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Specioside (6-O-coumaroylcatalpol) is an iridoid glucosidewhich possessesmultifunctional activities viz. analgesic,
antidyspeptic, astringent, liver stimulating andwound healing properties. The present study for the first time delin-
eates stress alleviating and lifespan prolonging action of specioside (SPC), isolated from Stereospermum suaveolens
in the free living, multicellular nematode model Caenorhabditis elegans. A strong correlation between lifespan ex-
tension and stress modulation in adult worms was established in a dose dependent manner. The dietary intake
of this phytomolecule elevated juglone induced oxidative and heat induced thermal stress tolerance in C. elegans.
On evaluation, it was found that 25 μMdose of SPC significantly extended lifespan by 15.47% (P≤ 0.0001) with re-
duction in stress level. Furthermore, SPC enhanced mean survival inmev-1mutant suggesting its oxidative stress
reducing potential. Furthermore, SPC augmented stressmodulatory enzymes superoxide dismutase (SOD) and cat-
alase (CAT) level in C. elegans. Altogether, these findings broaden current perspectives concerning stress alleviating
potentials of SPC and have implications in development of therapeutics for curing age related disorders.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Specioside (6-O-coumaroylcatalpol) is an iridoid glucoside isolated
from the plant Stereospermum suaveolens (Bignoniaceae), commonly
known as ‘patala’. The plant contains apigenin, lapachol, dianatin-7-
glucuroniside, dinatin, β-sitosterol, saponins, palmitic, stearic and oleic
acids (Chattarjee and Chandra, 2000). In the previous studies this
plant is also validated for hepatoprotective (Chandrashekhar et al.,
2010), anti-hyperglycemic (Rao et al., 2010), anti-inflammatory,
anticancer and antioxidant activities (Chandrashekhar et al., 2009).
The iridoids are groups of natural molecules with a monoterpene cyclic
ring, found in a wide variety of plants (Tietze, 1983). The previous
phytochemical studies reported that iridoid glucoside possesses a
number of activities such as antitumoral, hypotensive, sedative and
hepatoprotective activities (Garg et al., 1994; Ghisalberti, 1998). The
in vitro effects of SPC have been reported earlier while the limited
in vivo effects have been studied. For addressing this aspect, we isolated
and characterized SPC (6-O-coumaroylcatalpol) from S. suaveolens and
evaluated different pharmacological doses of SPC (5, 25 and 50 μM)
for lifespan prolongation and stress modulation in Caenorhabditis
elegans.

Aging is a progressive deterioration of tissue integrity with age,
which is universal to all living organisms characterized with decreased
stress survival ability and increased functional impairment owing to
91 522 2719072.
developmental, genetic or environmental factors (Kenyon, 2005).
Aging is one of the most crucial menace factors for society causing
huge socioeconomic burden. Hence, discovery of novel molecules
which modulate aging, could lead to a new strategy for working upon
age related diseases like diabetes, cancer and neuro-degenerative disor-
ders (Brown et al., 2006). Previous studies suggest that phytomolecules
can effectively modulate stress and life prolonging mechanistic
pathways, thereby extending lifespan significantly (Zhang et al.,
2009). Multiple cellular signaling pathways promoting longevity are
well established in C. elegans. The oxidative stress pathways are well
known to alter lifespan in C. elegans (Guarente and Kenyon, 2000).
C. elegans is an excellent model for pharmacological and toxicological
studies due to its amenable features like small size, transparent body,
short life cycle and well defined genetic factors influencing aging
(Guarente and Kenyon, 2000) making it an informative and convenient
model for aging and stress studies (Blagosklonny et al., 2009). Despite
the various deciphered pharmacological roles of SPC, its antiaging
potential is still undetermined. Therefore, the aim of the present study
is to evaluate the role of this iridoid glucoside (SPC) in stressmodulation
and longevity promotion in C. elegans.

2. Material and methods

2.1. Plant material

The aerial part of S. suaveolens (2.7 kg) was collected in November
2011 from CSIR — Central Institute of Medicinal and Aromatic Plants,
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Fig. 1. Representative HPLC chromatogram of methanol extract of S. suaveolens and
chemical structure of Specioside.
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Lucknow. Authentication of the plant was established by the Taxonomy
and Pharmacognosy Department of our institute. A specimen voucher
(no. 13545) has been deposited to the herbarium of the institute. The
shade dried plant material was stored at room temperature following
good storage practices.

2.2. Instrumentation

Semi-preparative LC-8A (Shimadzu) using a reverse phase column
(RP-18, Supelcosil, 250 mm× 21.2 mm, 12 μm)was used for the purifi-
cation and isolation. 1H & 13C NMR spectra were recorded in deuterated
methanol on a Bruker Avance 300MHz spectrometer. 1H–1H correlation
spectroscopy (COSY), 1H–13C heteronuclear single quantum coherence
(HSQC), and 1H–13C heteronuclear multiple bond correlation (HMBC)
experiments were recorded using the standard pulse sequences. The
chemical shift referencing was carried out with respect to internal
TMS at 0.00 ppm. The ESI-MSwas obtained on aMS-2010EV (Shimadzu,
Japan) at 70 eV by flow injection into the electrospray source. HPLC
equipment (Shimadzu, Japan), consisting of analytical column (Waters
Spherisorb ODS2, 250 mm × 4.6 mm, 10 μm), pumps (LC-10AT) and
PDA (SPD-M10A) was used for HPLC fingerprint analysis. The column
chromatography was performed on silica gel 60–120 mesh.

