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ABSTRACT: Anthocyanins have long been established for their benefits to various organisms, ranging from lifespan
extension and healthspan improvement in animal models to enhanced immunity and organ function in humans. In
Asia, staple food, such as potatoes and rice, contains peonidin, a flavylium-bearing anthocyanin. However, its benefits
have only been demonstrated in crude or partially purified extracts, with scarce data on its purified form. In this study,
peonidin-3-glucoside (P3G) was tested for antioxidant properties and was administered to Caenorhabditis elegans under
various forms of stresses (ultraviolet, heat, and oxidative stress). P3G showed free radical scavenging activity with
an ECs, 6.9-fold higher than that of ascorbic acid but was twofold lower than that of CoQ10 (150 pg/ml). Using its
sublethal concentration (50 pg/ml), P3G extended the lifespan of C. elegans by 14% greater than that of vehicle (dH,0)
but comparable with CoQ10 (16%). In addition, 50 p.g/ml P3G increased the pharyngeal pumping rate of C. elegans
by 8.3%, which is an indicator of healthspan improvement. When compared with dH,O under ultraviolet (UVA), heat
(30°C), and H,0, (100 um) stressors, P3G continued to increase the lifespan of C. elegans by 23%, 25%, and 47%,
respectively; which CoQ10 was not able to achieve except under H,O, stress. Meanwhile, egg-laying ability-which is
another indicator of healthspan-did not improve with either P3G or CoQ10. Taken together, P3G enhanced the lifespan
and healthspan of C. elegans in the presence of UV, heat, and oxidative stresses, with mechanisms possibly diverging
from its antioxidant activity that warrant further investigation.
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INTRODUCTION

Anthocyanins are responsible for the deep pigmen-
tation of various parts of plants and vegetation, such
as flowers, leaves, fruits, and cereal grains-at times
giving them a blue, purple, or red appearance. The
six known classes of anthocyanins, namely cyani-
din, peonidin, delphinidin, pelargonidin, petunidin,
and malvidin, are well represented in the human
diet, and have been shown to have antioxidant and
medicinal properties in many herbal preparations
[1-3]. In addition, studies have also shown the
benefits of anthocyanin-containing crude extracts
in promoting longevity and stress resistance [4-6].
However, these studies do not demonstrate the sepa-
rated efficacy of purified anthocyanins and maintain
an unclear distinction between medicinal effects

attributable to anthocyanins alone and to other
phytochemicals present, as well as to their apparent
modes of interaction.

In this study, peonidin-3-glucoside (P3G) was
chosen as the anthocyanin of interest. It is a phy-
tochemical commonly found in various berries [5]
and is dominantly found in purple cabbage (Brassica
oleracea var. capitate), purple yam (Dioscorea alata),
camote tops (Ipomoea batatas), and black and red
rice (Oryza sativa) here in the Philippines [7-9].
Hence, P3G is a relevant and accessible anthocyanin
in the country, which warrants investigation on its
medicinal properties. The protective effect of antho-
cyanins extracted from black rice against oxidative
stress and oxidative damage in the brain leading to
learning and memory impairment in mice has been
reported [10]. Here, we show that P3G increases
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the lifespan and healthspan of Caenorhabditis ele-
gans at its sublethal concentration (50 pg/ml) under
UV (B), heat (30°C), or H,O0, stresses, which is
generally comparable to that of CoQ10 despite its
lower free radical scavenging ECs,. These suggest
that P3G is a potentially beneficial compound for
healthy aging and longevity, and this warrants fur-
ther investigation on its mechanism of action, which
possibly diverges from its free radical scavenging
activity.

MATERIALS AND METHODS

Preparation of the compounds

Peonidin-3-glucoside (P3G) (> 97%) and coenzyme
Q10 (98%) were procured from AS Polyphenols
(Norway) and ApexBio (Texas), respectively, and
were stored in powder form at —20 °C until further
use. On the day of experimentation, P3G was
dissolved in dH,O to prepare two concentrations
(50 and 100 pg/ml), with the stock stored at 4°C
protected by foil and away from sources of light.
Meanwhile, 150 pg/ml of CoQ10 was prepared
according to a study that showed optimal lifespan
extension at this concentration [11], with similar
storage conditions.

Preparation of nematode plates

For this study, C. elegans was prepared and main-
tained according to Manalo and Medina [12].
Briefly, the following compounds were dissolved in
125 ml of dH,0:0.375 g NaCl, 2.125 g bacteri-
ological agar, and 0.3125 g bactopeptone. After
thorough mixing, the suspension was autoclaved at
15 psi to achieve 121 °C for 15 min. After cooling to
about 60 °C, 125 pl each of 1 M CaCl,, 1 M MgSO,,
and 5 mg/ml cholesterol in absolute ethanol were
added, followed by 3.125 ml of 1 M K,PO,. The
solution was mixed at each addition and was poured
via aseptic techniques to small petri plates to make
nematode growth media (NGM). After sufficient
cooling, 100 pl of Escherichia coli strain OP50 was
added onto each plate, before 30 C. elegans strain
N2 nematodes were transferred via worm-picking.
Worms were age-synchronized at stage L4 by plac-
ing adult worms in new NGM plates allowing them
to lay eggs for 1 h, and then removing them from
the plates. The eggs laid, which were estimated
to have +1 h age difference, were then allowed to
hatch with the worms maturing to stage L4 before
distributing to new NGM plates until n = 30.
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Sublethal assay

