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Abstract Cistanche deserticola has been found to
exert protection against aging and age-related dis-
eases, but mechanisms underlying its longevity effects
remain largely unclear. Here, the multicellular model
organism Caenorhabditis elegans was employed to
identify lifespan extending and protective effects
against -amyloid (AP) induced toxicity by echina-
coside (ECH), a phenylethanoid glycoside isolated
from C. deserticola. Our results showed that ECH
extends the mean lifespan of worms and increases
their survival under oxidative stress. Levels of intra-
cellular reactive oxygen species and fat accumulation
were also significantly suppressed by ECH. Moreover,
ECH-mediated lifespan extension was found to be
dependent on mev-1, eat-2, daf-2, and daf-16, but not
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sir-2.1 or hsf-1 genes. Furthermore, ECH triggered
DAF-16 nuclear localization and upregulated two of
its downstream targets, sod-3 and hsp-16.2. In addi-
tion, ECH significantly improved the survival of
CL4176 worms in response to proteotoxic stress
induced by AP protein aggregation. Collectively,
these findings suggested that reactive oxygen species
scavenging, dietary restriction, and insulin/insulin-
like growth factor signaling pathways could be partly
involved in ECH-mediated lifespan extension. Thus,
ECH may target multiple longevity mechanisms to
extend lifespan and have a potency to prevent
Alzheimer’s disease progression.
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Introduction

An increasing aged population is becoming a social
and economic problem in many countries. As such,
aging research has rapidly gained broad scientific
interest. The discovery of new botanical compounds
with lifespan-extending effects could prompt new
strategies for treating age-related diseases such as
diabetes, cancer, and neurodegenerative disorders
(Chen et al. 2014; Pan et al. 2012).

Caenorhabditis elegans is a well-established model
system for investigating organismal aging and explor-
ing new pharmacological targets because of its
relatively short lifespan, rapid life cycle, ease of
cultivation, and well-known genetic pathways, which
are conserved across diverse species including mam-
mals (Honda et al. 2010). Indeed, a reported 60—80%
of human gene homologues have been identified in C.
elegans. Thus, it has been increasingly applied to
investigate the effects of pharmacologically active
compounds on aging processes (Kaletta and Hengart-
ner 20006).

Cistanche deserticola Y. C. Ma (C. deserticola),
commonly called Rou Cong Rong in Chinese, is a
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holoparasitic plant distributed throughout semi-arid to
arid areas that has long been used by Chinese and
Japanese as a traditional herbal medicine to treat
kidney deficiency, impotence, morbid leucorrhea,
neurasthenia, and senile constipation (China Pharma-
copoeia Committee 2010). Modern phytochemical
and pharmacological studies on Cistanche species led
to isolation and identification of various components
including phenylethanoid glycosides (PhGs), lignans,
iridoids, and polysaccharides (Jiang and Tu 2009).
Importantly, some isolated components displayed
hepatoprotective, neuroprotective, anti-aging, anti-
nociceptive, anti-inflammatory, anti-bacterial, anti-
fatigue, and anti-oxidant effects (Nan et al. 2013; Guo
et al. 2016; Lin et al. 2002; Cai et al. 2010; Fu et al.
2008; Wang et al. 2015).

Echinacoside (ECH), a major compound of PhGs in
C. deserticola, has exhibited multiple bioactivities,
such as anti-aging, anti-oxidation, anti-inflammatory,
hepatoprotective, and neuroprotective effects (Cai
et al. 2010; Fu et al. 2008). One study showed that
ECH prolonged longevity in C. elegans through the
daf-16 transcription factor (Wang et al. 2015). How-
ever, molecular mechanisms underlying lifespan
extension and health benefits of ECH in this whole
animal model are still under discussion.

Here, we extensively investigated molecular mech-
anisms of ECH-mediated longevity using transgenic
C. elegans. We found that ECH improved the survival
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of C. elegans in response to proteotoxic stress induced
by AP aggregation. Thus, our findings support the
possibility of natural chemical interventions for aging
and aging-related processes.

Materials and methods
Extraction and isolation of PhGs

Caenorhabditis deserticola plant material purchased
from Kanggiao Pharmaceutical Co. Ltd. (Shanghai,
China) was extracted (200 g) in 70% ethanol for 2 h
using a reflux method. This process was repeated twice
before combining extracts and concentrating using
vacuum-rotary evaporation. Subsequently, extracts
were suspended in water and partitioned using ethyl
acetate and n-butanol successively. N-butanol parti-
tioned fractions were combined and concentrated
before being suspended in water. The macroporous
resin was used for PhG adsorption and separation.
PhGs were eluted with 70% ethanol, combined, and
evaporated.

Reagents and preparation

Unless otherwise stated, all chemicals were purchased
from Sigma-Aldrich (Shanghai, China). ECH (purity
of 96.5%, see supplementary data), acteoside (ACT),
and isoacteoside (ISO) were purchased from the
National Institute for the Control of Pharmaceutical
and Biological Products. PhGs, ECH, ACT, and ISO
were all dissolved in dimethyl sulfoxide (DMSO). A
final DMSO concentration of 0.3% (v/v) was main-
tained under all conditions.

Strains and maintenance

N2 Bristol (wild-type) C. elegans and transgenic strains
CL4176 [(pAF29) myo-3p::Af;.4> + (pPRF4) rol-6
(sul006)], daf-2 (e1370), dafl6 (mu86), TI356 [zIs356
IV (daf-16p::daf-16a/b::GFP + rol-6  (sul006)];
PS3551, hsf-1 (sy441); AM140 [rmls132 (unc-
54p::035::YFP)]; TK22, mev-1 (kn-1), CF1553
[((pAD76)  sod-3::GFP + rol6  (sul006)]; eat-2
(adl116); VC199, sir-2.1 (0k434); CL2070 [hsp-
16.2p::GFP + rol-6 (sul006)]; and Escherichia coli
(E. coli) OP50 were originally provided by Caenorhab-
ditis Genetics Center (St. Paul, MN). Worms were

maintained on nematode growth medium (NGM) plates
seeded with E. coli OP50. All worms were cultured at
20 °C unless otherwise stated (Brenner 1974). Syn-
chronized worms were obtained using sodium
hypochlorite treatment (Fabian and Johnson 1994).

