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Caffeine and related purine alkaloids are common ingredients of many stimulating drinks. Studies have shown
that lower concentrations of caffeine have a protective role in aging-related disorders. However, the associated
mode of action of caffeine and its related methylxanthines is still not clear. In this study, we demonstrated that
caffeine and theophylline promote longevity in Caenorhabditis elegans. Lifespan studies with the wild type, DAF-
16 and SKN-1 mutant strains indicated that the methylxanthines-mediated lifespan extension in C. elegans was
independent of DAF-16/FOXO0 and SKN-1. All the tested methylxanthines could protect C. elegans against acute

SKN-1 oxidative stress. At early stages of life, an increase of ROS (reactive oxygen species) induced the translocation of
DAF-16 and SKN-1, resulting in upregulation of several antioxidant genes, for example, sod-3p::GFP, gst-4p::GFP,
ges-1p::GFP; and downregulation of hsp-16.2p::GFP. RT-PCR corroborates the upregulation of gst-4 and skn-1
genes. The expression of DAF-16 decreased although its nuclear translocation was induced.

1. Introduction

Caffeine, along with the purine-related alkaloids theobromine and
theophylline, are present in many stimulating drinks, such as coffee,
green tea, chocolate and some soft drinks. These methylxanthines are
structurally similar. Theophylline and theobromine are isomers and
their NH group is substituted in caffeine by a N-CH3 group (Xia, Ni, &
Kokot, 2013), shown in Fig. 1.

It has been reported that caffeine has a beneficial effect on a number
of health disorders, including depression, liver disease, and type 2
diabetes mellitus (Hall et al., 2015; Higdon & Frei, 2006; Rivera-Oliver
& Diaz-Rios, 2014; Saab, Mallam, Cox, & Tong, 2014). Epidemiological
studies suggest that coffee consumption has a neuroprotective role in
Parkinson’s disease (PD) and Alzheimer’s disease (AD) (Eskelinen &
Kivipelto, 2010; Liu, Guo, Park, Huang, Sinha, Freedman, et al., 2012).
Furthermore, studies have proven that a moderate intake of caffeine
may be beneficial in preventing the progression of non-alcoholic fatty
liver disease (NAFLD). The reason may be that stimulation of lipid
breakdown decreases the amount of stored fat in fatty liver (Sinha et al.,
2014). Theophylline is a common drug mainly used to treat respiratory
disorders, such as asthma (Barnes, 2013). Theobromine is not widely
used.

Reactive oxygen species (ROS) are by-products of aerobic metabo-
lism. ROS are a double-edged sword, as ROS are essential to the
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organism but can also exert detrimental effects on cell macromolecules
(Heidler, Hartwig, Daniel, & Wenzel, 2010; Mattson, 2008). It is widely
believed that low levels of ROS modulate the innate immune response
and function as signaling molecules involved in a mitochondria-to-nu-
cleus signaling pathway (Balaban, Nemoto, & Finkel, 2005; Wei &
Kenyon, 2016). On the other hand, unbalanced levels of ROS can, for
example, elicit the oxidation of the DNA base guanosine to 8-ox-
oguanosine, leading to point mutations. These mutations can impair
important proteins in cells disrupting the normal cell function and even
inducing cancer. An antioxidant defense system composed by enzy-
matic and nonenzymatic antioxidants is required to neutralize the
overproduction of ROS.

The nematode Caenorhabditis elegans has been widely used as one of
the most powerful model to tackle various biological questions (Yang &
Hekimi, 2010). Specifically due to transparency throughout its com-
plete life cycle, easy maintenance and easy manipulation of growth
conditions, its short life cycle and lifespan (approximately 18 days at
20 °C), Caenorhabditis elegans has also been successfully used as a good
choice in high-throughput drug screenings and in aging studies
(O'Reilly, Luke, Perlmutter, Silverman, & Pak, 2014).