For each set-up, NGM plates containing 100 pug/ml
of P3G was prepared for the nematodes. The con-
centration was based on a previous study showing
optimal lifespan extension and thermotolerance by
anthocyanin-containing crude blueberry extracts at
200 pg/ml [4,13]. Since a pure anthocyanin com-
pound was used, we intuitively used a twofold less
concentration as the initial test treatment. After
exposure to control or treatment, the number of live
nematodes was counted after 72 h. Each nematode
was scored as alive if they were motile, or if they
responded to a light stroke with a nichrome wire.
Survival rate was expressed as percent survival per
day of observation. The sublethal concentration
was arbitrarily set to be the concentration at which
survival is 290% (n = 27 or above) at 72 h. This was
chosen to maximize the sample size and statistical
power of treatment groups, and to minimize any
toxic effects that may confound the results. If a
given concentration demonstrates lethality based on
the parameters established, the concentration will
be diluted twofold and retested until survival is
290% (n = 27 or above) at 72 h.

Radical scavenging activity

For the free radical scavenging activity, P3G or
CoQ10 was determined and compared with ascor-
bic acid. The individual compounds were diluted
twofold lower for 8 times starting from 100 p.g/ml
up to 0.781 ug/ml. After which, 10 pl of each
compound was mixed with 140 ul of 68.5 uM 2,2-
diphenyl-1-picryl-hydrazyl (DPPH) in each well of
a 96-well plate. After 30 min of incubation at
room temperature, absorbance was read at 517 nm
using a UV/Vis spectrophotometer. The scavenging
activity of DPPH in percentage of each sample was
then calculated in triplicate. The effective concen-
tration at 50% radical scavenging activity (ECsg;)
of the individual compounds was determined using
GraphPad Prism version 7, (GraphPad Software,
Inc.) for comparison.

Longevity assay

This assay was adopted from the study of Park et al
with slight modifications [14]. Briefly, 30 stage
L4 nematodes were placed on freshly prepared
NGM plates under the following treatments: dH,O;
CoQ10 (150 pg/ml); and P3G (50, 25, and
12.5 pg/ml). Fifty ul of different concentrations of
the compounds with E. coli (OP50) were dispensed
on top of freshly made NGM plates. Worms were


http://www.scienceasia.org/
www.scienceasia.org

ScienceAsia 47 (2021)

immediately transferred directly on the dispensed
compounds mixed with E. coli on the fresh NGM
plates. This was done daily to ensure that worms
were exposed to freshly prepared compounds with
constant concentrations per day. The worms were
exposed to the compounds ad libitum. Worms were
counted every day under a bright field stereomicro-
scope until all the worms were dead. Nematodes
were scored as alive if they were motile, or if they
responded to a light poking with a nichrome wire.

In this study, mean lifespan with treatment was
defined as the average lifespan of the C. elegans
treated with different compounds, whereas mean
lifespan control was defined as the average lifespan
of the worm under no treatment. The difference
between the mean lifespan with treatment and the
mean lifespan control was obtained as percentage
(%) to determine the % change in lifespan.

Measurement of egg-laying ability

The egg laying ability was also measured according
to the study of Park et al with slight modifica-
tions [14]. Briefly, 30 nematodes stage L4 were
transferred to freshly prepared NGM plates with
treatments or vehicle and were then allowed to lay
eggs every 24 h before transferring to new treated
plates. Egg count was then obtained by averaging
the number of eggs laid by all nematodes per day.
C. elegans was transferred daily to new NGM plate
until no eggs were observed.

Measurement of the pharyngeal pumping rate

Similarly, the pharyngeal pumping rate was mea-
sured by counting the number of pumps per min
(ppm). The pharyngeal pumping rate was mea-
sured every day using a stereomicroscope and was
recorded using Amscope MD500 camera (7.5 fps,
35 mm, 1080p HD). A given cycle contraction and
relaxation of the corpus and terminal bulb was
counted as one pharyngeal pump [15].

Stress assay

In this study, the effect of different insults on the
lifespan and healthspan of C. elegans was monitored
according to the study of Park et alwith slight modi-
fications [14]. In brief, 30 nematodes per treatment
group were exposed to the sublethal concentration
of P3G, 150 pg/ml CoQ10, or dH,0. Subsequently,
worms were exposed separately to heat, UV, or
oxidative stress. No worm is exposed to more than
one stressor for the entirety of the assay, and each
stressor effect is evaluated separately using different
groups of C. elegans nematodes.
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Heat stress

For heat stress, plates containing 30 age-
synchronized L4 nematodes were exposed to
30°C heat for 30 min daily using a pre-heated
incubator, with the number of live nematodes
recorded prior to heating. These were periodically
transferred to new treated NGM plates every 3 to
4 days to prevent confounders arising from new
C. elegans offspring.