Lifespan assay

Synchronized worms were transferred to 96-well plates
containing liquid NGM with E. coli OP50. Progeny
development was blocked at the L4 stage using 200-uM
5-fluoro-2'-deoxyuridine (FUDR). Adult worms were
treated with PhGs or DMSO (0.3%) control at day 0;
thus, treatment day was considered as day O of their
lifespan. Worms were then observed and scored every
2 days for survival. To avoid starvation, E. coli OP50
was added during assays.

Phenotype analysis

Synchronized N2 worms were placed on E. coli OP50-
seeded NGM plates with or without various concen-
trations of ECH (0, 2, 20, and 200 uM). For measure-
ments of body movement or pharynx pumping rate,
200-puM FUDR was added to block progeny develop-
ment at the L4 stage. Body movement of adult worms
at day 0 and day 2 was measured by scoring the
number of body bends in a 20-second interval using a
dissecting microscope. Number of adult worms’
pharyngeal contractions was also counted for 20 s at
day 0 and day 5 to assess pharynx pumping rate. Both
body movement and pharynx pumping rate assays
were repeated thrice with 30 worms per assay. For the
reproduction assay, L4 worms were individually
transferred to a fresh plate containing ECH or DMSO
control each day until reproduction ceased. The
number of offspring from a single worm was counted
at their L2 or L3 stage. Each experiment assessed 30
worms.

Stress resistance

For the thermal-tolerance assay, synchronized N2
worms were placed on E. coli OP50-seeded NGM
plates with or without ECH. Two-hundred pM FUDR
was added to block progeny development at the L4
stage. Adult worms at day O were incubated at 37 °C
until all worms had died. Survival of worms was
scored every hour and determined using the touch-
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provoke method. Worms were scored as dead when
they failed to respond to touch using a platinum wire
pick.

To assess resistance to oxidative stress, synchro-
nized N2 worms were transferred to 96-well plates
containing liquid NGM with E. coli OP50. Simulta-
neously, L1 worms were treated with or without ECH.
FUDR (200 puM) was added to block progeny devel-
opment at the L4 stage. Adults were collected and
washed twice using S-complete medium. Worms were
then suspended in S-complete before being transferred
to a fresh 96-well plate. Ten mM hydrogen peroxide
(H,0,) was added and the number of dead worms was
scored every hour until all worms had died.

Measurement of intracellular reactive oxygen
species (ROS)

Synchronized N2 worms or mev-I mutants were
grown in liquid NGM with E. coli OP50 and treated
with or without ECH. FUDR (200 uM) was added to
block progeny development at the L4 stage. Adult
worms at day 5 were treated with 100-mM 2,7-
dichlorodihydrofluorescein diacetate (H,DCF-DA)
and incubated at 37 °C for 2 h. Fluorescence was
then measured at 485-nm excitation and 530-nm
emission. Each assay was repeated thrice with 20
worms per assay.

Nile red staining

Synchronized N2 worms were transferred to 96-well
plates and raised in liquid NGM with E. coli OP50.
Worms were treated with or without 200 uM ECH.
FUDR (200 pM) was added to block progeny devel-
opment at the L4 stage. On day 3 of adulthood, wells
were supplemented with Nile red (75 ng/mL) for
2 days. Worms were then collected and washed twice
using S-complete medium before being transferred to
a fresh plate. Worms were fixed on a microscope slide
using paraformaldehyde (4%, v/v) and visualized
using fluorescence microscopy. Each experiment
assessed 30 worms. Fluorescence intensity was quan-
tified using ImageJ software.

Intracellular localization of DAF-16

Synchronized worms of the TI356 (daf-16::GFP)-
transgenic strain were raised in liquid NGM
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containing E. coli OP50, and treated with or without
ECH at the L1 stage. Adult worms at day 0 were
collected and washed twice with S-complete medium
before being transferred to a fresh plate. Subsequently,
worms were fixed on a microscope slide using
paraformaldehyde (4%). Cellular localization of
DAF-16::GFP was visualized using fluorescence
microscopy. Each experiment assessed 30 worms.
Images were analyzed using ImageJ software for GFP
quantification.

Quantification of gene expression by quantitative
real-time PCR

Synchronized N2 worms were raised as described for
the oxidative stress assay. Total RNA was extracted
from adult worms at day 5 using Trizol reagent. cDNA
was produced from 0.5 pg of total RNA per reaction
using a real-time PCR kit (TianGen Biotech, Beijing,
China). mRNA expression was assessed for sod-3 and
hsp-16.2 in comparison with f-actin using the follow-
ing primers: sod-3, CGAGCTCGAACCTGTAAT-
CAGCCATG (F) and GGGGTACCGCTGATATTC
TTCCAGTTG (R); hsp-16.2, CTGCAGAATCTCTC-
CATCTGAGTC (F) and AGATTCGAAGCAACTG-
CACC (R); f-actin, GTGTGACGACGAGGTTG
CCGCTCTTGTTGTAGAC (F) and GGTAAG-
GATCTTCATGAGGTAATCAGTAACATCAC (R).
Data were analyzed using the 27**“T method.
Approximately 1000 worms were used for each
experiment.