Aging is an inevitable process in all organisms. Insulin/insulin-like
growth factor-1 signaling (IIS) was the first aging regulatory pathway
described (Kenyon, 2011). The gene daf-2 codes for the homolog of the
insulin/insulin-like growth factor-1 receptors in C. elegans. When the
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Fig. 1. Chemical structures of methylxanthines.

activity of DAF-2 is reduced or inhibited in nematodes, the transcription
factor DAF-16 is released and translocated to the nucleus, promoting
stress resistance and lifespan extension. In addition to daf-16, skn-1
encodes the C. elegans homolog of the mammalian nuclear respiration
factor 2 (Nrf2). SKN-1 regulates more than 200 genes encodes cyto-
protective phase II detoxification and antioxidant enzymes, including
glutamate-cysteine ligase subunits and glutathione-S-transferase, which
collectively synthesize glutathione (GSH) (Lu, 2009). The modulation
of IIS and SKN-1/Nrf2 pathways by plant secondary metabolites have
been shown to enhance the innate antioxidant defense system response,
and to contribute to the reestablishment of the antioxidative-oxidative
balance (Leonov et al., 2015).

As coffee and related stimulating drinks belong to the most widely
consumed beverages, it is relevant to further understand the impact of
caffeine, theophylline, and theobromine on stress resistance and aging.
In this study, we aimed to evaluate whether and how caffeine, theo-
phylline, and theobromine can promote longevity in C. elegans.
Different C. elegans strains were used to detect the effect of these
compounds on the expression of stress and lifespan extension related
genes. Our results may provide useful information for understanding
longevity and stress resistance induced by methylxanthines in stimu-
lating drinks.

2. Methods
2.1. DPPH assay

The in vitro antioxidant ability of methylxanthines was measured by
detecting the decrease in the absorption of the stable free radical DPPH
(2,2-diphenyl-1,picrylhydrazyl) (Sigma-Aldrich GmbH, Steinheim,
Germany), as described by Blois (1958) (Blois, 1958). Briefly, 100 pl of
serially diluted methylxanthines were mixed with 100 ul of 200 uM
DPPH (diluted in methanol). The reaction ran in the dark for 30 min.
The absorption of the mixture was measured at 517 nm in a microplate
reader (Tecan Group Ltd., Mannedorf, Switzerland). The following
equation was used to calculate the radical scavenging ability of me-
thylxanthines:

A0 — A1 x 100%

DPPH scavenging effect (%) =
Here A0 means the absorption of only DPPH, and A1 is the absorption
in the presence of methylxanthines. The polyphenol from green tea,
EGCG, was used as a positive control (Nikoo, Regenstein, & Ahmadi
Gavlighi, 2018). All measurements were performed in triplicate.

2.2. C. elegans — strains and maintenance

C. elegans strains N2 (wild type), CF1553 [(pAD76) sod-3p::GFP],
TJ356 [daf-16p::daf-16a/b::GFP + rol-6(sul006)], CF1038 [daf-16
(mu86)], LD1 [skn-1b/c::GFP + rol-6(sul006)], LD1171 [gcs-
1p::GFP + rol-6(sul006)], CL2166 [(pAF15)gst-4p::GFP::NLS], TJ375
[hsp-16.2::GFP(gplsD)], EU1 [skn-1(zu67) IV/nT1(IV;V)] were pur-
chased from the Caenorhabditis Genetics Center (CGC, University of
Minnesota, Minneapolis, MN) and cultured in NGM (nematode growth
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medium), which is seeded with Escherichia coli OP50 as a food source
(CGC, University of Minnesota, Minneapolis, MN). The worms were
incubated at 20 °C as described previously (Brenner, 1974). For assays
that demand a liquid medium, S-medium was employed, which was
complemented with E. coli OP50 (ODggo = 0.8-1.2). Caffeine, theo-
phylline and theobromine were dissolved in S-medium prior to the
assays.