2.3. Extraction and isolation

The dried and powdered plant material (2.7 kg) was extracted with
methanol (6 L × 3) by cold percolation at room temperature for 24 h.
The methanol extract was concentrated under reduced pressure to ob-
tain a crude methanolic extract (410 g). The crude methanolic extract
was dissolved in water (1.5 L) and fractionated with hexane (66 g),
ethyl acetate (90 g) and n-butanol (140 g). The ethyl acetate (30 g)
extract was subjected to vacuum liquid chromatography, eluting it
with varying compositions of chloroform–methanol. Various fractions
(250mL each), elutedwith different compositions of chloroform–meth-
anol mixture were monitored on TLC and pooled together on the basis
of similar TLC profiles. The pooled fraction A1 (1 g, fraction no. 8–10,
chloroform–methanol, 97:3, v/v) was further purified via semi-
preparative HPLC [mobile solvent: ACN–H2O (20:80, v/v), flow rate:
15 mL min−1, detection: 330 nm] which resulted in the separation
and purification of SPC (1) (25 mg) [Rt 22.63 min] (Kwak et al., 2009).

2.4. Identification

SPC (6-O-coumaroylcatalpol), brown amorphous powder (25 mg),
ESIMS for C24H28O12 m/z: 531 [M + Na]+. 1H NMR 300 MHz (MeOD):
δ 7.72 (1H, d, J = 16.2 Hz, H-7″), 7.52 (2H, d, J = 8.4 Hz, H-2″, 6″),
6.86 (2H, d, J = 8.1, H-3″, 5″), 6.40 (1H, d, J = 16.2 Hz, H-8″), 6.38
(1H, dd, J = 6.0, 1.5 Hz, H-3), 5.19 (1H, d, J = 8.7 Hz, H-1), 5.04
(1H, dd, J = 7.5, 1.5 Hz, H-6), 5.01 (1H, dd, J = 6.0, 3.9 Hz, H-4), 4.85
(1H, d, J = 8.4 Hz, H-1′), 4.18 (1H, d, J = 12.9 Hz, H-10a), 3.92
(1H, dd, J = 12.0, 1.8 Hz, H-6′a), 3.84 (1H, d, J = 13.2 Hz, H-10b), 3.78
(1H, s, H-7), 3.68 (dd, J = 11.7, 6.3 Hz, H-6′b), 3.44 (1H, m, H-5′), 3.40
(1H, m, H-3′), 3.34 (2H, m, H-2′, 4′), and 2.65 (2H, m, H-5, 9); 13C
NMR (MeOD): δ 169.2 (C-9″), 162.9 (C-4″), 147.3 (C-8″), 142.3 (C-3),
131.3 (C-2″, 6″), 127.08 (C-1″), 116.9 (C-3″, 5″), 114.5 (C-7″), 102.9
(C-4), 99.7 (C-1″), 95.1 (C-1), 81.3 (C-6), 78.5 (C-3′), 77.6 (C-5′), 74.8
(C-2′), 71.7 (C-4′), 66.9 (C-8), 62.8 (C-6′), 61.2 (C-10), 60.3 (C-7), 43.1
(C-9), and 36.6 (C-5). 1H and 13C. The data was consistent with the
previously published data (Su et al., 2005).

2.5. HPLC fingerprint

The bioactive marker SPC was separated and identified in the plant
crude extract using HPLC-PDA. Well resolved separation of biomarker
using binary mobile phase consisting of acetonitrile and water
containing 0.1% TFA (20:80, v/v) on Waters Spherisorb ODS2 column
(250 mm × 4.6 mm, 10 μm) was achieved (Fig. 1). The flow rate of
1.0 mL/min with column temperature 30 °C was used throughout the
analysis. A photodiode array detector was set to measure spectra from
200 to 400 nm. The analysis was performed at the wavelength of
330 nm with a run time of 25 min (Tepe et al., 2007).
2.6. C. elegans strains, culture and maintenance

C. elegans strains viz. N2-Bristol (wild type); TK22, mev-1(kn1);
CF1553, muIs84 [pAD76(sod-3::gfp)]; CL2166, gst-4::gfp (dvls19) and
Escherichia coli OP-50 strain used in this study were obtained from the
Caenorhabditis Genetics Center (CGC), University of Minnesota, MN,
USA. The strainswere grown andmaintained under standard laboratory
conditions at 20 °C on nematode growth medium (NGM) agar plates
seeded with a lawn of E. coli OP50 (Brenner, 1974). The synchronized
culture was obtained by sodium hypochlorite treatment of gravid
hermaphrodites (Fabian and Johnson, 1994).
2.7. Test compound

SPC was dissolved in 10% dimethyl sulfoxide (DMSO) to prepare a
10 mM stock. Toxicity assay was performed with 5, 25, 50, 100, 250,
500 μM and 1 mM to assess toxic effect of SPC. The 5, 25 and 50 μM
are found to be non-toxic among all of these concentrations (Fig. 2).
Hence, 5, 25 and 50 μM were taken as test concentration. The day 2
adult worms were transferred to 24 well plate containing 300 μL total
volume of water with indicated doses of SPC (5 μM–1 mM concentra-
tion) or 0.05% DMSO as control. The wild type N2 plates were freshly
prepared 2 h before use and seeded with E. coli OP50 one day before
use (Büchter et al., 2013). The survival of the worms was scored after
every 1 h interval and data shown represents the survival of worms
after 24 h.
2.8. Lifespan assay

The age synchronized culture was used for lifespan assay; worms
were allowed to hatch on NGMplates in the presence or absence of var-
ious concentrations of SPC (5, 25 and 50 μM) till their adulthood. L4
molts were then transferred to fresh seeded NGM plates previously
spotted with the corresponding test concentration and 50 μM, 5-
fluoro-2′-deoxyuridine (FUdR; Sigma, St. Louis, MO, USA) was added
to plate to prevent progeny development (Hosono, 1978; Büchter
et al., 2013). The worms were scored daily by touch provoke method
and transferred onto fresh plates. The experiment was terminated
when all worms were scored as dead or censored. The experiment
was repeated in three independent trials.