Fluorescence measurement of fluorescent protein-
reporter strains

CL2070 (hsp-16.2p::GFP) and CF1553 (sod-3::gfp)
transgenic strains were used to detect expression of
sod-3 and hsp-16.2 respectively. AM140 (Q35::YFP)
was used to examine accumulation of YFP-tagged
Q35. Synchronized worms were grown in liquid NGM
with OP50, and treated with or without ECH. FUDR
(200 pM) was added to block progeny development at
the L4 stage. After a washing step with S-complete,
adults were placed on a microscope slide and fixed
using paraformaldehyde (4%). Worms (30 per exper-
iment) were observed using a fluorescence micro-
scope. Fluorescence intensity was analyzed using
Imagel software.
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Chemotaxis assay

Synchronized N2 worms raised in liquid NGM with
E. coli OP50 were treated with ECH at the L1 stage.
FUDR (200 uM) was added to block progeny devel-
opment at the L4 stage. On day 5 of adulthood, worms
were collected and washed twice with S-complete.
Worms were then placed in a defined center of the agar
plate containing 10 pL of 1 M sodium acetate on one
side and 10 pL of water on the other side. Sodium
acetate served as an attractant. Sodium azide was
added to paralyze the worms for counting. Numbers of
worms at attractant (a) and control (b) locations were
counted after 90 min. By taking the difference of a and
b and dividing by the total number of worms (a + b),
the chemotaxis index (CI) was calculated as follows:
CI = (a — b)/(a + b) (Matsuura et al. 2004).

Worm paralysis assay

Synchronized CL4176 worms were placed on NGM
plates containing E. coli OP50. Worms were treated at
the L1 stage with 200 uM ECH or 25 puM ginkgolide
A as positive controls (Wu et al. 2006). Following
incubation at 16 °C for 36 h, the culture temperature
was adjusted up to 23 °C to induce expression of Af.
After 24 h, worms were observed and scored as
paralyzed if they failed to undergo full body wave
propagation in response to touching with a platinum
pick.2.14 Statistical analysis.

All assays were performed independently two or
three times. Statistical analysis was performed using
GraphPad Prism 6 software. Lifespan, stress resis-
tance, and paralysis assays were analyzed using the
Kaplan—Meier survival method. Significant differ-
ences were determined using a log-rank test. For other
assays, P values were determined using a ¢ test.
Differences were considered significant at P < 0.05.

Results

Total PhGs and ECH increased mean lifespan of C.
elegans

To investigate whether total PhGs (ECH accounted for
43.8% of extract, Fig. S2) isolated from C. deserticola
extended the lifespan of wild-type C. elegans under
normal conditions, adult worms were exposed to total

PhGs (100 or 500 pg/mL) at day 0 and observed every
2 days for survival. As shown in Fig. 1a and Table 1,
the higher concentration tested extended mean lifes-
pan by 15.98% compared with DMSO control,
whereas the lower concentration hardly extended
mean lifespan. Previous studies have shown that
ECH, ACT, and ISO are the major PhGs in C.
deserticola (Li et al. 2008). To evaluate whether these
three compounds affected the lifespan of C. elegans,
wild-type worms were treated with ECH, ACT, or ISO
at concentrations of 0, 2, 20, and 200 pM. We found
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Fig. 1 Total PhGs and ECH increase the lifespan of C. elegans.
Synchronized N2 worms were raised in liquid NGM containing
E. coli OP50. FUDR (200 ptM) was added at the 14 stage.
Following exposure to various concentrations of PhGs, the
adults were scored every 2 days for survival. a 500 pg/mL, but
not 100 pg/mL, of the total PhGs significantly extended the
mean lifespan of the worms by 15.98% in comparison with
DMSO controls. Control, n = 165; PhGs (100 pg/mL),
n = 185; PhGs (500 pg/mL), n = 204, **P < (0.01. b ECH
was able to prolong the longevity of wild-type C. elegans in a
dose-dependent manner from 2 to 200 puM. ECH (200 uM)
significantly increased the mean lifespan by 13.64% compared
with DMSO controls. Control, n = 123; ECH (200 pM),
n = 130. *P < 0.05
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Table 1 Effect of PhG(s) on lifespan of various strains of C. elegans

Strain Treatment No. of worms Mean lifespan + SEM (days) % change
N2 wild type Control 165 19.96 £ 0.39

PhGs (100 pg/mL) 185 21.04 £ 0.57 5.41

PhGs (500 pg/mL) 204 23.15 £ 0.46 15.98 **
N2 wild type Control 123 20.23 + 1.27

ECH (2 uM) 128 20.15 £ 0.05 —-0.39

ECH (20 uM) 118 21.75 £ 0.75 7.51

ECH (200 uM) 130 22.99 £ 0.61 13.64*

Control 123 21.50 £+ 1.00

ACT (2 uM) 132 21.50 £+ 0.59 0

ACT (20 uM) 131 21.60 £ 0.62 0.47

ACT (200 uM) 129 22.00 £ 0.89 2.32

ISO (2 uM) 121 20.00 £ 1.21 —6.98

ISO (20 pM) 126 22.80 £ 0.68 6.05

ISO (200 uM) 129 22.00 £ 0.89 2.32
mev-1 (kn-1) Control 151 16.02 + 0.11

ECH (200 uM) 129 16.22 £+ 0.41 1.25
eat-2 (adl116) Control 162 29.97 £ 0.29

ECH (200 uM) 143 26.79 £ 0.65 —10.61*
sir-2.1 (0k434) Control 142 17.59 £ 0.29

ECH (200 uM) 120 20.54 £ 0.35 16.77*
hsf-1 (sy441) Control 157 11.73 £ 0.02

ECH (200 uM) 200 14.05 £ 0.42 19.78%**
daf-2 (el370) Control 138 36.64 + 0.58

ECH (200 uM) 102 37.13 £ 1.42 1.33
daf-16 (mu86) Control 102 15.48 + 0.21

ECH (200 uM) 105 15.56 £ 0.19 0.52

All the lifespan assays were performed at 20 °C unless noted otherwise. Statistical significance of the difference between the PhG(s)-
treated and untreated control was demonstrated by the log-rank (Mantel-Cox) test analysis

* P <0.05, ** P <0.01

that worms treated with 200 pM ECH not only
exhibited significant changes in the survival curve,
but also produced a 13.64% increase in mean lifespan
(Fig. 1b; Table 1). In contrast, neither ACT nor ISO
modulated nematode longevity (Fig. S1, Table 1),
indicating that ECH was responsible for the longevity-
prolonging effect of PhGs in C. elegans.