2.3. Measurement of intracellular ROS

Synchronized L1 larval worms (N2 grown in S-medium) were
treated with 1 mM caffeine, 5mM caffeine, 1 mM theophylline, 5 mM
theophylline, and 1 mM theobromine (due to lower solubility of theo-
bromine, 5mM theobromine could not be obtained) for 48 h, while a
control group was left untreated. All groups were then treated with
50 uM CM-H,DCFDA (Sigma-Aldrich GmbH, Steinheim, Germany) and
incubated in the dark for 1h at 20 °C. Worms were washed once with
M9 buffer to remove any excess dye and then mounted on a glass slide
with a drop of 10 mM sodium azide (AppliChem GmbH, Darmstadt,
Germany) for paralysis. CM-H,DCFDA is taken up by the cells and then
oxidized by ROS into a fluorescent dye (DCF). Then the fluorescent
intensity is related to the ROS level in C. elegans. Using a BIOREVO BZ-
9000 fluorescence microscope (Keyence Deutschland GmbH, Neu-
Isenburg, Germany) equipped with a mercury lamp, the slides were
photographed (\eyx 480/20 nm, A, 510/38 nm, a 10 X bjective lens, a
constant exposure time) and analyzed. The relative fluorescence of the
whole body was determined densitometrically using ImageJ (National
Institutes of Health, Bethesda, MD). The results are presented as the
percent mean fluorescent intensity compared to the untreated control.
All the experiments were carried out at least three times and compared
by one-way ANOVA followed by Dunnett’s method.

2.4. Survival assay under oxidative stress

Synchronized wild-type C. elegans (N2) at the L1 larval stage were
treated as described above, while a control group was left untreated.
After 48 h, all the groups (each contained 60 worms in total) were ex-
posed to 80 uM of the pro-oxidant juglone (5-hydroxy-1,4-naphtho-
quinone) (Sigma-Aldrich GmbH, Steinheim, Germany) for 24 h. Dead
and live worms were counted afterwards. The worms were considered
dead when they did not respond to a gentle touch with a platinum wire.
The survival rate is presented as the mean of three independent ex-
periments and compared by one-way ANOVA followed by Dunnett’s
multiple comparisons method, using Graphpad Prism Version 6.01
(GraphPad Software, La Jolla, California, USA).

2.5. Lifespan assay

For lifespan assays, caffeine, theophylline, and theobromine were
added into NGM to have the fixed concentration of methylxanthines as
described above. Then 100 ul of S-medium containing 0.8-1.2 E. coli
and corresponding concentration of methyxanthines were added on the
freshly prepared NGM plates. All the plates were left at room tem-
perature until S-medium dried then they could be used for the lifespan
assay. L1 worms (N2, CF1038, and EU1) were transferred to NGM
plates prepared as described above. During the reproductive period, the
worms were transferred daily to freshly prepared plates to separate the
adults from their progeny; thereafter, the transfer was carried out every
second day. Worms that no longer responded to a gentle touch with the
platinum wire were scored dead and excluded from the plates. Worms
with internally hatched progeny were censured. The results are pre-
sented as percentage of survival, mean and median lifespan using the
Kaplan-Meier method, SPSS 22.0. Differences between groups were
determined by the log-rank (Mantel-Cox) test followed by the Gehan-
Breslow-Wilcoxon test using Graphpad Prism.
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Fig. 2. Effects of methyxanthines on the lifespan of wild-type (N2), daf-16 mutant (CF1038), and skn-1 mutant (EU1) worms. Lifespan experiments were performed at
least three times. Additional information is shown in Supplementary Table 1.