UV stress

To induce photoaging, NGM plates containing
30 stage L4 nematodes were exposed to ultraviolet
(UVA) radiation (1300 pW/cm?) at 365 nm for
2 min every day using a UV-GL-58 handheld lamp
3 inches above the base of the plates. Similarly,
the number of live nematodes was recorded prior to
UV exposure, with worms periodically transferred
to new treated NGM plates to prevent confounders
brought about by new C. elegans offspring.

Oxidative stress

In this study, oxidative stress was induced based
on the protocol of Bhatla and Horvitz (2015), with
slight modifications [16]. Briefly, nematodes were
exposed to 100 uM of freshly prepared hydro-
gen peroxide (H,0,) solution by dropping approx-
imately 0.2 pl of the solution to the head portion
of the nematodes. They were then immediately
washed with dH,O by transferring them to blank
water-filled plates and subsequently transferring
again to a newly treated NGM plate. This was
done to prevent confounders brought about by di-
rect oxidative damage to the exterior surfaces of
the nematode. The number of live nematodes was
recorded after 24 h and prior to the next free radical
exposure, with worms transferred every 3 to 4 days
to prevent confounding by new C. elegans offspring.

Statistical analyses

In all experiments, results were analyzed as biolog-
ical replicates with two trials performed. Data were
presented as mean=+ SEM. Statistical analysis was
done using one-way ANOVA with post-hoc Tukey’s
multiple comparisons test. Meanwhile, a log-rank
test post-hoc Bonferroni-Holm multiple compar-
isons test was performed for lifespan using OASIS
2. Statistical significance was set at p < 0.05. “*”
denotes significance compared with vehicle (dH,0),
while “**” denotes significance versus dH,0 and
CoQ10.
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All experiments were done under Biosafety
Level 1 precautions at the Biological Models Lab-
oratory of the College of Medicine, University of
the Philippines (UP) Manila. Since the in vivo
model C. elegans is an invertebrate, this study was
exempted for review by the Research Ethics Board
of the UP Manila (2018-019-01).

RESULTS AND DISCUSSION
Sublethal assay

Two concentrations of P3G were tested for the
sublethal assay. When nematodes were exposed
to 100 pg/ml P3G, the survival rate at 72 h was
86.53%. To this end, the concentration was diluted
twofold and was retested in C. elegans; and with
the 50 p.g/ml P3G concentration, the worms main-
tained a 100% survival rate (Fig. 1A). The latter
was determined to be the sublethal concentration of
P3G based on the survival parameter of 290% (n =
27 or above) at 72 h. Interestingly, the sublethal
concentration of pure P3G is lower compared with
the concentrations of crude anthocyanin extracts
used in previous reports [4,13]. This is expected,
since pure P3G intuitively produces an amplified
effect compared with crude anthocyanin extracts
under the assumption that synergism is unlikely
to occur, and hence toxicity is also likely to be
observed at lower concentrations. This suggests
that for P3G at least, efficacy — and hence toxicity
— is a function of anthocyanin purity. With CoQ10
treatment, three concentrations were used: 300,
225, and 150 p.g/ml. Both 300 and 225 p.g/ml con-
centrations were lethal to C. elegans with survival
rates of 84.31% and 88%, respectively (Fig. 1B).
Meanwhile, 150 p.g/ml CoQ10 did not decrease the
survival rate of C. elegans. Indeed, this sublethal
dose is in line with the concentration from pre-
vious reports on its lifespan extending properties
[11,17,18].

P3G is a stronger antioxidant than CoQ10

For free radical scavenging, the DPPH scavenging
activities of P3G and CoQ10 were significantly lower
than that of ascorbic acid (ECs, = 6.406 p.g/ml), as
shown in Fig. 2. The apparent ECs, of P3G (ECs,
= 44.27 pg/ml) was twofold lower than that of
CoQ10 (ECs, = 88.35 wg/ml), which suggests that
the P3G is twice stronger than CoQ10 as an antiox-
idant. Since the DPPH assay indirectly determines
the presence of reactive hydroxyl groups on com-
pounds, a higher scavenging activity suggests that
P3G has more free hydroxyl groups than CoQ10,
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which is indeed consistent with its molecular struc-
ture [19]. However, this does not necessarily mean
that CoQ10 is a poor antioxidant. Rather, the
inferiority of CoQ10 with P3G and ascorbic acid may
suggest that it demonstrates an antioxidant property
via a different mechanism. Reports have shown
that CoQ10 regenerates endogenous antioxidants
and acts as free radical scavenger through auto-
reduction [20-22]. Further, the compound has been
shown to increase the lifespan of C. elegans and
various other organisms, which support its property
as a strong antioxidant and its subsequent use as a
positive control [11].