ECH does not affect age-related physiological
functions of C. elegans

To examine whether ECH affected the physiology of

C. elegans, we analyzed changes in three age-related
physiological functions in worms treated with ECH at
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concentrations of 0, 2, 20, or 200 puM. First, we
investigated whether ECH treatment affected the body
movement of worms on day 0 and day 2. Our findings
suggested that ECH treatment did not affect nematode
body movement at these times (Fig. 2a, b; Table S1).
To evaluate the effect of ECH on pharyngeal pumping,
the rate of pharyngeal contraction of worms treated
with or without ECH was scored on days 0 and day 5.
ECH treatment at various doses did not significantly
alter pharyngeal pumping rates at these times (Fig. 2c,
d; Table S2). Finally, we recorded the effect of ECH
treatment on offspring production to explore whether
ECH suppressed this process. As shown in Fig. 2e, no
significant differences in offspring production were
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adult day 0 and day 5 worms was scored in an interval of 20 s.
ECH could not significantly rescue the decline in pharyngeal
pumping on day 5 of adulthood compared with day 0 worms.
e The number of offspring from a single worm was counted at
their L2 or L3 stage. ECH treatment did not significantly impact
the number of offspring in C. elegans
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observed between ECH-treated and control groups,
indicating that ECH did not influence the production
of progeny by C. elegans (Fig. 2e; Table S3). To
summarize, ECH treatment prolonged the mean
lifespan of worms without causing obvious defects
in body movement, pharyngeal pumping, or repro-
ductive capacity.

ECH enhances the resistance of worms to heat
and oxidative stress

Increased longevity is closely associated with
improved the survival of C. elegans under conditions
of heat or oxidative stress (Larsen 1993). To determine
whether ECH enhanced thermal tolerance, wild-type
worms pretreated with 200 pM ECH were exposed to
heat stress at 37 °C. Survival curves showed that C.
elegans were sensitive to thermal stress while ECH
treatment could alleviate this lethality. Compared with
the control, the survival curve of the ECH-treated
group showed a significant shift to the right. Specif-
ically, 200 uM ECH extended maximum lifespan
from 7 to 11 h, and significantly prolonged mean
lifespan by 40.20% under thermal stress (Fig. 3a;
Table S4). To investigate whether ECH exerts oxida-
tive stress resistance properties, wild-type worms were
exposed to H,O, (10 mM), an intracellular ROS
inducer. Similarly, the ECH-treated group presented
an observably different survival curve and 10.97%
increase in mean lifespan under H,O,-induced oxida-
tive stress in the presence of 200 uM ECH (Fig. 3b;
Table S5). These findings indicated that ECH
enhanced resistance to both thermal and oxidative
stresses.

ECH reduced intracellular ROS andfat
accumulation

Both oxidative and heat stresses can cause cellular
damage through ROS accumulation, and ROS over-
production is a prominent feature of the aging process
(Finkel and Holbrook 2000). We suspected that ECH
may induce longevity through suppressing ROS
levels. Therefore, we examined the ROS-scavenging
ability of ECH. ROS was measured in wild-type
worms using an H,DCF-DA fluorescent probe, which
is able to cross cell membranes before being converted
to fluorescent DCF by ROS. The results showed that
ECH supplementation (200 1M) dramatically lowered
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Fig. 3 ECH enhances resistance to heat and oxidative stress.
a Synchronized N2 worms were placed on E. coli OP50 seeded
NGM plates with or without ECH. On day O of adulthood,
worms were incubated at 37 °C until all of them had died.
Survival of the worms was scored every hour. ECH at 200 pM
significantly increased the mean lifespan of C. elegans by
40.20% under thermal stress at 37 °C compared with DMSO
controls. Control, n = 155; ECH (200 uM), n = 166.
*##%P < 0.001. b Synchronized N2 worms were transferred into
liquid NGM with E. coli OP50. Simultaneously, the L1 worms
were supplemented with or without ECH. On day 0 of
adulthood, worms were treated with HO, (10 mM). The worms
were scored every hour until all the worms had died. ECH at
200 pM observably increased the mean lifespan of C. elegans
by 10.97% under H,0,-induced oxidative stress in comparison
with untreated controls. Control, n = 224; ECH (200 pM),
n = 173. #*P < 0.001

intracellular ROS levels to 59.00% compared with
untreated controls (Fig. 4a; Table S6).

To assess the effect of ECH on fat accumulation,
wild-type N2 worms pretreated with or without ECH
were stained with Nile red. Fluorescence intensity
measurements revealed that 200 uM ECH was able to
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significantly reduce fat accumulation to 79.50% of
untreated controls (Fig. 4b; Table S7).

ECH-mediated oxidative stress resistance is
dependent on mev-1

To further investigate the oxidative stress-resistance
properties of ECH, we examined the effect of ECH on
TK22, mev-1 (kn-1) worms harboring a mutation in the
cytochrome b large subunit of mitochondrial complex
II. This mutation leads to overproduction of superox-
ide, which increases oxidative stress and premature
aging, and reduces lifespan (Ishii et al. 1998). The
results showed no increase in the lifespan of mev-1
(kn-1) worms treated with or without 200 uM ECH
(Fig. 5; Table 1). Moreover, the ROS-scavenging
ability of ECH was weakened in mev-I mutants
(Fig. S4), suggesting that the protective effect of ECH

100

80 A

60 -

40 -

% ROS level (% DCF)

20 A

0 T T
oum 200 uM

ECH

N2 WT

Control

200 pm
A

Fig. 4 ECH reduces ROS levels and fat accumulation. Syn-
chronized N2 worms raised in liquid NGM were treated with or
without ECH at the L1 stage. a Adult day 5 worms were treated
with 100 mM H,DCF-DA for measurement of intracellular
ROS levels. ECH at 200 pM significantly reduced ROS levels to

against oxidative stress requires the mev-1 gene, which
is important for endogenous detoxification pathways.