2.6. Intracellular localization of DAF-16::GFP and SKN-1::GFP and SKN-1::GFP were photographed and analyzed by fluorescence mi-

Croscopy.
The strain TJ356 (with DAF-16::GFP) was used to detect the in-

tracellular DAF-16 localization. Synchronized L1 stage TJ356 worms
were grown in S-medium, divided into 6 groups and treated as de-
scribed above for 24 h at 20 °C. The strain LD1 was used to monitor the Synchronized L1 worms of the transgenic strains carrying a GFP
intestinal nuclear localization of SKN-1::GFP. Synchronized L1 larval reporter for sod-3 (CF1553), ges-1 (LD1171), gst-4 (CL2166) were
stage worms (LD1) were divided into 6 groups and treated as described treated with caffeine, theophylline, and theobromine or left untreated
above for 48 h at 20 °C. For each assay, nematodes were collected and as described above for 48h. For hsp-16.2 (TJ375 strain), the worms
mounted onto glass slides, anaesthetized with 10 mM sodium azide and

: . o were treated for 48 h, and then subjected to 20 uM juglone for a further
capped with coverslips. The subcellular distributions of DAF-16::GFP 24h. GFP fluorescence images of randomly selected animals were

2.7. Expression of stress response genes
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Fig. 3. Antioxidant effects of methylxanthines. They protected against oxidative stress in wild type nematodes. A, in vitro evaluation of antioxidant activity using
DPPH assay. B, in vivo anti-oxidant activity was detected by the quantification of intracellular ROS levels in N2 worms. C, the effect of methylxanthines on stress
resistance (% survival) under a lethal dose of juglone. The experiments were carried out at least three times, p < 0.05, “p < 0.01, "“p < 0.001, “p < 0.0001,

and compared to the untreated control by one-way ANOVA following Dunnett.

photographed and analyzed using ImageJ. The results are presented as
percent mean fluorescent intensity compared to the untreated control.
All the experiments were carried out at least three times and compared
by one-way ANOVA followed by Dunnett’s method.

2.8. Quantitative real-time PCR

Synchronized L1 worms of the wild type (N2) were exposed to 5 mM
caffeine, 5mM theophylline, 1 mM theobromine or left untreated. The
worms were then incubated in S-medium supplemented with E. coli
OP50 for 48 h at 20 °C. Worms were washed with M9 buffer three times
and total RNA was extracted using a Universal RNA Purification Kit
(Roboklon, Berlin, Germany). The concentration of total RNA was
measured spectrophotometrically, and purity was checked at 260 nm/
280 nm and 260 nm/230 nm. For reverse transcription (RT), 500 ng of
total RNA from control and each treatment group were used
(QuantiTect Reverse Transcription Kit, Qiagen, Hilden, Germany) to
produce cDNA. For the quantitative real-time PCR (qRT-PCR), the
c¢DNA was diluted 100-fold in nuclease-free water. The quantitative
real-time PCR was performed with a Roche LightCycler® 96. Data were
analyzed by the LightCycler®96 System. cdc-42 was used as a house-
keeping gene. The PCR primers are listed in Supplementary Table 2.
These data were analyzed by a two-tailed Student’s test.

2.9. Reproduction assay and body length

Synchronized L1 stage N2 animals were individually transferred to
NGM plates prepared as described in the lifespan assay. The NGM plates
were freshly seeded with E.coli OP50. The adult animals were trans-
ferred to freshly prepared NGM plates until the reproductive period was
over. The eggs or the hatched progeny were counted. The mean brood
size was compared by one-way ANOVA followed by Dunnett (post-hoc).
For the body length measurement, around 30 wild-type L4 larvae were
randomly selected and transferred to the solid NGM plates containing
the corresponding concentration of compounds. On the first day of
adult life, images of individual nematodes were prepared and the body
length was determined using the software BZ-II Analyzer (Keyence
Corp.). The results were presented as body length in micrometers
(mean * SEM).

3. Results
3.1. Methylxanthines increased lifespan of wild type C. elegans

To determine whether caffeine, theophylline and theobromine af-
fect the longevity of nematodes, worms were maintained throughout
their whole lives on nematode growth medium (NGM) plates containing
different concentrations of methylxanthines, i.e. 1 mM and 5mM caf-
feine; 1 mM and 5 mM theophylline and 1 mM theobromine. Except for
1 mM theobromine, the other methylxanthines could prolong the life-
span (Fig. 2 and Supplementary Table 1), for example, 5mM caffeine
and theophylline could both increase the lifespan of N2 by 22.22%.