P3G enhances the lifespan and healthspan of
C. elegans

Adult N2 C. elegans grown in our laboratory at
20°C has an average lifespan of 15 days. From
the sublethal concentration of P3G at 50 pg/ml,
twofold dilutions (25 pg/ml, 12.5 pug/ml) were
made to determine dose responses. For both 50 and
25 pg/ml P3G, the mean lifespan of C. elegans was
extended by about 2.35 days (+14%). Meanwhile,
treatment with CoQ10 extended mean lifespan by
2.77 days (+16%), which was comparable with P3G
(Fig. 3(A,B) and Table S1). These findings were
comparable with a report on crude blueberry and
mulberry extracts, which showed a lengthening of
the lifespan of C. elegans by 20% [3,4]. While the
effects of P3G in terms of lifespan extension was
lower than that of the crude blueberry extracts, this
pure anthocyanin was found to perform better than
anthocyanins derived from purple wheat and acai,
which extended the lifespan of C. elegans by only
11% and 5.6%, respectively [2,5]. These suggest
that pure peonidin alone can extend longevity in
C. elegans, but other polyphenols are also seen
contribute to lifespan extension. Variations in glu-
cosidation patterns of peonidin may also contribute
differing anthocyanin effects. Currently, no study
has demonstrated the bioavailability of peonidin in
humans. However, a recent study predicted the
Absorption, Distribution, Metabolic, Excretion, and
Transport (ADMET) property of peonidin following
Lipinski’s rule of five, which indicates high oral
bioavailability [23]. Conversely, a human study in-
volving anthocyanin-rich extracts detected 0.077%
of anthocyanin in urine 4 h after the consumption,
whereas the plasma concentration of anthocyanin
is undetectable [24]. This evidence indicates that
anthocyanin may have undergone conjugate forma-
tion after consumption, which still needs further
investigation. Previous studies in humans also show
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Fig. 1 Sublethal concentrations of peonidin-3-glucoside (P3G) and coenzyme Q10 after 72 h. Thirty L4 stage nematodes
on NGM treated with various concentrations of either P3G (A) or coenzyme Q10 (B).
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Fig. 2 Radical scavenging activity of ascorbic acid,
peonidin-3-glucoside (P3G), and coenzyme Q10 (CoQ10)
through DPPH assay.

that close to 50% of orally taken anthocyanins are
absorbed through various routes, particularly 1%
in oral cavities, 25% in stomach, and 11-22% in
intestines [25, 26].

For nematodes fed with only OP50 E. coli and
dH,0, egg-laying was observed on the 1st day of
adulthood and ended on the 7th day. Egg count
was observed to spike on the 2nd day, which then
immediately dropped on the 3rd day. This pattern
was similarly observed in treatment groups exposed
to varying concentrations of P3G and CoQ10. Ap-
parently, all treatment groups showed no significant
difference in the average eggs laid per nematode
(Fig. 3(C,D) and Table S2) suggesting that P3G and
CoQ10 may not be involved in the reproductive

pathway or its eventual senescence in the C. elegans
model. Interestingly, this egg-laying pattern was
consistent with a previous report showing cessation
of egg-laying at mid-adulthood of C. elegans [27].
Previous studies have also shown that DAF-12 plays
a role in germline longevity [28,29]. In higher
mammalian models, DAF-12 is activated by insulin
peptides that would activate DAF-16 [5]. Through
DAF-16, the TGF-p) pathway is activated, which leads
to an arsenal of effects [30]. Compellingly, DAF-12
is conserved in C. elegans, and serves an elucidated
purpose. During L2, exposure to stressors promotes
transcription of genes for dauer formation [31].
Hence, DAF-12 is seen to increase stress tolerance,
which ultimately leads to an increase in lifespan
and healthspan. This study did not directly look
into the effects of P3G on the transcript and protein
levels of DAF-2, DAF-16, and DAF-12. However,
previous studies have shown that anthocyanin-rich
extracts, particularly containing P3G, affect DAF-
12, DAF-2, and DAF-16. In a previous study, mul-
berry extract upregulates DAF-12 protein [3]. More-
over, anthocyanin-rich purple wheat extract upregu-
lates DAF-16 protein and suppresses DAF-2 protein,
which favours longevity in the nematodes [2].

Since the dauer formation occurs only in L1-
L2 stage worms, it is possible that other pathways
diverging from these genes are indeed present. Al-
though DAF-12 and DAF-16 are known mediators in
extending germline longevity, P3G was not able to
affect reproduction and fertility. This might be due
to the existence of secondary pathways involving
in maintaining the integrity of the germline, where
anthocyanin might not be involved in or might
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Fig. 3 Effects of P3G on lifespan, egg laying, and pharyngeal pumping in C. elegans without stress. Thirty L4 nematodes
exposed to various concentrations (50, 25, and 12.5 pg/ml) of P3G were observed for lifespan (A), mean lifespan (B),
daily number of eggs laid (C), average number of eggs laid (D), daily pharyngeal pumping rate (E), and average
pharyngeal pumping rate (F). * denotes significance versus dH,O at p < 0.05. ** denotes significance versus dH,O and

CoQ10 at p < 0.05.