ECH extends lifespan through the dietary
restriction pathway

Dietary restriction (DR) is a well-known mechanism
of lifespan extension that has been well established in
C. elegans (Lakowski and Hekimi 1998; Kenyon
2010). To explore whether ECH-mediated lifespan
extension occurred through the DR pathway, the effect
of ECH on the lifespan of an eat-2 (adl116) mutant
was investigated. This long-lived mutant worm is a
genetic model of DR because it causes a reduction in
pharyngeal pumping rate and food intake in C. elegans
(McKay et al. 2004).

As shown in Fig. 6a and Table 1, treatment with
200 uM  ECH suppressed the survival of eat-2

100 A

80 1

60 1

40

20

% Fat accumulation

N2 WT
200uM ECH

200 pm
A

59.00%. ***P < 0.001. b Adult day 5 worms were stained using
Nile red (75 ng/mL) for 2 days. The worms were visualized
using fluorescence microscopy. ECH at 200 uM markedly
reduced fat accumulation to 79.50%. ***P < 0.001
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Fig. 5 mev-1 is required for the lifespan extension produced by
ECH. Synchronized mev-1 (kn-1) mutant worms were raised in
liquid NGM containing E. coli OP50. FUDR (200 uM) was
added at the L4 stage. Following exposure to ECH (200 pM),
the worms were scored every 2 days for survival. ECH failed to
increase the lifespan of mev-1 mutants. Control, n = 151; ECH
(200 pM), n = 129
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Fig. 6 ECH extends lifespan through the DR pathway.
Synchronized eat-2 (ad1116) or sir-2.1 (0k434) mutant worms
were raised in liquid NGM containing E. coli OP50. FUDR
(200 pM) was added at the L4 stage. Following exposure to
ECH (200 uM), the worms were scored every 2 days for
survival. a ECH at 200 pM reduced the mean lifespan of eat-2
(adl116) mutants by 10.61%. Control, n = 162; 200 pM ECH,
n = 143. *P < 0.05. b ECH at 200 pM increased the mean
lifespan of sir-2.1 (ok434) mutants by 16.77%. Control,
n = 142; ECH (200 pM), n = 120. *P < 0.05

(adl116) mutants, causing a 10.61% decline in mean
lifespan. This indicated that ECH-mediated prolonga-
tion of longevity is highly depended on the eat-2
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Fig. 7 ECH extends lifespan through the IIS pathway. Syn-p
chronized daf-2 (el370) or daf-16 (mu86) mutant worms were
raised in liquid NGM containing E. coli OP50. FUDR (200 pM)
was added at the L4 stage. Following exposure to ECH
(200 pM), the worms were scored every 2 days for survival.
a ECH failed to extend the lifespan of daf-2 (e1370) mutants.
P =0.9077. b ECH failed to extend the lifespan of daf-16
(mu86) mutants. P = 0.7184. ¢ and d Synchronized worms of
the TJ356 (daf-16::GFP) transgenic strain raised in liquid NGM
containing E. coli OP50 were treated with or without ECH. On
day 0 of adulthood, the fluorescence intensity was measured to
analyze the cellular distribution of DAF-16::GFP. The nuclear
localization of DAF-16.2::GFP was significantly increased from
13.50 to 42.59% by ECH (200 pM). **P < 0.01. e and
f Synchronized N2 worms grown in liquid NGM with E. coli
OP50 were treated with or without ECH at the L1 stage. FUDR
(200 pM) was added to block progeny development at the L4
stage. Total RNA was extracted from adult day 5 worms. cDNA
was produced from the RNA. qRT-PCR was performed with -
actin, sod-3 or hsp-16.2 primers. f-actin was performed as
endogenous control. The data was analyzed using the 2~24CT
comparison method. ECH at 200 uM dramatically increased the
mRNA levels of sod-3 (71.85-fold; **P < 0.01) and hsp-16.2
(88.60-fold; **P < 0.01). g and h Synchronized worms of the
CF1553 (sod-3::GFP) and CL2070 (hsp-16.2p::GFP) trans-
genic strains were bred in liquid NGM with E. coli OP50 and
treated with or without ECH. FUDR (200 puM) was added to
block progeny development at the L4 stage. On day 2 of
adulthood, the fluorescence was detected. ECH enhanced
expression of sod-3 (1.22-fold; *P < 0.05) and hsp-16.2
(1.21-fold; *P < 0.05) in protein levels

(ad1116) gene. Given one feature of DR in C. elegans
is a reduction of pharyngeal pumping, we demon-
strated that ECH affected neither pharyngeal pumping
rate (Fig. 2c, d; Table S2) nor influenced the food
intake of C. elegans (Fig. S3). Taken together, these
results suggested that the longevity extension pro-
duced by ECH was associated with cellular signaling
pathways involved in DR response without altering
feeding capacity.

Sir2 has been observed to regulate DR in yeast,
although its knockout failed to prolong longevity
(Guarente and Picard 2005). Sir-2.1, which encodes a
NAD-dependent protein deacetylase responsible for
DR-mediated lifespan extension, was found to be
induced upon DR in C. elegans (Bamps et al. 2009).
We observed that ECH was still able to significantly
prolong longevity in sir-2.1 (ok434) mutants (Fig. 6b;
Table 1), indicating that sir-2.1 is not required for the
beneficial effects of ECH on lifespan.
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Fig. 7 continued

ECH extends lifespan through the IIS pathway

The insulin/IGF signaling (IIS) pathway modulates the
longevity of many organisms including C. elegans
(Altintas et al. 2016). In this pathway, daf-2 and daf-16
are the key targets, with DAF-2 serving as the receptor
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and daf-16 encoding the DAF-16 transcription factor,
an ortholog of mammalian FOXO (Mukhopadhyay
et al. 2006).