In C. elegans, DAF-16 and SKN-1 play important roles in many
regulatory pathways and are involved in lifespan-extending interven-
tions (Blackwell, Steinbaugh, Hourihan, Ewald, & Isik, 2015a). In order
to understand if the observed lifespan extension is dependent on DAF-
16 or not, lifespan assays using a DAf-16 strain (CF1038) were carried
out (Fig. 2). The results demonstrated that, compared to the untreated
control, the lifespan of the DAF-16 mutant strain was extended when
exposed to caffeine and theophylline, indicating that the action of
caffeine and theophylline is not strictly dependent on the DAF-16
pathway. Furthermore, to investigate the involvement of SKN-1 in the
lifespan extension, assays with a SKN-1 strain (EU1) were carried out
(Fig. 2). Methylxanthines also prolonged the lifespan of SKN-1 mutant
worms, indicating that SKN-1 was also not required for lifespan ex-
tension. Theobromine 1 mM had no effect on the lifespan of the wild
type (N2) and daf-16 mutant (CF1038) but extended the lifespan of the
skn-1 mutant by 42.86%.

3.2. Methylxanthines improve the stress resistance of C. elegans under
oxidative stress

To explore how methylxanthines enhance the stress resistance of C.
elegans under induced oxidative stress, the free radical-scavenging
abilities of methylxanthines were evaluated. Methylxanthines do not
exhibit an antioxidant activity in vitro (shown in Fig. 3A). In another set
of experiments, we explored the effect of methylxanthines on in-
tracellular ROS levels in wild type worms. 100 uM EGCG, which has the
ability to scavenge the superoxide anion in vivo, was used as a positive
control (Nikoo et al., 2018). The results showed that caffeine and
theophylline increased the ROS levels in C. elegans. 5mM caffeine in-
creased the ROS levels by 35.9 + 11.66%, and 5mM theophylline by
31.8 = 5.85%, while 100 uM EGCG decreased the ROS levels by
35.9 + 2.41 (Fig. 3B). In basal stress conditions, the methylxanthines
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work as pro-oxidants.

A stress assay was carried out to detect the effects of methyl-
xanthines on the survival rate of the worms under acute oxidative
stress. Juglone, a free radical generator, converts oxygen to a super-
oxide anion and consequently increases intracellular oxidative stress
(Przybysz, Choe, Roberts, & Strange, 2009). Worms were exposed to
80 uM juglone after 48 h of pretreatment with methylxanthines. The
results showed that pretreatment with purine alkaloids improved the
worm’s resistance to oxidative stress. Under oxidative stress, 5 mM of
caffeine and theophylline showed strong protective effects. The survival
rate of these worms was significantly higher (61.11 * 22.75% and
67.78 = 4.19%, respectively) than in the juglone group
(12.42 *= 2.09%) (Fig. 3C).

3.3. Methylxanthines induced DAF-16 and SKN-1 translocation

DAF-16/FOXO and SKN-1 are the main transcription factors in-
volved in the regulation of stress-resistance and lifespan extension re-
lated genes (Park, Tedesco, & Johnson, 2009). Under basal stress con-
ditions, DAF-16/FOXO remains inactive in the cytosol. Its translocation
to the nucleus can be stimulated by different kinds of stress, for ex-
ample, oxidative stress, resulting in influencing the expression of a
variety of genes related to stress response (Mukhopadhyay, Oh, &
Tissenbaum, 2006). To evaluate whether methylxanthines exert their
stress-reducing effects via the DAF-16/FOXO pathway, the mutant
strain TJ356 was treated with methylxanthines. The results showed that
a higher percentage of methylxanthine-treated worms exhibited a nu-
clear location pattern of DAF-16::GFP than the negative control (shown
in Fig. 4 B). The worms treated with 5mM theophylline showed the
highest significant fraction of 62.5 *+ 4.24% DAF-16 nuclear localiza-
tion and 5mM caffeine showed 58.17 + 2.53%, compared with
10.32 = 2.55% observed among the negative control group. Treat-
ments with 1 mM theobromine, 1 mM caffeine, and 1 mM theophylline
also induced DAF-16::GFP translocation, but not to a remarkable extent.
EGCG 100 uM was used as a positive control.