only have a minimal effect. Alternatively, this may
be part of a ‘trade-off’ between ensuring germline
longevity and longevity of the nematode. Previ-
ous reports have shown the DAF-12 is required in
C. elegans to extend lifespan in response to germline
loss [32]. Hence, there must be a pathway that
tips the balance in favour of either DAF-12 or DAF-
16 to better ensure the survival of C. elegans. Fur-
thermore, inhibition of the DAF-2 pathway increases
the lifespan of C. elegans by more than twofold-
suggesting the involvement of other pathways [2].
Similarly, P3G improved pharyngeal pumping
rate of C. elegans by 8.3% and 7.3% at 50 and
25 pg/ml, respectively which were non-significant
compared with that of CoQ10 (Fig. 3(E,F) and
Table S3). In a young adult C. elegans, the mean rate
of pharyngeal pumping is about 250 pumps per min
(ppm), which then declines as the worm naturally
ages [33]. These suggest that P3G, at the sub-lethal
concentration, can either increase food appetite or
decrease smooth muscle degeneration comparable
to that of CoQ10. This finding is consistent with
its lifespan-extending effects and is probably re-
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lated to its antioxidant property. Therefore, this
may be attributed to the retardation of age-related
muscle deterioration. Damage repair pathways in
aged muscle tissues are intuitively impaired. Thus,
by potentially alleviating damage in myofilaments,
through some mechanism probably involving DAF-
12, P3G can promote smooth muscle regeneration
and the continued efficient functioning of the pha-
ryngeal pumps.

During feeding, the requirement for ATP to
sustain rapid smooth muscle contractions increases,
which then leads to a higher respiration rate. Hence,
higher reactive oxygen species (ROS) production
brought about by increased oxidative phosphoryla-
tion increases cellular oxidative stress [34]. The
protective effects of P3G on pharyngeal pumping
rate, which was evident in unexposed worms and
to those exposed to various stressors, suggest a
possible mechanism retarding age-associated de-
generation of nematode smooth muscles. Since both
P3G and CoQ10 were able to retard the decline
in pharyngeal pumping rate over time with nearly
comparable effects, this protective function of P3G
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may be strongly related to its antioxidant property.
Furthermore, the behaviour of the pharyngeal neu-
rons is dependent on various neurotransmitters such
as GABA, serotonin, dopamine, glutamate, acetyl-
choline, and neuropeptides [35]. Accordingly, it is
also possible that P3G or CoQ10 activates pathways
that release these neurotransmitters locally in the
C. elegans pharynx and gut, which may promote
further pharyngeal pumping.

Heat stress assay

When exposed to daily heat (30°C) for 30 min,
nematodes exposed to dH,O had their lifespan
shortened by about 7 days (—42%). Of the three
concentrations of P3G, only 50 ug/ml extended
lifespan in the presence of heat, increasing it by
2.2 days (+23%) from the baseline dH,O group
(Fig. 4(A,B) and Table S4). However, this increase
in lifespan was not sufficient to return C. elegans
lifespan back to normal. Meanwhile, CoQ10 did
not improve longevity and was non-significant com-
pared with dH,O. The observed lifespan increase by
P3G is consistent with studies showing anthocyanin-
related increases in lifespan in the presence of heat
stress, which suggest possible mechanisms promot-
ing thermotolerance [4]. Regardless of the mecha-
nism, pure P3G lengthened the lifespan of C. elegans
exposed to chronic, daily heat stress.

In terms of healthspan, egg-laying ability and
pharyngeal pumping rates of those exposed to daily
heat stress declined significantly compared with
unexposed worms. In general, the number of days
C. elegans observed to lay eggs decreased by 1 day
when exposed to heat stress. However, a similar
trend was preserved where number of eggs spiked
on the 2nd day and immediately dropped on the 3rd
day. In terms of the mean number of eggs laid per
day, no significant differences were observed in P3G
and CoQ10 compared with dHZO (Fig. 4(C,D) and
Table S5), suggesting that neither P3G nor CoQ10
significantly affected reproduction and fertility un-
der heat stress, which was consistent with previous
study results.

A faster decline in pharyngeal pumping rate was
also observed in the dH,O group, where a decrease
of about 50 pumps/min was observed by day 9
compared with unexposed worms. Treatment with
CoQ10 or P3G attenuated this decline; however,
the mean pharyngeal pumping rate remained non-
significant between all treatment groups, suggest-
ing that P3G or CoQ10 may slow down the rate
but cannot prevent absolute pumping rate decline
(Fig. 4(E,F) and Table S6).
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As shown in Fig. 4(A,B), only P3G extended the
lifespan of C. elegans under chronic heat stress. Fur-
thermore, this increase in lifespan is not associated
with an improvement in healthspan, since neither
P3G nor CoQ10 was able to rescue pharyngeal
pumping compared with dH, O (Fig. 4F). Upon com-
paring lifespan and healthspan during heat stress,
no observable trend was found. This only implies
that another factor, which is still unknown, might
have influenced the physiological response of the
worm and the effects of P3G during heat stress.
Previous studies on blueberry, cranberry, and purple
wheat extracts demonstrated variable extensions in
the lifespan of C. elegans [2,4]. These effects may
be a function of the individual capabilities of the an-
thocyanins to reduce heat-induced oxidative stress,
or of differences in thermotolerance due to other
polyphenols in the crude extracts [4]. Notwith-
standing, our data on heat stress suggests that P3G
protects C. elegans from chronic heat through mech-
anisms independent of its free radical scavenging
ability.

