https://doi.org/10.1038/nature12985
PMID:24429632

38.

39.

40.

41.

42.

43.

44,

Przybysz AJ, Choe KP, Roberts LJ, Strange K. Increased
age reduces DAF-16 and SKN-1 signaling and the
hormetic response of caenorhabditis elegans to
the xenobiotic juglone. Mech Ageing Dev. 2009;
130:357-69.
https://doi.org/10.1016/j.mad.2009.02.004
PMID:19428455

DeCorby A, Gaskova D, Sayles L.C, Lemire B.D.
Expression of Ndilp, an alternative NADH:ubiquinone
oxidoreductase, increases mitochondrial membrane
potential in a C. elegans model of mitochondrial
disease. Biochimica et biophysica acta. 2007; 1767:
1157-1163.
https://doi.org/10.1016/j.bbabio.2007.07.003
PMID:17706937

Van Raamsdonk JM, Meng Y, Camp D, Yang W, lJia X,
Bénard C, Hekimi S. Decreased energy metabolism
extends life span in caenorhabditis elegans without
reducing oxidative damage. Genetics. 2010;
185:559-71.
https://doi.org/10.1534/genetics.110.115378
PMID:20382831

Wu Z, Senchuk MM, Dues DJ, Johnson BK, Cooper JF,
Lew L, Machiela E, Schaar CE, DeJonge H, Blackwell TK,
van Raamsdonk JM. Mitochondrial unfolded protein
response transcription factor ATFS-1 promotes
longevity in a long-lived mitochondrial mutant through
activation of stress response pathways. BMC biology,
2018; 16:147.
https://doi.org/10.1186/s12915-018-0615-3
PMID:30563508

Martinez B.A, Petersen D.A, Gaeta A.L, Stanley S.P,
Caldwell G.A, Caldwell K.A. Dysregulation of the
Mitochondrial Unfolded Protein Response Induces
Non-Apoptotic Dopaminergic Neurodegeneration in C.
elegans Models of Parkinson's Disease. J Neurosci.
2017;37:11085-11100.
https://doi.org/10.1523/INEURQSCI.1294-17.2017
PMID:29030433

Yanase S, Ishii T, Yasuda K, Ishii N. Metabolic
biomarkers in nematode C. Elegans during aging. Adv
Exp Med Biol. 2019; 1134:163-75.
https://doi.org/10.1007/978-3-030-12668-1 9
PMID:30919337

Perni M, Challa PK, Kirkegaard JB, Limbocker R,
Koopman M, Hardenberg MC, Sormanni P, Muller T,
Saar KL, Roode LW, Habchi J, Vecchi G, Fernando N, et
al. Massively parallel C. Elegans tracking provides
multi-dimensional  fingerprints  for  phenotypic
discovery. J Neurosci Methods. 2018; 306:57-67.
https://doi.org/10.1016/j.jneumeth.2018.02.005
PMID:29452179

WWW.aging-us.com

12283

AGING


https://doi.org/10.1111/j.1474-9726.2006.00205.x
https://pubmed.ncbi.nlm.nih.gov/16626391
https://doi.org/10.1111/acel.12619
https://pubmed.ncbi.nlm.nih.gov/28560849
https://doi.org/10.1111/1462-2920.13649
https://pubmed.ncbi.nlm.nih.gov/28028877
https://doi.org/10.1073/pnas.1706464114
https://pubmed.ncbi.nlm.nih.gov/28827345
https://doi.org/10.1895/wormbook.1.123.1
https://pubmed.ncbi.nlm.nih.gov/18050433
https://doi.org/10.3791/50069
https://pubmed.ncbi.nlm.nih.gov/23644543
https://doi.org/10.1111/j.1474-9728.2003.00079.x
https://pubmed.ncbi.nlm.nih.gov/14965354
https://doi.org/10.1093/humrep/dex309
https://pubmed.ncbi.nlm.nih.gov/29045673
https://doi.org/10.1038/nature14300
https://pubmed.ncbi.nlm.nih.gov/25896323
https://doi.org/10.1038/nature12985
https://pubmed.ncbi.nlm.nih.gov/24429632
https://doi.org/10.1016/j.mad.2009.02.004
https://pubmed.ncbi.nlm.nih.gov/19428455
https://doi.org/10.1016/j.bbabio.2007.07.003
https://pubmed.ncbi.nlm.nih.gov/17706937
https://doi.org/10.1534/genetics.110.115378
https://pubmed.ncbi.nlm.nih.gov/20382831
https://doi.org/10.1186/s12915-018-0615-3
https://pubmed.ncbi.nlm.nih.gov/30563508
https://doi.org/10.1523/JNEUROSCI.1294-17.2017
https://pubmed.ncbi.nlm.nih.gov/29030433
https://doi.org/10.1007/978-3-030-12668-1_9
https://pubmed.ncbi.nlm.nih.gov/30919337
https://doi.org/10.1016/j.jneumeth.2018.02.005
https://pubmed.ncbi.nlm.nih.gov/29452179

SUPPLEMENTARY MATERIALS

Supplementary Data
Supplementary 1 egg laying
Two exemplary pictures of aged FUdR-treated N2 and

auxin-fed PX627 to show the visible effect of FUdR
and auxin on aged nematodes. While the use of FUdR

Supplementary Figure

PX627 10-day + auxin |

causes a developmental arrest resulting in an inability
to lay eggs (Supplementary Figure 1A), auxin leads to
the development of unfertilized eggs which can be
situated normally (Supplementary Figure 1B).

Supplementary Figure 1. Exemplary picture of aged wild-type N2 (A) and PX627 (B) displaying the inability of N2 to lay their eggs,
compared to physiological egg laying of PX627. Scaling bar is 200uM.
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