To determine if ECH extended lifespan by acting
through the IIS pathway, we carried out a lifespan
assay in daf-2(e1370) and daf-16 (mu86) mutants.
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Consistently, we found that 200 pM ECH failed to
prolong the lifespan of these mutants (Fig. 7a, b;
Table 1). The results indicated that ECH-mediated
lifespan extension is in part dependent on the IIS
pathway.

Considering that DAF-16 is a transcription factor,
we investigated whether ECH could promote DAF-16
nuclear localization using the TJ356 transgenic strain
carrying a daf-16::GFP fusion construct as a reporter
gene, which allows for observation of the subcellular
localization of DAF-16. The results showed that
200 pM ECH significantly increased DAF-16 nuclear
localization from 13.50 to 42.59% (Fig. 7c, d;
Table S8).

Given that ECH triggers DAF-16 nuclear localiza-
tion, we evaluated the effect of ECH on expression of
sod-3 and hsp-16.2, two downstream targets of DAF-
16 in C. elegans (Hesp et al. 2015). SOD-3, a
superoxide dismutase, is known to be involved in
lifespan extension and oxidative stress resistance.
Hsp-16.2 encodes a small heat shock protein that plays
a role in promoting longevity (Murphy et al. 2003).
Quantitative real-time PCR results demonstrated that
mRNA levels of sod-3 and hsp-16.2 were remarkably
increased by 71.85-fold and 88.60-fold, respectively,
in ECH-treated worms compared with untreated
controls (Fig. 7e, f; Table S9).

We further investigated whether ECH modulates
protein levels of SOD-3 and HSP-16.2 using CF1553
(sod-3::GFP) and CL2070 (hsp-16.2p::GFP) trans-
genic strains. CF1553 worms express a GFP-tagged
SOD-3 protein, while the CL2070 strain contains a
construct in which the gene coding for GFP is coupled
to the hsp-16 promoter. Adult worms were observed
on day 2 using a fluorescence microscope, with
fluorescence intensity correlating to expression of
sod-3 or hsp-16.2. The results displayed that ECH
significantly enhanced protein expression of SOD-3
(1.22-fold) and HSP-16.2 (1.21-fold) compared with
untreated controls (Fig. 7g, h; Table S10).

These results highly supported the possibility that
lifespan extending effects of ECH are partially con-
ferred by activating downstream targets of daf-16,
such as sod-3 and hsp-16.2. Furthermore, enhanced
expression of stress-resistance-related genes could
also illustrate why ECH could significantly enhance
the resistance of worms to thermal and oxidative
stress.

100 -e- N2
— °3q -3+ N2 + 200 uM ECH
© -
2 80 —— hsf-1(sy44)
§ 60 Y ™ hsf-1(sy44) + 200 uM ECH
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0 10 20 30 40 50

Fig. 8 hsf-1 is not required for the lifespan extension produced
by ECH. Synchronized hsf-1 (sy441) mutant worms were raised
in liquid NGM containing E. coli OP50. FUDR (200 pM) was
added at the L4 stage. Following exposure to ECH (200 uM),
the worms were scored every 2 days for survival. ECH at
200 pM significantly increased the mean lifespan of hsf-1
(sy441) mutants by 19.78%. Control, n = 157; ECH (200 pM),
n = 200. *P < 0.05

Hsf-1 is not required for ECH-mediated lifespan
extension

The heat shock factor HSF-1 is known to regulate
protein folding and gene expression in response to heat
stress, and is also involved in modulation of longevity
(Douglas et al. 2015). Heat shock and caloric restric-
tion reportedly exert a synergistic effect on the heat
shock response of C. elegans in a sir2.]-dependent
manner (Raynes et al. 2012). Additionally, HSF-1 and
DAF-16 have been reported to act together to activate
expression of downstream genes promoting longevity
(Hsu et al. 2003). Accordingly, we asked whether
ECH-mediated lifespan extension required HSF-1. To
clarify this question, we tested the effect of 200 M
ECH on hsf-1(sy441) mutants. We observed a signif-
icant extension of mean lifespan by 19.78% (Fig. 8;
Table 1), suggesting ECH-mediated lifespan exten-
sion is independent of hsf-1.

ECH increases the chemotaxis index (CI) of C.
elegans

To gain insight into ECH-mediated protective effects,
we first examined whether ECH affected the physio-
logical behavior of C. elegans, which display declines
during the aging process (Kenyon 2010). CI, which is
a measure of the learning behavior and response
sensitivity to an external stimulus (Matsuura et al.
2004; Bargmann et al. 1993), was measured by placing
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Fig. 9 ECH increases the chemotaxis index of C. elegans.
Synchronized N2 worms raised in liquid NGM with E. coli
OP50 were treated with ECH at the L1 stage. FUDR (200 uM)
was added at the L4 stage. Adult day 5 worms were placed on a
defined center of the agar plate containing 10 pL of 1 M sodium
acetate on one side and 10 pL of water on the other side. The
number of worms at attractant location (a) and the number of
worms at control location (b) were counted after 90 min. The
chemotaxis index (CI) was calculated as CI = (a — b)/(a + b).
The CI value of worms treated with 200 pM ECH (21.50) was
higher than that of the untreated controls (— 23.00). **P < 0.01

adult worms on a defined center of an agar plate at day
5. On one side of the center was sodium acetate (1 M),
which was used as an attractant, while the other side
contained water. Numbers of worms on the two sides
was counted after 90 min to calculate CI. The value of
CI represents the proportion of worms on the side
containing sodium acetate minus the proportion of
worms on the side of the water, divided by the total
number of worms.

We observed a significant increase in CI in the
presence of ECH (Fig. 9; Table S11). This suggested
that ECH can attenuate the age-dependent decline in
physiological behavior.

ECH protects C. elegans from AP toxicity

Alzheimer’s disease (AD) is the most common
neurodegenerative disorder in the elderly. Progressive
deposition of B-amyloid (AB) protein and the accu-
mulation of phosphorylated tau protein are responsible
for AD (Luo 2006).