The transgenic strain LD1 [skn-1b/c::GFP + rol-6(sul006)], which
has a skn-1 promoter fused with a GFP reporter, was used to test
whether methylxanthines could induce the translocation of SKN-1
(Dehghan et al., 2017). The results showed that caffeine and theo-
phylline remarkably translocalized SKN-1 to the nuclei of the intestine
(Fig. 4D). 1 mM caffeine induced 40.26 + 2.75% SKN-1 translocation;
and theophylline 1 mM induced 47.00 + 5.81%. For 1mM theo-
bromine and 100 uM EGCG, no significant translocation was observed
(shown in Fig. 4).

3.4. Regulation and expression of stress-resistant genes

SOD-3 (superoxide dismutase 3), which scavenges superoxide free
radicals, is one of the DAF-16 target genes (Lee, Kennedy, Tolonen, &
Ruvkun, 2003). CF1553, which has a sod-3 promoter fused with a GFP
reporter, was used to further study the effects of methylxanthines on the
expression of protective genes. Compared with the negative control
group, an upregulation was detected among worms treated with 5 mM
caffeine (13.3 * 3.37%) and 5mM theophylline (14.8 = 5.36%)
(Fig. 5A).

TJ375, which has a hsp-16.2 promoter fused with a GFP reporter,
does not express detectable GFP under basal stress conditions (Peixoto
et al., 2016). However, after induced oxidative stress or heat shock, the
adult worms exhibit a detectable GFP expression in the pharynx. The
expression of hsp-16.2::GFP induced by 20 uM juglone was decreased by
60.97 = 3.47% (1 mM -caffeine), 74.66 + 6.05% (5mM -caffeine),
16.64 = 4.92% (1 mM theophylline), 42.39 * 5.24% (5mM theo-
phylline), and 57.28 + 4.00% (1 mM theobromine) respectively, as
compared with the negative control (Fig. 5B).

Activated SKN-1 is translocated into the nucleus, inducing the
transcription of genes involved in oxidative stress response, including
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glutamate-cysteine ligase and glutathione S-transferases (Park et al.,
2009). The mutant strains LD1171 (gcs-1 promoter fused with GFP re-
porter) and CL2166 (gst-4 promoter fused with GFP reporter) were used
to investigate the expression of gcs-1 and gst-4. As shown in Fig. 5C, D, a
higher expression level was detected among worms treated with me-
thylxanthines as compared to control. The expression of gcs-1 was in-
creased by 33.6 = 6.78% (5mM -caffeine) and by 45.3 = 8.66%
(5 mM theophylline), respectively and the expression of gst-4 was in-
creased by 47.1 * 10.55% (5mM caffeine) and by 57.3 = 8.17%
(5 mM theophylline), respectively.

Quantitative real-time PCR was performed to detect the expression
levels of DAF-16, SKN-1, SOD-3, and GST-4 in C. elegans. As shown in
Fig. 5, the expression of DAF-16 was downregulated 2.51-fold when the
organisms were treated with 5mM theophylline, and 2.64-fold when
they were treated with 1 mM theobromine. SKN-1 was increased 1.63-
fold in 5mM caffeine treatment. SOD-3 expression was not affected.
The expression of GST-4 in C. elegans treated with 1 mM theobromine
was increased by 3.13-fold, with 5mM caffeine 6.67-fold, and with
5mM theophylline 5.24-fold.