Fig. 2. Toxicity profile of different doses of SPC (5 μM, 25 μM, 50 μM, 100 μM, 250 µM,
500 μM and 1 mM). The N2 wild type worms were synchronized on NGM plates and on
day 2 of adulthood the worms (n = 50) were transferred to 24 well plate containing re-
spective doses of SPC (5 μM, 25 μM, 50 μM 100 μM, 250 µM, 500 μM and 1 mM) whereas
0.05%DMSO served as control. No obvious toxic effect of SPCwas observed at 5 μM, 25 μM,
and 50 μM but 100, 250, 500 μM and 1 mM were found to be toxic to the worms. Hence,
5 μM, 25 μM and 50 μM were taken as test concentrations. The statistical differences
between the control and treated worms were determined with the aid of the parametric
t-test. The data is statistically analyzed using ANOVA in ASSISTAT 7.7 beta statistical assis-
tance software. Differences between thedatawere considered significant at P≤ 0.05. Error
bars represent means ± SEM. *P ≤ 0.05, **P ≤ 0.001.
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2.9. Pharyngeal pumping analysis

The pharyngeal pumping rate is defined as the number of contrac-
tion and relaxation of the pharynx over a one-minute interval. The L1
worms were treated with different concentrations of SPC (5, 25 and
50 μM) and the pharyngeal pumping rate of day 5 and day 10 adult
worms was recorded for 20 s using a Leica S8AP0 stereoscopic
microscope (Büchter et al., 2013). The experiment was performed in
three independent trials.

2.10. Stress resistance assay

To assess the effect of SPC on oxidative stress resistance in worms,
juglone (5-hydroxy-1,4-napthoquinone, Sigma-Aldrich), an intracellu-
lar ROS generator was used. The age synchronized worms were raised
from L1 to adult in the presence/absence of SPC (5, 25 and 50 μM) as de-
scribed in Lifespan assay. The treated or untreated day 2 adult worms
were transferred to 24-well plate containing liquid NGM and oxidative
stresswas induced by an acute, lethal concentration of juglone (250 μM)
in a total volume of 300 μL perwell. The wormswere incubated at 20 °C
and scored for viability per hour of continuous exposure (Pant et al.,
2014).

For thermotolerance assay, SPC (5, 25 and 50 μM) treated and con-
trol worms were exposed to continuous heat shock at 37 °C for 4 h
onto NGM plates and then scored for viability. Worms were scored as
dead when they failed to respond to repeated touch with a platinum
loop (Lithgow et al., 1995). The experiments were performed in three
independent trials.

2.11. Measurement of intracellular ROS in C. elegans

The age synchronized L1 larvae (as described above in Lifespan
assay) were transferred to NGM plates seeded with E. coli lawns in the
presence or absence of SPC (5, 25 & 50 μM) at 20 °C. The intracellular
reactive oxygen species levels were measured in C. elegans using 2,7-
dichlorofluorescein diacetate (H2DCF-DA: Sigma). H2DCF-DA is a non-
fluorescent cell permeable dye which gets converted intracellularly
into fluorescent 2,7-dichlorofluorescein (DCF) in the presence of ROS.
The day 4 of adult worms were collected in 300 μL of PBS (phosphate
buffer saline) with 0.1% Tween-20 and washed three times with PBST.
The adult worms were transferred into 96 well plate in the presence
of 50 μM H2DCF-DA in PBS. The fluorescence was recorded after every
20 min for 2 h 30 min at 37 °C using a fluorescence microplate reader
(SpectramaxM2:MolecularDevices) at excitation 485nmand emission
530 nm (Büchter et al., 2013). The assay was performed in three
independent trials.

2.12. Analysis of intracellular lipofuscin accumulation

To investigate the effect of SPC on the accumulation of intestinal
lipofuscin level, worms were grown on NGM plates in the presence or
absence of SPC (25 μM) from L1 stage. Lipofuscin is a biomarker of
aging and exhibits auto-fluorescence (Herndon et al., 2002). On the
5th day of adulthood, randomly selected worms were mounted on
slides coated with 3% agarose pad, anesthetized with 2% sodium azide.
The auto-fluorescence of lipofuscin was visualized with a Leica fluores-
cencemicroscopeDMI 3000 B (Leica,Wetzlar, Germany) using theDAPI
filter set (with excitation at 340–380 nm and emission at 435–485 nm)
at 20× objective. The lipofuscin level for each worm was quantified by
determining the average pixel intensity in each worm's intestine. The
fluorescence was quantified as the average pixel intensity by Image-J
software (NIH). The experiment was repeated thrice.

2.13. Quantification of stress response gene expression

For visualization and quantification of sod-3::GFP and gst-4::GFP
expressions, transgenic strains CF1553 and CL2166 tagged with GFP
were grown on NGM plates spotted with E. coli OP-50 as a food source.
Worms were treated with SPC (25 μM) and 0.05% DMSO served as
control for 72 h at 20 °C. Photographs were captured directly on day 2
for CF1553 (sod-3::gfp) and CL2166 (gst-4::gfp) worms in comparison
to control (Pant et al., 2014). For quantifying the GFP expression,
wormsweremounted on glass slides coated with 3% agarose pad, anes-
thetizedwith 2% sodiumazide and visualized under a Leica fluorescence
microscope DMI 3000 B (Leica, Wetzlar, Germany) using GFP filter set
(with excitation at 365 nm and emission at 420 nm). GFP fluorescence
in the worms was measured by digital imaging using 20× objective
followed by analysis with Image-J software. The SOD-3 level for each
worm was quantified by determining the average pixel intensity in
eachworm's terminal bulb and the anterior portion of the pharynx. Fur-
thermore, the GST-4 level was quantified by calculating the average
pixel intensity of the worm's body wall muscles. The experiment was
repeated in three independent trials. The comparison of all images
was carried out on the same day with the same microscope settings.