To investigate whether ECH could alleviate pro-
teotoxic stress induced by AP accumulation in C.
elegans, the CL4176 transgenic strain constitutively
expressing human A in body wall muscle cells to
result in a paralyzed phenotype at 23 °C, was
employed in a paralysis assay. Our findings showed
that 200 uM ECH or 25 pMginkgolide A elicited a
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Fig. 10 ECH protects C. elegans from AP toxicity. Synchro-
nized CL4176 worms were placed on NGM plates containing
E. coli OP50. The worms were treated with various concentra-
tions of ECH or 25 pM ginkgolide A (GA) as a positive control
at the L1 stage. Following incubation at 16 °C for 36 h, the
expression of AP was induced by adjusting the culture
temperature up to 23 °C. After 24 h, the worms were observed
and scored for paralysis. The mean lifespan of CL4176 worms
were significantly extended 13.80% (*P < 0.05) by 200 uM
ECH and 17.04% (**P < 0.01) by 25 uM GA, respectively.
Control, n = 144; GA (25 uM); n = 120; ECH (200 uM),
n =156

significant right-shift of the survival curves of CL4176
worms (Fig. 10; Table S12), indicating ECH exerts a
protective effect against Ap-induced toxicity in
worms (Wu et al. 2006).

ECH fails to alleviate proteotoxic stress induced
by polyglutamine aggregation

In humans, polyglutamine (PolyQ) aggregation is
considered to be the key pathological factor in
Huntington’s disease, an adult-onset neurodegenera-
tive disorder (Morimoto 2008). To determine whether
ECH reduced PolyQ accumulation, the AMI140
(Q35::YFP) transgenic strain expressing 35 glutamine
repeats with a YFP tag in body wall muscle cells, was
employed. Worms were treated with various concen-
trations of ECH (0, 2, 20, or 200 uM) at the L1 stage.
On day 4 and day 6 of adulthood, expression of
035::YFP was analyzed using a fluorescence micro-
scope. However, ECH treatments did not diminish the
formation of Q35::YFP (Fig. 11; Table S13), indicat-
ing ECH could not alleviate the proteotoxic stress
induced by PolyQ aggregation.
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Fig. 11 ECH fails to alleviate the polyglutamine aggregation.
Synchronized worms of the AM140 (Q35::YFP) transgenic
strain were grown in liquid NGM with E. coli OP50 and treated
with or without ECH at the L1 stage. FUDR (200 uM) was

Discussion

C. deserticola has been found to possess both anti-
aging and anti-oxidation activities. However, to our
knowledge, previous reports are limited to alcohol
extracts or total PhGs ofC. deserticola(Guo et al.
2016; Wat et al. 2016; Zhang et al. 2014; Nan et al.
2016). Here, we determined the active component of
C. deserticola to be ECH, which confers potential
enhancement of lifespan and stress resistance in C.
elegans.

First, we observed that total PhGs extracted from C.
deserticola could significantly extend the mean
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added at the L4 stage. The fluorescence intensity was measured
on day 4 (a) and day 6 (b) of adulthood. ECH did not affect the
expression of Q35::YFP

lifespan of wild-type C. elegans. To establish the
material foundation of PhGs for lifespan extension, we
investigated ECH, ACT, and [ISO—three monomeric
compounds representing the major PhGs in C. deser-
ticola (Li et al. 2008). Interestingly, we found that
ECH, rather than ACT or ISO, extends the lifespan of
C. elegans in a dose-dependent manner. Thus, our
results indicated that ECH is responsible for the
lifespan extending effects of C. deserticola (Fig. 1b
and S1). Additionally, results demonstrating that
200 uM ECH increased the mean lifespan of worms
by 13.64% (Table 1) are consistent with a report from
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Wang et al. in which 300 pM ECH extended the mean
lifespan of C. elegans by 15.82% (Wang et al. 2015).

Declines in body movement, pharyngeal pumping,
and reproductive capacity during the aging process
have been well described in C. elegans (Huang et al.
2004). Our results showed that ECH-mediated lifes-
pan extension did not affect these age-related physi-
ological functions (Fig. 2). In agreement with our
results, other reports have previously indicated that
ECH does not significantly alter the feeding behavior
or reproductive capacity of C. elegans (Wang et al.
2015).

Lifespan and stress resistance are tightly interre-
lated (Larsen 1993; Kenyon 2010). Indeed, prolonged
lifespan of C. eleganscorrelates with enhanced stress
tolerance against different biological, chemical, and
physical stressors (Morley and Morimoto 2004). In
this sense, and in accordance with the lifespan-
prolonging effect produced by ECH, we found a
strong enhancement of the thermotolerance of C.
elegans treated with ECH (Fig. 3a). Heat stress in C.
elegans is accompanied by generation of oxidative
stress (Finkel and Holbrook 2000), and previous
studies have shown that the longevity-promoting
activity of natural products is closely linked with their
antioxidant activities (Abbas and Wink 2009; Kamp-
kotter et al. 2008; Chen et al. 2013). Importantly, ECH
was able to significantly alleviate the lethality of
H,0O,-induced oxidative stress (Fig. 3b). Increased
ROS accumulation can cause damage to proteins,
DNA, and lipids, resulting in acceleration of aging and
age-related diseases (Finkel and Holbrook 2000).
Importantly, in our study, ECH exhibited strong
scavenging activity of intracellular ROS using an
H,DCF-DA fluorescent probe (Fig. 4a). Notably, fat
accumulation is also correlated with ROS levels
(Singh et al. 2008). Supporting this point, we observed
that ECH with strong ROS scavenging activity also
significantly reduced fat accumulation in C. elegans
using Nile red staining (Fig. 4b). Thus, these findings
indicated that the lifespan extension produced by ECH
might be attributed to the enhancement of stress
resistance in worms. More intriguingly, we observed
that ECH failed to extend the lifespan of mev-1 (kn-1)
mutants (Fig. 5), which exhibit ROS overproduction
and declined longevity (Ishii et al. 1998). This finding
highly suggests that the increased resistance to oxida-
tive stress produced by ECH to yield lifespan
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extension is partially dependent on endogenous
signaling pathways other than direct antioxidant
mechanisms.