3.5. Higher concentrations of caffeine and theophylline reduced body length
and brood size

Body length and brood size are toxicity markers in C. elegans
(Bischof, Huffman, & Aroian, 2006; Mohan, Chen, Hsieh, Wu, & Chang,
2010). Our results showed that 5mM caffeine and theophylline ex-
posure reduced brood size (Fig. 6). For the body length, 5 mM caffeine
exposure reduced the mean body length, while 5 mM theophylline had
no effect on the body length of the adult worms. Lower concentrations
of methylxanthines did not affect the body length and brood size, in-
dicating that such concentrations had no toxicity.

4. Discussion

Caffeine has been reported to exert lifespan extension of C. elegans
in a dose-dependent manner (Bridi et al., 2015; Sutphin, Bishop, Yanos,
Moller, & Kaeberlein, 2012). A plant extract which mainly contained
caffeine had also been demonstrated to play a positive role in lifespan
extension in C. elegans (Peixoto et al., 2017). However, the effects of
theophylline and theobromine have not been reported before.

In this study, we showed that caffeine and theophylline could ex-
tend the lifespan of the wild-type nematode C. elegans. For example,
5 mM caffeine and theophylline could increase the lifespan extension by
22.2%. However, in our study, DAF-16 and SKN-1 were apparently not
essential for the induced lifespan extension. Here, we demonstrated that
the lifespans of daf-16 mutant (CF1038) and skn-1 mutant (EU1) were
both increased by caffeine and theophylline (Fig. 2). Our study also
provides evidence that caffeine and theophylline exert similar effects on
the lifespan of C. elegans, shown in Supplementary Table 1. While for
theobromine, although it is the isomer of theophylline, no effect on the
lifespan of wild type (N2) and daf-16 (CF1038) mutant was observed, it
could only extend the lifespan of the skn-1 (LD1) mutant.

Bridi et al. (2015) observed a caffeine-induced lifespan extension at
5mM and suggested that it was partly dependent on DAF-2, but not on
DAF-16, as the daf-2 mutant exposed to caffeine showed a slight de-
crease in lifespan while the daf-16 mutant showed an increased life
expectancy (Bridi et al., 2015). Furthermore, Bridi and coworkers
suggested that adenosine signaling could also play an important role in
the caffeine induced lifespan extension (Bridi et al., 2015), as caffeine is
a known adenosine receptor antagonist and inhibitor of cAMP phos-
phodiesterase. In the studies of Sutphin et al. (2012) and Lublin et al.
(2011), 5mM caffeine failed to increase lifespan of a daf-16 mutant
strain, thus indicating that it acts through the DAF-16 pathway to
promote extended longevity (Lublin et al., 2011; Sutphin et al., 2012).
The reason behind the non-sensical results might be related to the
differences in the methodology applied. Bridi et al. (2015) proved that
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Fig. 4. Methylxanthines induced DAF-16/FOXO and SKN-1 translocation to the nucleus and regulated target genes. A, three levels to determine the pattern of the
DAF-16::GFP subcellular translocation. B, methylxanthines induced significant translocation of DAF-16::GFP. C. Two patterns of the SKN-1::GFP subcellular trans-

location. D, methylxanthine treatment induced a significant translocation of SKN-1:

least three times, 'p < 0.05, “p < 0.01, "p < 0.001,

lifelong expose (from L1 stage) to 5 mM caffeine was needed to extend
lifespan. While in Stuphin’s work, the worms were treated from the L4
stage. And in their work, 5 mM caffeine could not extend the lifespan of
daf-16 mutants, however, 10mM extended the lifespan of daf-16
(RNAi) mutants by 19.7%. The author suggested that a small mechan-
istic component of the life span extension in the presence of caffeine is
independent from IIS. Another variable lifespan experiment was the
usage of Amp/FUDR, which was not used in our and Bridi’s studies.