2.14. mRNA quantification of stress modulating gene

The wild type N2 worms were treated with DMSO (0.05%) or 25 μM
SPC for 72 h and grown under standard laboratory condition at 20 °C as
described in Lifespan assay (Pant et al., 2014). Total RNA was extracted
from day 2 adult worms using a Trizol reagent (Invitrogen). The first
strand cDNAwas synthesized using the cDNA synthesis kit (Invitrogen)
according to the manual's instruction. The expression level of genes
sod-1, sod-2, sod-3, gst-4, gst-7, hsp-16.2, hsp-70 and ctl-1 with respect
to housekeeping gene β-actin (act-1) used as an endogenous control
was quantified by using the SYBR green detection method on an Ap-
plied Bio-systems 7900HT fast real time PCR system. Relative-fold
changes of expressed gene were calculated using the comparative Ct

(ΔΔCt) method. The experiment was repeated in three independent
trials.

2.15. In vivo antioxidant assay

2.15.1. Measurement of antioxidant enzyme level
The antioxidant enzyme level was analyzed using SPC treated and

untreated day 2 adult worms (as described in Lifespan assay above).
The treated/untreatedwormswerewashed three timeswithM9 buffer,



Fig. 3. (a) Effects of SPC on lifespan extension inN2wild type C. elegans at 20 °C. Treatment
plates were prepared by standard NGM and SPC at various concentrations (5, 25, 50 μM)
and worms were grown on E. coli OP50 lawn and allowed to grow till L4 stage. L4 molts
were then transferred to fresh NGM plates of the corresponding test concentration with
50 μM FUdR, worms were scored daily for survival. SPC (5 μM, 25 μM and 50 μM) demon-
strated significant increase in lifespan of wild type N2 worms. Whereas, SPC 25 μM is the
most effective concentration which enhanced lifespan by 15.47% (P≤ 0.0001) in compar-
ison to control worms. (b) The %mean survival in 25 μMSPC treatedmev-1(kn1)mutants
is 19.34% in comparison to normal control group (P ≤ 0.0001). The data were processed
using the Kaplan–Meir survival analysis in MedCalc 12.7.7.0 software.
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homogenized in the extraction buffer (pH 7.4), and centrifuged at
10,000 rpm for 15 min and the supernatant was used for bio-chemical
analysis.

2.15.2. Determination of superoxide dismutase (SOD) level
SOD activity was measured by monitoring the decrease in absor-

bance at 406 nm to evaluate the auto-oxidation of riboflavin by the en-
zyme at pH 10 (Misra and Fridovich, 1972). The reaction mixture
containing 100mMphosphate buffer (pH 7.8), 2.25mMNBT (nitroblue
tetrazolium), 3 mM EDTA and 1.5 mM Na2CO3 in a total volume of
3.0mLwas used and the reactionwas initiated by adding 0.4mL of ribo-
flavin solution (Leelaja and Rajini, 2012; Ahn et al., 2014). The suitable
aliquot of the supernatant was added to the reaction mixture and the
inhibition of riboflavin auto-oxidation was monitored. The results are
expressed as % SOD activity w.r.t. control. The experimentwas repeated
in three independent trials.

2.15.3. Measurement of catalase (CAT) level
The supernatant obtained after homogenization of treated or un-

treated worms is equivalent to approximately 260 μg protein along
with 25 μL of H2O2 (3%) and was added to 3.0 mL of phosphate buffer
(100 mM, pH 7.8) and due to H2O2 degradation the decrease in
absorbance was measured at 240 nm for 5 min (Claiborne, 1985;
Leelaja and Rajini, 2012). The results are expressed as % CAT activity
w.r.t. control. The experiment was repeated in three independent
trials.

2.16. Data analysis

The statistical differences between the control and treated worms
were determined with the aid of the parametric t-test. The signifi-
cant difference between the lifespan of treated and control worms
was determined using the Kaplan–Meier survival assay in MedCalc
software. The results are presented as mean lifespan ± standard
error (SE). Data other than lifespan were statistically analyzed using
ANOVA in ASSISTAT statistical assistance software. All bar graphs
show the mean of biologically independent samples and error bars
demonstrate ± SEM. Difference between the data was considered as
significant at P ≤ 0.05.

3. Results

3.1. SPC extends lifespan of wild type C. elegans

To evaluate the effect of SPC in themodulation of lifespan, wild type
wormswere exposed to various concentrations (5, 25 and50 μM)of SPC
from L1 stage till death. It was observed that SPC (25 μM) dose signifi-
cantly extended the mean lifespan (19.92 ± 0.030; n = 188) of
worms by 15.47% (P ≤ 0.0001). The worms exposed to 5 and 50 μM
doses of SPC also demonstrated extension in mean lifespan by 8.9%
(P ≤ 0.0001) and 11.88% (P ≤ 0.0001) respectively (Table 1, Fig. 3A).
Table 1
Lifespan assay: Effect of different concentrations of SPC on mean lifespan of wild type (N2) an
The N2 wild type and mev-1 mutant worms were treated with different test concentrations o
effective dose and enhanced mean lifespan significantly. The mean lifespan was calculated as t
processed using log rank test using the Kaplan–Meir survival analysis in MedCalc 12.7.7.0 softw

Genotype Treatments (μM) Mean lifespan ± SE

N2 wild type Control DMSO 17.25 ± 0.21
N2 wild type SPC 5 μM 18.8 ± 0.26
N2 wild type SPC 25 μM 19.92 ± 0.30
N2 wild type SPC 50 μM 19.3 ± 0.26
mev-1(kn1) Control DMSO 12.77 ± 0.29
mev-1(kn1) SPC 25 μM 15.24 ± 0.20

Means ± SEM.
⁎⁎ P b 0.0001.
These results suggest that among the various tested concentrations,
25 μM dose of SPC exhibits the most prominent effect on the lifespan
of wild type worms.
dmev-1(kn-1) mutant.
f SPC from L1 stage until the completion of lifespan. SPC 25 μM was found to be the most
he average number of days the worms survived in each test concentration. The data were
are.