Next, to further explore mechanisms underlying the
longevity-prolonging effect of ECH, we focused on
the DR pathway, an important longevity-regulating
pathway in C. elegans, yeast, and Drosophila (Walker
et al. 2005; Jiang et al. 2000; Kannan and Fridell
2013). The C. eleganseat-2 (adl116) mutant is a long-
lived worm that has been used as a genetic DR model
(McKay et al. 2004). Consistently, we found that
200 pM ECH did not increase the lifespan of eat-2
(adl116) mutants. Instead, mean lifespan was
decreased by 10.61% (Fig. 6a); thus, the enhancement
of lifespan produced by ECH relies on DR pathways,
and 200 pM ECH is somehow toxic to eat-2 (adl116)
mutants. Because ECH did not decrease pharyngeal
pumping rate or food intake (Fig. 2c, d; Fig. S3), we
conclude that ECH increases longevity through the
DR pathway without mimicking DR. Moreover, the
current results demonstrate that 200 uM ECH
extended the lifespan of sir-2.1 (0k434) mutants by
16.77% (Fig. 6b). This indicates that the longevity
effect of ECH in worms was independent of sir-2.1,
despite sir-2.1 encoding a deacetylase that extends
lifespan during DR (Testa et al. 2014). Taken together,
these results indicated that ECH exertinglongevity
activity relies on DR pathways, but independent of sir-
2.1.

The lifespan of C. elegans is subject to regulation
by conserved signaling pathways and transcription
factors that sense stress, environmental cues, and
nutrient availability (Donato et al. 2017). Apart from
the DR pathway, the insulin/IGF signaling (IIS)
pathway is another conserved central controller for
regulation of longevity in C. elegans (Kenyon 2010;
Murphy et al. 2003). In this pathway, daf-2 encodes
the receptor, an ortholog of mammalian insulin and
IGF-1. In the presence of ligands, DAF-2 activates
downstream genes and regulates DAF-16, a member
of the FOXO family of transcription factors. Upon
entering the nucleus, DAF-16 modulates target genes
involved in lifespan regulation and stress resistance
(Mukhopadhyay et al. 2006). Notably, the positive
lifespan effect of ECH on wild-type C. elegans was
abolished in both daf-2 (el370) and daf-16 (mu86)
mutants (Fig. 7a, b), suggesting the IIS pathway is
required for lifespan extension produced by ECH.
Furthermore, we observed that ECH significantly
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induced DAF-16 nuclear translocation in the TJ356
mutant worm carrying a daf-16::GFP transgene
(Fig. 7c, d). Importantly, nuclear translocation of
DAF-16 is a key step in the IIS pathway, as it
regulates the transcription of a number of longevity-
and stress tolerance-associated genes (Su and Wink
2015). Among the multiple targets of daf-16, sod-3
and hsp-16.2 are two major downstream effectors.
Sod-3 plays an essential role in detoxification, while
hsp-16.2 is implicated in resistance to proteotoxic
stress by preventing aggregation of misfolded and
unfolded proteins, thus contributing to the longevity of
C. elegans (Murphy et al. 2003; Su and Wink 2015).
Using quantitative real-time PCR, we found that ECH
dramatically promoted the transcriptional levels of
sod-3 and hsp-16.2 by approximately 72-fold and
89-fold, respectively (Fig. 7e, f). Furthermore, we
found that ECH produced a modest increase in the
protein levels of SOD-3 (1.22-fold) and HSP-16.2
(1.21-fold) using strains expressing SOD-3::GFP or
HSP-16.2p::GFP (Fig. 7g, h). Together, these results
demonstrated the impact of ECH on nematode lifespan
and stress resistance through the IIS pathway.

HSF-1 has been reported to cooperate with DAF-16
to activate target genes, and can also promote long-
evity itself in C. elegans (Hsu et al. 2003; Morley and
Morimoto 2004). However, our current results showed
that ECH significantly extended the mean lifespan of
not only wild-type worms, but also hsf-1 (sy441)
mutant worms by 19.78% (Fig. 8), suggesting hsf-1 is
not associated with the longevity-prolonging effect of
ECH in C. elegans.

Finally, with modern increases in life expectancy,
age-related neurodegenerative disorders represent a
growing health concern. A considerable amount of
research has shown that age-related diseases are
closely related with aging and oxidative stress (Jiang
etal. 2016), and focus on finding botanical compounds
with longevity effects to prevent age-related diseases,
especially neurodegenerative disorders (Chen et al.
2014; Pan et al. 2012). Here, we found that ECH
remarkably increased the CI of C. elegans (Fig. 9),
indicating that it can attenuate the age-dependent
decline in physiological behavior. More importantly,
ECH significantly increased the survival of CL4176
worms containing AP aggregates (Fig. 10), which are
considered to be a pivotal pathological factor in AD
(Luo 2006). Notably, the protective effect of ECH on
AB-induced toxicity was approximately equal to that

of ginkgolide A, a well-known agent with positive
effects for AD (Wu et al. 2006). However, ECH
treatment did not diminish PolyQ accumulation
(Fig. 11), which is considered a pathological factor
in Huntington’s disease (Morimoto 2008). Collec-
tively, these results demonstrated a potential protec-
tive effect of ECH against AB-induced toxicity for
nematodes.

In conclusion, our findings show that ECH is the
major phenylethanoid glycoside with longevity activ-
ity in C. deserticola. We observed that ECH mediates
lifespan extension via dietary restriction and IIS
pathways to elicit significant improvement of stress
resistance within worms and potential protective
benefits against AB-induced toxicity. Thus, our results
provide insight into ECH-mediated mechanisms of
lifespan extension, which may yield potentially valu-
able therapeutic strategies for aging-related diseases
such as Alzheimer’s disease.
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