UV stress assay

Nematodes exposed to UVA radiation daily for
3 min showed a reduction in lifespan by 8.03 days
(—48%), which was far greater than that seen under
heat stress. Nematodes concomitantly exposed to
50 pg/ml P3G extended their lifespan by 2.1 days
(+25%) compared with dH,0, which was not evi-
dent in the CoQ10 group (Fig. 5(A,B) and Table S7).
This suggests that antioxidant properties may play
minor roles in reducing the effects of photoaging,
which points to mechanisms possibly employed by
P3G and independent of free radical scavenging.
UVA radiation decreased the number of eggs
laid by C. elegans by 21%. However, as with heat
stress, the same pattern was observed where egg
laying peaked on day 2 of adulthood. Comparison of
the mean number of eggs laid per worm showed that
all treatments demonstrated similar trends with that
of the dH, 0 group, which is consistent with findings
demonstrating its lack of efficacy in reproduction
and fertility (Fig. 5(C,D) and Table S8).
Interestingly, pharyngeal pumping rate showed
a much steeper decline over time in the dH,O group,
even if UV radiation is not expected to directly affect
internal structures. The different concentrations of
P3G (50, 25 ug/ml) showed minor improvements in
pharyngeal pumping rate, which was comparable to
that of the CoQ10 group (Fig. 5(E,F) and Table S9).
In summary, mean pharyngeal pumping rates in-
creased with 50 pg/ml P3G by 6.2% and CoQ10 by
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Fig. 4 Effects of P3G on lifespan, egg laying, and pharyngeal pumping in C. elegans under heat stress. Thirty L4
nematodes fed with various concentrations (50, 25, and 12.5 p.g/ml) of P3G were exposed to heat stress. The following
parameters were observed: daily lifespan (A), mean lifespan (B), daily number of eggs laid (C), average number of eggs
laid (D), daily pharyngeal pumping rate (E), and average pharyngeal pumping rate (F). * denotes significance versus
dH,0 at p < 0.05. ** denotes significance versus dH,0 and CoQ10 at p < 0.05.

9.7% relative to the negative control (p < 0.05).

Since the mean lifespan of the dH,O C. ele-
gans significantly decreased, this suggests that pho-
toaging accelerates senescence or cell death in the
nematode model. Some studies have shown that
UV radiation damages the DNA of C. elegans by
inducing cyclobutene dimers and pyrimidine pho-
toproducts [36]. An excess of these reactions may
in fact explain the decrease in the mean lifespan
despite the existence of a DNA repair system [37].
In this study, only P3G was able to prolong the
lifespan of C. elegans significantly. In contrast, a
recent study showed that other anthocyanin extracts
were not able to extend the lifespan of C. elegans
when exposed to UV [6]. Currently, there are no
sufficient data in the literature that can identify the
mechanism of action of P3G in response to UV stress;
however, an eventual daf-16 gene mutation may be
able to subdue UV resistance [38]. Accordingly,
rad genes, particularly rad-1, rad-2, xpa-1, and
rad-7, are found to be involved in the UV-induced
stress responses [39]. Importantly, xpa-1, previ-
ously known as rad-3, is important in removing UV-
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induced pyrimidine dimers [34]. Induction of the
stress response may lead to cell senescence and the
activation of unfolded protein responses in cells di-
rectly affected by UV radiation in an effort to salvage
the cells-which may result to either cell regeneration
or a commitment to cell death [40]. However, there
remains no evidence to support that anthocyanin
influences xpa-1 along with its downstream target.
Thus, so far, P3G is only suspected to lessen the
consequences of oxidative damages as well as DNA
strand breaks or dimer formation induced by UVA.

Oxidative stress assay

The lifespan of C. elegans was strongly affected by
oxidative stress as observed by a significant decrease
of 8.49 days (—51%). However, treatment with
50 wg/ml P3G lengthened lifespan by 3.81 days
(+47%) compared with the untreated group (p <
0.05), as shown in Fig. 6(A,B) and Table S10.
Under oxidative stress, egg laying in C. elegans
was observed to have diminished by about 25%
on a daily average compared with C. elegans not
exposed to stress (p < 0.05). However, the same
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Fig. 5 Effects of P3G on lifespan, egg laying, and pharyngeal pumping in C. elegans under UVA stress. Thirty L4
nematodes fed with various concentrations (50, 25, and 12.5 p.g/ml) of P3G were exposed to UVA stress. The following
parameters were observed: daily lifespan (A), mean lifespan (B), daily number of eggs laid (C), average number of eggs
laid (D), daily pharyngeal pumping rate (E), and average pharyngeal pumping rate (F). * denotes significance versus
dH, 0 at p < 0.05. ** denotes significance versus dH,0 and CoQ10 at p < 0.05.

trend was observed with the heat and UV stress set-
ups, where the number of eggs spiked on the 2nd
day and immediately dropped on the 3rd day. Mean
number of eggs laid in treatments with varying
concentrations of P3G, CoQ10, and dH,O were all
comparable (Fig. 6(C,D) and Table S11).