Sample size (N) % change P value (log rank significance)

225
174 8.9 ≤0.0001⁎⁎
188 15.47 ≤0.0001⁎⁎
128 11.88 ≤0.0001⁎⁎
147
175 19.34 ≤0.0001⁎⁎



Fig. 4. Effect of SPC on the pharyngeal pumping rate of N2 wild-type Caenorhabditis
elegans. N2 wild-type worm was raised from L1 to adult as in the lifespan assays. On the
5th and 10th days of adulthood, the pharyngeal pumping rates of individuals (n = 20)
were measured by transferring a single worm to a seeded plate and pharyngeal pumping
was scored under a dissectingmicroscope for 20 s at room temperature. The statistical dif-
ferences between the control and treated worms were determined with the aid of the
parametric t-test. The data is statistically analyzed using ANOVA in ASSISTAT 7.7 beta sta-
tistical assistance software. Differences between the data were considered significant at
P ≤ 0.05. Error bars represent means ± SEM. **P ≤ 0.001.

Fig. 5. (a) Effect of SPC on juglone (5-hydroxy-1,4-naphthoquinone) induced oxidative
stress in N2 wild type worms. Worms were synchronized on NGM plates supplemented
with 5, 25 and 50 μM SPC (n = 120) or without SPC (control = 120). The day 2 adult
worms were transferred to 24-well plate containing liquid NGM and juglone (250 μM)
in a total volume of 300 μL per well and survival of the worms was measured. SPC
25 μM(P≤ 0.001) significantly reduced the juglone sensitivity in pre-treatedworms com-
pared to untreated control worms. (b) For assessing thermotolerance under heat stress
SPC treated and control adult worms were placed on NGM plates at 37 °C for 4 h and
then scored for viability. (c) Mean survival of SPC treated and untreated worms under
thermal stress condition. The statistical differences between the control and treated
worms were determined with the aid of the parametric t-test. The data is statistically an-
alyzed using ANOVA in ASSISTAT 7.7 beta statistical assistance software and Kaplan–Meir
survival analysis inMedCalc 12.7.7.0 software. Differences between the data were consid-
ered significant at P ≤ 0.05. Error bars represent means ± SEM. *P ≤ 0.05, **P ≤ 0.001,
***P ≤ 0.0001.
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3.2. SPC enhanced the pharyngeal pumping of C. elegans

The pharyngeal pumping is the movement of the pharynx muscles
which normally deteriorates with age (Pant et al., 2014). In order to in-
vestigate whether SPC affects this physiological behavior, pharyngeal
pumping was recorded in C. elegans fed with different concentrations
of SPC (5, 25 and 50 μM). The worms treated with 25 μM dose of
SPC displayed significant rapid pharyngeal pumping at day 5 adult
(P ≤ 0.001) and older stages i.e. day 10 (P = 0.0017) than the control
group (Fig. 4).

3.3. SPC enhanced the stress resistance in wild type C. elegans

The longevity is closely linked with the oxidative stress resistance
and thermotolerance (Büchter et al., 2013). To investigate the effect of
SPC on oxidative and thermal stress resistance in C. elegans, SPC (5, 25
and 50 μM) treated/control worms were exposed to oxidative and
thermal stress condition. Age synchronized worms, pre-treated with
various concentrations of SPC for 72 h at 20 °C were exposed to
250 μMjuglone (a redox cycler) that generates intracellular ROS causing
oxidative stress and incubated for 6 h (De Castro et al., 2004). The
results indicate that percentage (%) survival in SPC treated worms was
36.66% (P = 0.0223) in 5 μM, 65% (P ≤ 0.001) in 25 μM and 40% (P =
0.0113) in 50 μM as compared to untreated control worms (Fig. 5A).

To assess the effect of SPC on thermotolerance, wormswere exposed
to thermal stress at 37 °C for 4 h in the presence or absence of SPC. It
was observed that 25 μM treatment enhanced mean survival by
23.89% (P ≤ 0.0001) followed by 6.64% (P ≤ 0.0001) and 6.34% (P =
0.0001) in 5 μM and 50 μM treatments respectively (Fig. 5B and C).
The highest mean survival was observed in worms treated with 25 μM
SPC.

3.4. SPC reduced intracellular ROS accumulation in C. elegans

To determinewhether SPC treatment could delay the age associated
cellular damage in C. elegans, we evaluated the level of ROS in treated
(SPC 5, 25, 50 μM) and untreated day 5 worms. Results suggest that a
significant (P ≤ 0.001) reduction in intracellular ROS level was found
in 25 μM (33.7%) treated worms in comparison to untreated control
worms followed by SPC 5 μM (58.9%) and SPC 50 μM (49.15%). This in-
dicates that SPC can regulate aging by reducing oxidative stress (ROS) in
C. elegans (Fig. 6).
3.5. SPC alleviates oxidative stress in oxidative stress sensitivemev-1mutant

Aging is associated with cellular damage induced by the production
of free radicals and lifespan extension is closely related with increased



Fig. 6. Effect of SPC (5, 25 and 50 μM) on ROS levels in C. elegans. The age synchronized
treated and non-treated N2 worms were used to measure intracellular ROS. To measure
intracellular ROS levels age-synchronized wild-type N2 worms were treated with SPC
(25 μM). The day 4 adult treated and non-treated live worms were subjected to ROS
level detection using DCF-DA dye using a 96-well micro-plate reader at 37 °C. The graph
was plotted as relative change in ROS compared to control at 100%. The statistical differ-
ences between the control and treated worms were determined with the aid of the para-
metric t-test. The data is statistically analyzed using ANOVA inASSISTAT7.7 beta statistical
assistance software. Differences between the data were considered significant at P≤ 0.05.
Error bars represent means ± SEM. **P ≤ 0.001.