Methylxanthines had no antioxidant activity in vitro (Fig. 3A). The
result of ROS accumulation in vivo demonstrated that the methyl-
xanthines increased the ROS level to some degree (Fig. 3B). It was re-
ported before that caffeine could trigger ROS generation in osteoblasts
(Lu, Lai, & Chan, 2008). Although methylxanthines could not scavenge
radicals in vitro and increased the ROS level in C. elegans, they could
increase the survival rate under acute oxidative stress induced by ju-
glone (Fig. 3C).

DAF-16 and SKN-1 regulate the expression of genes related to stress
resistance (Blackwell et al., 2015b; Hesp, Smant, & Kammenga, 2015).
In a short time-frame, caffeine and theophylline exposure significantly
induced DAF-16 and SKN-1 translocation to the nucleus (Fig. 4A and B).
SOD-3 is a mitochondrial enzyme, which is important for C. elegans to
balance the ROS level. Our results indicated that higher concentrations
of caffeine and theophylline could slightly increase the expression of

:GFP in LD1. Data are presented as mean
< 0.0001, and compared to the untreated control by one-way ANOVA following Dunnett.

+ SEM, experiments were repeated at

SOD-3 (Fig. 5A). HSP-16.2, which is categorized as a small HSP, is in-
duced when the organisms are under heat shock or oxidative stress
(Strayer, Wu, Christen, Link, & Luo, 2003). Pretreatments with me-
thylxanthines resulted in downregulation of HSP-16.2 expression,
compared to the untreated control (Fig. 5B). The intestine not only
mediates digestion, but also is a major detoxification organ, it is be-
lieved that many functions of SKN-1 have been linked to its intestinal
expression (Blackwell et al., 2015a). In intestine cells, SKN-1 accumu-
lates in nuclei and activates target genes in response to environmental
stress. We showed here that Phase II detoxification genes gst-4 and gcs-1
were upregulated after exposure to methylxanthines (Fig. 5C and D).
We hypothesized that the reported increase in the ROS levels might
play a beneficial role in the regulation of anti-stress genes.

Quantitative PCR demonstrated that SKN-1 was highly expressed
after caffeine treatment. And its target gene gst-4 was also highly ex-
pressed when treated with methylxanthines, which could explain the
higher survival rate after oxidative stress (Fig. 3C). Significantly lower
levels of DAF-16 were observed in theophylline and theobromine
treatment, with a slight decrease in caffeine treatment. In our experi-
ments worms were exposed to methylxanthines from the L1 larval stage
to the adult stage (48 h after L1), the lower expression of DAF-16 could
possibly explain the reduced brood size and shorter body length
(Tissenbaum, 2018) (Fig. 6).
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were used to analyze the results. Data are presented as mean + SD.
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three times, p < 0.05, “p < 0.01, “p < 0.001,

In C. elegans, brood size and body length reduction have been in-
dicated as toxicity markers (Peixoto et al., 2016). In our study, higher
concentrations of caffeine and theophylline interfered with the worm’s
reproduction and body length (Fig. 6). The ability of toxic compounds
to exert beneficial effects at low doses is called hormesis (Mattson,
2008). Compounds that act in a hormetic way typically increase mi-
tochondrial activity and ROS formation, activating the innate stress
response system (Ristow & Zarse, 2010). Since this sequence of phe-
nomena has been shown to increase the lifespan of C. elegans, we hy-
pothesize that caffeine and theophylline might act through hormesis to
promote longevity in C. elegans. Indeed, a previous study demonstrated
that lower concentrations of caffeine could be beneficial to C. elegans
inducing lifespan extension, while higher concentrations of caffeine
decreased lifespan (Sutphin et al., 2012).

Our study confirmed a longevity promoting effect and a modulation
of oxidative stress response of caffeine and theophylline. Although our
study suggests the role of hormesis in the observed activities, further
studies are needed to fully explain the connection between the mod-
ulation of stress resistance related genes during the early life of C.
elegans and the lifespan extension promoted by methylxanthines, which
might include the inhibition of adenosine receptors and of cAMP
phosphodiesterase, which are active in several pathways.
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