Direct head exposure to H,0, also negatively af-
fected the healthspan of the nematode, as suggested
by the drastic decline in its pharyngeal pumping rate
within a short period of time. Concomitant treat-
ments with CoQ10 and P3G significantly attenu-
ated the rapid decrease of pharyngeal pumping rate
(Fig. 6(E,F) and Table S12), with P3G (50 pg/ml)
having the most significant increase by 19.8%, fol-
lowed by CoQ10 and 25 pg/ml P3G by about 17%
and 11%, respectively (p < 0.05).

What is important to note is that the concentra-
tion of H,0, (100 uM) given to the worms did not
result to acute lethality. Some worms were able to
survive up to day 10 of adulthood, which suggests
that the oxidative damage was only able to hasten
aging but was not sufficient to kill the nematodes
outright. This is significant in preventing the under-

estimation of the in vivo antioxidant potential of P3G
brought about by acute lethality. These results are
by far consistent with previous studies on mulberry
and acai berry, which demonstrate that anthocyanin
extracts prolong the lifespan of C. elegans under
oxidative stress [3,5].

CONCLUSION

In this study, we showed that peonidin-3-glucoside
(P3G) was a stronger hydroxyl-containing antioxi-
dant than CoQ10, with a twofold lower ECg in the
DPPH assay. We also showed that in the absence of
stressors, P3G was able to extend C. elegans lifespan
by 14% as well as pharyngeal pumping rate by 8.3%,
which indicate improvements in both lifespan and
healthspan. In the presence of stresses, P3G showed
optimal protection from H,O,, increasing lifespan
by up to 47% and pharyngeal pumping rate by
19.8% compared with vehicle, as opposed to heat
stress which showed a benefit of only 23% in lifes-
pan. Likewise, CoQ10 was able to comparably ex-
tend C. elegans lifespan by about 16% in the absence
of stresses but was only able to benefit the nematode
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Fig. 6 Effects of P3G on lifespan, egg laying, and pharyngeal pumping in C. elegans under oxidative stress. Thirty L4
nematodes fed with various concentrations (50, 25, and 12.5 pg/ml) of P3G were exposed to oxidative stress. The
following parameters were observed: daily lifespan (A), mean lifespan (B), daily number of eggs laid (C), average
number of eggs laid (D), daily pharyngeal pumping rate (E), and average pharyngeal pumping rate (F). * denotes
significance versus dH,O at p < 0.05. ** denotes significance versus dH,0 and CoQ10 at p < 0.05.

significantly under oxidative stress. In contrast,
neither P3G nor CoQ10 was able to significantly
affect egg-laying ability. Taken together, we show
that P3G is an efficacious compound in increasing
both lifespan and healthspan of C. elegans, which
supports previous reports of anthocyanin benefits in
the nematode model. These results must be clarified
in higher animal models for external validity and
warrant further investigation, especially on their
non-antioxidant mechanisms of action.

Appendix A. Supplementary data

Supplementary data associated with this arti-
cle can be found at http://dx.doi.org/10.2306/
scienceasial513-1874.2021.059.
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Appendix A. Supplementary data

Table S1 Effects of P3G on the lifespan of C. elegans in the absence of stresses.

Treatment Mean + SE Comparison p-value

dH,0 16.63+0.41

CoQ10 19.4+0.47 dH,0 <0.0001

12.5 pg/ml P3G 18.13+£0.61 dH,0 0.0327
CoQ10 0.0367

25 pg/ml P3G 19.04+0.48 dH,0 0.0009
CoQ10 0.6933

50 ug/ml P3G 18.98+0.48 dH,0 0.0011
CoQ10 0.3707

Table S2 Effects of P3G on the egg laying of C. elegans in the absence of stresses.

Treatment Mean £+ SD Comparison p-value

dH,0 40.41£1.502

CoQ10 43.00+1.249 dH20 0.9700

12.5 pg/ml P3G 41.31+£0.826 dH,0 >0.9999
CoQ10 0.9947

25 pg/ml P3G 41.74+2.336 dH,0 >0.9999
CoQ10 >0.9999

50 ug/ml P3G 43.45+2.244 dH,0 0.9700
CoQ10 0.9861

Table S3 Effects of P3G on the pharyngeal pumping of C. elegans in the absence of stresses.

Treatment Mean £+ SD Comparison p-value

dH20 200.8+5.6

CoQ10 209.2+6.8 dH20 0.6006

12.5 pg/ml P3G 206.4+4.8 dH,0 0.9459
CoQ10 0.9998

25 pg/ml P3G 215.5+4.3 dH,0 0.0015
CoQ10 0.6768

50 pg/ml P3G 217.5+6.9 dH,0 0.0002
CoQ10 0.5964

Table S4 Effects of P3G on the lifespan of C. elegans under heat stress.