Fig. 7. Effect of SPC on oxidative stressmarkers. (a) Effect of SPC (5 μM, 25 μMand 50 μM)
on SOD (superoxide dismutase) level. (b) Effect of SPC (5 μM, 25 μM and 50 μM) on CAT
(catalase) level with respect to control. The statistical differences between the control
and treated worms were determinedwith the aid of the parametric t-test. The data is sta-
tistically analyzed using ANOVA in ASSISTAT 7.7 beta statistical assistance software. Error
bars represent means ± SEM. *P ≤ 0.05, **P ≤ 0.001.
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survival under oxidative stress (Blagosklonny et al., 2009). It was found
that SPC increased resistance to oxidative and thermal stress in
C. elegans (Fig. 5A, B and C). Additionally, SPC treatment extended the
mean lifespan by 19.34% (P ≤ 0.0001) in oxidative stress sensitive
mev-1 mutants (Table 1, Fig. 3B). Themev-1 gene encodes cytochrome
b, a large subunit of the complex-II enzyme succinate CoQ reductase
of themitochondria. Themev-1 deletionmutant is hypersensitive to ox-
idative stress due to elevatedmitochondrial ROS production. Altogether
the data suggests that SPC mediated lifespan extension in C. elegans can
be attributed to reduction in oxidative stress.

3.6. Effect of SPC on oxidative stress markers in worms

To evaluate whether treatment of SPC changes the level of antioxi-
dant enzymes in the worms, we analyzed biochemically SOD and CAT
activities. All the observed concentration of SPC (5, 25 and 50 μM)
enhanced level of antioxidant enzyme SOD and CAT in vivowhen tested
biochemically in comparison to control. The 25 μM of SPC exhibited
maximum level of SOD and CAT activities in comparison to other
doses (Fig. 7A and B).

3.7. SPC reduces accumulation of intracellular lipofuscin in C. elegans

The intracellular level of lipofuscin is an auto-fluorescent molecular
marker of cellular damage with progression in age in C. elegans. Worms
treated with SPC (25 μM) exhibited reduction in intestinal lipofuscin
level as compared to untreated control worms (Fig. 8A and B).

3.8. SPC increased the expression of SOD-3 and GST-4 in transgenic strains
of C. elegans

In order to validate thefindings of our prior results,we examined the
effect of SPC on the expression of stress response genes sod-3 (superox-
ide dismutase) and gst-4 (glutathione S transferase). We used GFP
tagged transgenic strains CF1553 (sod-3::gfp) and CL2166 (gst-4::gfp)
treated with or without SPC (25 μM). SOD-3 is an antioxidant enzyme
which plays an important role in longevity and stress resistance
(Guarente and Kenyon, 2000). To evaluate the protective effects of
SPC in C. elegans, we exposed the sod-3::gfp and gst-4::gfp transgenic
worms to 25 μM SPC for 72 h and observed changes in the expression
of SOD-3 and GST-4 in day 2 adult worms. The 25 μM SPC significantly
enhanced (P ≤ 0.001) the expression of SOD-3 in the pharynx and
anterior region of treated worms as compared to untreated control
(Fig. 9A, B and C), thereby reducing oxidative stress. Furthermore, we
investigated the effect of SPC on the expression of GST-4 which plays
a main role in phase-II detoxification pathway. SPC (25 μM) was
observed to increase the expression of GST-4 in SPC (25 μM) treated
worms as compared to untreated control (Fig. 10A, B and C).

3.9. SPC upregulates the expression of stress modulating genes in C. elegans

The ROS scavenging and longevity promoting activities of SPC in
mev-1 mutant can be attributed to its stress alleviating potential in
C. elegans. To elucidate the mechanism involved in the regulation of
lifespan extension and stress modulation, quantitative real time PCR
was performed for the antioxidant genes viz., sod-1, sod-2, sod-3, gst-4,
gst-7, hsp-16.2, hsp-70 and ctl-1. Our results demonstrate that SPC
(25 μM) significantly upregulated mRNA expression of sod-1 (1.94
fold, P ≤ 0.001), sod-2 (3.68 fold, P ≤ 0.001), sod-3 (3.75 fold, P ≤
0.001), gst-4 (2.28 fold, P ≤ 0.001), gst-7 (2.90 fold, P ≤ 0.001), hsp-
16.2 (2.32 fold, P ≤ 0.001), hsp-70 (2.29 fold, P ≤ 0.001) and ctl-1 (2.20
fold, P ≤ 0.001) with respect to endogenous control β-actin (Fig. 11).
The upregulation of sod-1, sod-2, sod-3, hsp-16.2 and hsp-70 indicates
stress modulatory effect of SPC (25 μM) which is consistent with the re-
sults observed for oxidative and thermal stress assay (Fig. 5A, B and C).

4. Discussion

After several years of waning enthusiasm for an approach to drug-
making that was once called revolutionary, interest in phytomolecule



Fig. 8. The SPC (25 μM) treatment significantly reduced intestinal auto-fluorescence due to lipofuscin. The auto-fluorescence of lipofuscin of randomly selected 20 treated/untreated
worms was captured using DAPI filter (with excitation at 340–380 nm and emission at 435–485 nm) with a Leica fluorescence microscope DMI 3000 B (Leica, Wetzlar, Germany) at
20× objective. (a) Microphotograph captured on day 4 of untreated control worms. (b) Microphotograph captured on day 4 of SPC (25 μM) treated worms. SPC (25 μM) treated day 4
adult worms demonstrated reduced lipofuscin auto-fluorescence compared to control. (c) Quantification of auto-fluorescence level presented as mean RFU. Scale bar = 200 μm. The
lipofuscin level was quantified by determining the average pixel intensity in each worm using Image-J software (NIH). The statistical differences between the control and treated
worms were determined with the aid of the parametric t-test. Differences between the data were considered significant at P ≤ 0.05. Error bars represent means ± SEM. *P ≤ 0.05.
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based medicine curing aging and age related disorders is suddenly on
upswing (Lucanic et al., 2013). The field got high-octane boost in
the last decade with the discovery of a variety of natural bio-active
phytomolecules enhancing stress resistance and longevity (Morimoto,
2006). Worldwide researchers are deploying a range of model organ-
isms in studying complex realm of anti-aging effect of phytomolecules.
The ultimate goal of all of these is to battle against age and age related
disorders by modulating multiple cell signaling pathways underlying
aging phenomena (Guarente and Kenyon, 2000). The longevity
prolonging action of several bioactive molecules viz. epigallocatechin-
gallate, beta-caryophyllene, resveratrol, iridoids and polyphenols etc.
has earlier been reported (Valenzano et al., 2006; Wilson et al., 2006;
Zhang et al., 2009; Shukla et al., 2012; Pant et al., 2014). SPC (6-O-
coumaroylcatalpol) is an iridoid glucoside isolated from the aerial
parts of S. suaveolens. The antioxidant activity of SPC has been reported
in prior studies (Chandrashekhar et al., 2009). These studies about inter-
action and effect of this molecule is based on a variety of in vitro work
and in vivo work, which give limited insight about the interaction of
SPC with living systems and its effect on aging. Therefore, we selected
C. elegans for studying in vivo interaction of SPC. Previously, this
model system has been used for elucidating anti-aging and stress mod-
ulating effects of phytomolecules (Valenzano et al., 2006). These studies
motivated us to study stress modulation and anti-aging potentials of
SPC. To address this possibilitywe evaluated the effect of SPC on lifespan
and stress resistance in C. elegans for the first time. In the present study
an increment in mean lifespan in wild type SPC treated N2 worms
was observed with respect to untreated control under normal culture
condition at 20 °C (Table 1, Fig. 3A). There are several studies in which
protective actions of flavonoids and iridoids have been attributed to
their anti-aging activity in C. elegans (Valenzano et al., 2006; Shukla
et al., 2012). The progression in age has been associated with decline
in feeding behavior and pumping of the pharyngeal bulb is responsible
for feeding in C. elegans which normally deteriorates with age. The SPC
treatment alleviates age related decline as enhancement in the pharyn-
geal pumping rate was observed in treated worms (Fig. 4). The longev-
ity and stress resistance are interconnected phenomenon (Wilson et al.,
2006). The progression in age is associated with elevated accumulation
by products of various metabolic processes due to compromised oxida-
tive stress defence system, the aggregation of pigment like molecule
lipofuscin due to iron catalyzed oxidation of protein and lipid residues.
This age pigment is also known as biomarker of aging and is oftenly
associated with various age related degenerative disorders (Herndon
et al., 2002). The SPC (25 μM) treatment was able to reduce lipofuscin
aggregation suggesting alleviation of age related stress by SPC (Fig. 8A,
B and C). The SPC (5, 25 and 50 μM) treatment was able to enhance
oxidative and thermal stress tolerance and 25 μM SPC treated worms
demonstratedmaximum stress resistance in comparison to other tested
doses of SPC (Fig. 5A and B). In addition to that SPC (25 μM) treated
worms exhibited enhanced mean survival and thermotolerance under
continuous exposure to heat induced thermal stress (Fig. 5B). The incre-
ment in oxidative and thermal stress tolerance indicates lifespan exten-
sion due to stress modulation by SPC. Similar findings suggest that
lifespan extension due to stress modulation has been reported previ-
ously by various researchers (Sunagawa et al., 2011; Shukla et al.,



Fig. 9. Effect of SPC 25 μM on SOD-3. The age-synchronized L1 CF1553, muIs84 (pAD76(sod-3::gfp)) transgenic strains were continuously exposed to SPC 25 μM for 72 h. Worms were
mounted on a 3% agarose pad on a glass slide and analyzed under a fluorescence microscope. SPC supplementation enhanced expression of SOD-3. (a) Control sod-3::gfp (n = 92).
(b) SPC 25 μM treated sod-3::gfp (n = 90). (c) Quantification of GFP expression. The results are presented as means ± SEM of the relative fluorescence intensity. The experiment was
repeated three times and imageswere capturedusing a 20× objective. n, number ofworms imaged and scale bar=200 μm.TheGFP expressionwas quantifiedby determining the average
pixel intensity in each worm using Image-J software (NIH). The statistical differences between the control and treated worms were determined with the aid of the parametric t-test. Dif-
ferences between the data were considered significant at P ≤ 0.05. Error bars represent means ± SEM. **P ≤ 0.001.