Treatment Mean £+ SE Comparison p-value

dH,0 9.61+0.39

CoQ10 10.04+0.41 dH,0 0.7098

12.5 pg/ml P3G 9.19+0.40 dH,0 0.2009
CoQ10 0.0859

25 pg/ml P3G 9.88+0.37 dH,0 0.5992
CoQ10 0.7958

50 pg/ml P3G 11.8+0.37 dH,0 0.0005
CoQ10 0.0005
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Table S5 Effects of P3G on the egg laying of C. elegans under heat stress.

ScienceAsia 47 (2021)

Treatment Mean £+ SD Comparison p-value
dH,0 38.3+1.68
CoQ10 41.1+£3.14 dH,0 0.9984
12.5 pg/ml P3G 37.3+£0.99 dH,0 >0.9999
CoQ10 0.9291
25 pg/ml P3G 40.5+2.27 dH,0 >0.9999
CoQ10 0.9997
50 pug/ml P3G 41.3+£3.06 dH,0 >0.9999
CoQ10 >0.9999
Table S6 Effects of P3G on the pharyngeal pumping of C. elegans under heat stress.
Treatment Mean + SD Comparison p-value
dH,0 183.8+4.941
CoQ10 194.4+4.859 dH,0 0.5470
12.5 pg/ml P3G 192.3+4.486 dHZO 0.9133
CoQ10 >0.9999
25 pg/ml P3G 191.4+5.037 dH,0 0.8985
CoQ10 >0.9999
50 pg/ml P3G 188.6£5.445 dH,0 0.9974
CoQ10 0.9815
Table S7 Effects of P3G on the lifespan of C. elegans under UV stress.
Treatment Mean £+ SE Comparison p-value
dH,0 8.60+0.46
CoQ10 9.68+0.37 dH,0 0.0518
12.5 pg/ml P3G 7.94+0.44 dH,0 0.9261
CoQ10 0.0346
25 pg/ml P3G 9.32+0.40 dH,0 0.2332
CoQ10 0.4236
50 pug/ml P3G 10.71+£0.54 dH,0 0.0244
CoQ10 0.1588
Table S8 Effects of P3G on the egg laying of C. elegans under UV stress.
Treatment Mean +SD Comparison p-value
dH,0 31.79+0.860
CoQ10 33.15+2.392 dH,0 0.9978
12.5 p.g/ml P3G 31.35+0.813 dH,0 0.9978
CoQ10 >0.9999
25 pg/ml P3G 33.32+0.789 dH,0 0.8499
CoQ10 0.9995
50 pg/ml P3G 34.32+3.757 dH,0 0.7697
CoQ10 0.9978
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Table S9 Effects of P3G on the pharyngeal pumping of C. elegans under UV stress.

S3

Treatment Mean £+ SD Comparison p-value
dH,0 165.60+2.941
CoQ10 181.58+2.859 dH,0 <0.0001
12.5 pg/ml P3G 171.20+4.486 dH,0 0.0501
CoQ10 <0.0001
25 pg/ml P3G 176.80+2.037 dH,0 <0.0001
CoQ10 0.4372
50 pg/ml P3G 175.80+£2.445 dH,0 <0.0001
CoQ10 0.1832
Table S10 Effects of P3G on the lifespan of C. elegans under oxidative stress.
Treatment Mean + SE Comparison p-value
dH,0 8.14+0.70
CoQ10 9.75+0.93 dH,0 0.0491
12.5 pg/ml P3G 8.10+0.73 dH,0 0.8461
CoQ10 0.0762
25 pg/ml P3G 9.90+0.66 dH,0 0.0480
CoQ10 0.7170
50 pg/ml P3G 11.95+0.96 dH,0 0.0004
CoQ10 0.0326
Table S11 Effects of P3G on the egg laying of C. elegans under oxidative stress.
Treatment Mean + SD Comparison p-value
dH,0 30.03+2.333
CoQ10 31.90+0.447 dH,0 0.99135
12.5 pg/ml P3G 28.84+0.836 dH,0 >0.9999
CoQ10 0.8207
25 pg/ml P3G 31.03+0.141 dH,0 >0.9999
CoQ10 0.9135
50 pg/ml P3G 32.60+0.318 dH,0 0.9676
CoQ10 >0.9999
Table S12 Effects of P3G on the pharyngeal pumping of C. elegans under oxidative stress.
Treatment Mean £ SD Comparison p-value
dH,0 150.80+2.941
CoQ10 176.12+2.859 dH,0 <0.0001
12.5 p.g/ml P3G 158.86+4.486 dH,0 0.2039
CoQ10 <0.0001
25 pg/ml P3G 167.27 £2.037 dH,0 0.0006
CoQ10 0.0129
50 pg/ml P3G 180.60+2.445 dH,0 <0.0001
CoQ10 0.0832
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