32 J. Asthana et al. / Comparative Biochemistry and Physiology, Part C 169 (2015) 25–34
2012; Pant et al., 2014). The accumulation of higher intracellular ROS
causes oxidative stress which plays a major role in aging. The Harman's
free radical theory suggests that enhanced free radical level is linked
with decline in lifespan or vice versa (Harman, 1956). The intracellular
free radical level is balanced by range of antioxidative enzyme like su-
peroxide dismutase, glutathione S transferase and catalase. These anti-
oxidative enzymes scavenge free radicals and maintain cellular
homeostasis in living system. We evaluated the intracellular ROS level
and our results are similar to the previous findings where various
phytomolecules have been found to scavenge intracellular ROS and re-
mediate oxidative stress (Shukla et al., 2012). SPC significantly reduced
intracellular ROS and themodulation in oxidative stress can be attribut-
ed to attenuation in intracellular ROS level. Furthermore, we observed
extension inmean lifespanofmev-1mutant treatedwith SPC treatment.
mev-1 deletion mutant is an oxidative stress hypersensitive strain due
to loss of function in MEV-1, a subunit of complex II in the electron
transport chain which leads to ROS overproduction and reduced
lifespan (Ishii et al., 1998). We observed extension in mean lifespan of
mev-1 mutant on SPC treatment (Table 1, Fig. 3B) indicating stress re-
ducing nature of SPC. Additionally, SPC (25 μM) significantly enhanced
the level of antioxidant enzymes SOD and CAT when tested biochemi-
cally. Altogether increase inmean lifespan ofmev-1 and enhanced levels
of SOD and CAT can be attributed to oxidative stress reducing properties
of SPC. Aging is marked with an increase in oxidative stress and
depletion in antioxidant enzyme level like SOD and CAT. The different
concentrations of SPC remarkably enhanced the level of antioxidant en-
zymes CAT and SOD in comparison to reduced level in untreated worm
suggesting its stress alleviating activity (Fig. 7A and B). The 25 μM dose
of SPC significantly alleviated the harmful effects of age related oxida-
tive stress revealing the antioxidant activity of the SPC. The imbalance
betweenROSproduction and antioxidant enzyme levels results in cellu-
lar oxidative stress. The cellular oxidants are generated with standard
metabolic process occurring inside the cell. Additionally, oxidative dam-
age is caused by non-metabolic processes viz. exposure to cytotoxic
chemicals, ionizing radiation or certain drugs (Harman, 1956). These re-
active oxygen species can cause DNA and cellular damage which leads
to aging and age related decline. The cellular defence system consists
of enzymatic antioxidants such as CAT and SOD which counterbalance
the cellular ROS level (Finkel andHolbrook, 2000). The SOD and catalase
levels were enhanced on SPC treatment in comparison to untreated
control groupwhich indicates the potential antioxidant and stressmod-
ulatory properties of the SPC. Additionally, SPC treatment enhanced the
expression of antioxidant genes sod-3 and gst-4. SPC mediated overex-
pression of this stress response gene in transgenic strains sod-3::gfp
(Fig. 9A, B and C) and gst-4::gfp (Fig. 10A, B and C) validates oxidative
stress resistance demonstrated by SPC treated worms above (Fig. 5A
and B). Furthermore, SPC treatment upregulated the stress responsive
genes like sod-1, sod-2, sod-3, gst-4, gst-7, hsp-16.2, hsp-70 and ctl-1



Fig. 10. Effect of SPC 25 μMonGST-4 expression. The age-synchronized L1 CL2166 (gst-4::gfp) (dvls19) transgenic strains were continuously exposed to SPC 25 μM for 72 h.Wormswere
mounted on a 3% agarose pad on a glass slide and analyzed under a fluorescence microscope. The SPC supplementation enhanced expression of GST-4. (a) Control gst-4::gfp (n = 88).
(b) SPC 25 μM treated gst-4::gfp transgenic strain (n = 90) of C. elegans and scale bar = 200 μm. (c) Quantification of GFP expression. The results are presented as means ± SEM of
the relative fluorescence intensity. The experiment was repeated three times and images were captured using a 20× objective. n, number of worms imaged and scale bar = 200 μm.
The GFP expression was quantified by determining the average pixel intensity in each worm using Image-J software (NIH). The statistical differences between the control and treated
worms were determined with the aid of the parametric t-test. Differences between the data were considered significant at P ≤ 0.05. Error bars represent means ± SEM. **P ≤ 0.001.
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(Fig. 11). The upregulation of sod-1, sod-2, sod-3 and ctl-1 validates in-
crement in SOD and CAT levels conferring oxidative stress resistance
(Fig. 7A and B). The elevated level of hsp-70 and hsp-16.2 supports the
enhanced thermotolerance by SPC treated worms (Fig. 5B and C). Over-
all our results suggest that SPC modulates age related oxidative stress
Fig. 11. Effect of SPC (25 μM) treatment on expression of stress responsive genes like sod-1,
sod-2, sod-3, gst-4, gst-7, hsp-16.2, hsp-70 and ctl-1. The housekeeping gene β-actin (act-1)
was used as endogenous control and the relative expression level was quantified using
real-time PCR using comparative Ct (ΔΔCt) method. The data is statistically analyzed
using ANOVA in ASSISTAT 7.7 beta statistical assistance software. Differences between
the data were considered significant at P ≤ 0.05. Error bars represent means ± SEM.
**P ≤ 0.001.
and antioxidant enzymatic levels promoting longevity which can be
subjected to future investigations.

5. Conclusion

The present experiment demonstrated stress and lifespan modulat-
ing potentials of SPC. SPC modulated the oxidative and thermal stress
and enhanced antioxidant enzyme levels attenuating cellular ROS
levels. The study demonstrates the involvement of antioxidant enzymes
CAT and SOD in stress resistance conferred by SPC. This is the first study
to report the lifespan extending and stress modulating potentials of
SPC in C. elegans model system. The present study opens doors for de-
velopment of phytomolecule based therapeutics for prolonging lifespan
and managing age related severe disorders.
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