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Abstract Terpenes and their derivatives have been
used conventionally as potential dietary supplements
to boost the nutritional value of endless food products.
Several plant-based complex terpenoid and their deriv-
atives have been reported for a wide range of medicinal
and nutritional properties. However, their simple

counterparts, whose production is relatively easy, sus-
tainable, and economic from food-grade microbial
sources, have not been studied yet for any such biolog-
ical activities. The present study aimed to investigate the
longevity-promoting property and neuromodulatory ef-
fects of 3,3-dimethylallyl alcohol (Prenol), one of the
simplest forms of terpenoid and a constituent of fruit
aroma, in the animal model Caenorhabditis elegans.
Prenol supplementation (0.25 mM) augmented the
lifespan of wild-type nematodes by 22.8% over the
non-treated worms. Moreover, a suspended amyloid-β
induced paralysis and reduced α-synuclein aggregation
were observed in Prenol-treated worms. The lifespan
extending properties of Prenol were correlated with
ameliorated physiological parameters and increased
stress (heat and oxidative) tolerance in C. elegans. In
silico and gene-specific mutant studies showed that pro-
longevity transcription factors DAF-16, HSF-1, and
SKN-1 were involved in the improved lifespan and
health-span of Prenol-treated worms. Transgenic green
fluorescent protein-reporter gene expression analysis
and relative mRNA quantification (using real-time
PCR) demonstrated an increase in the expression of
DAF-16, HSF-1, and SKN-1 transcription factors and
their downstream target genes in Prenol-treated worms.
Together, the findings suggest that small molecules, like
Prenol, could be explored as a potential alternate to
develop therapeutics against aging and age-related
ailments.
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Abbreviations
AD Alzheimer’s disease
Aβ Amyloid-β
BCP β-caryophyllene
BLAST Basic local alignment search tool
CI Chemotaxis index
DR Dietary restriction
FOXO Forkhead box protein O
FUdR 2′-Deoxy-5-fluorouridine
GFP Green fluorescent protein
GRAS Generally regarded as safe
H2DCF-DA 7-dichlorodihydrofluoresceindiacetate
IIS Insulin/insulin like signaling
NDs Neurodegenerative disorders
NGM Nematode Growth Medium
PD Parkinson’s disease
ROS Reactive oxygen species
TFs Transcription factors
YFP Yellow fluorescent protein
αS α-Synuclein

Introduction

Recent advancement in medical technology together
with easier availability of healthcare products has in-
creased global average life expectancy, which is cur-
rently estimated to be 72 years (World Health
Organization 2016). As a consequence, both developed
and developing countries are exposed to threats that are
associated with age-related disorders (Jimbo et al. 2009;
Feng et al. 2018). The health care system in the devel-
oping nations, which are currently deploying strategies
to harness the demographic dividend, would be in dis-
tress in near future due to rise in the population of
elderly citizens. The rise in older population will bring
with it a huge burden of age-associated disorder and
other social challenges (Szeto et al. 2017; Gulia and
Kumar 2018; United Nations, Department of
Economic and Social Affairs 2019). Therefore, to en-
hance the illness-free period (health span) at the later
stages of lifespan, the investigation of preventive
medicine/therapeutics commands our prompt attention.

The use of terpenoid-rich extracts/formulations have
been traditionally employed in several parts of the globe
to enhance the nutritional value of food products and to
fight against several age-associated ailments. Recent ev-
idences, including our previous findings, have shown

that the terpenoid-based compounds can extend healthy
lifespan and stress tolerance (Shukla et al. 2012b;
Asthana et al. 2015; Li et al. 2018). However, the major-
ity of such compounds are plant-based and structurally
complex. In addition to this, there are several environ-
mental and economical concerns in the extraction of such
compounds from their natural sources (Phulara et al.
2016). Furthermore, due to structural complexities, their
production from engineered microbes is also a major
bottleneck. Therefore, there is an immense urge to ex-
plore simple molecules for their antiaging potential,
which are comparatively easy to produce in large quan-
tities frommicrobial sources. The 3,3-dimethylallyl alco-
hol (Prenol) is an unsaturated prenyl alcohol and one of
the simplest members of the terpenoid family (Fig. S1). It
is present in citrus fruits, where it serves as an aroma
constituent and also acts as a key precursor to several
biological molecules (Lasekan 2017). Chemical industry
utilizes it as an intermediate to synthesize various phar-
maceuticals and aromatic products (Phulara et al. 2018a).
Moreover, it can be produced in large amounts in micro-
bial hosts without exerting any toxicity to microbial hosts
(George et al. 2015). Recently, we have also successfully
engineered a GRAS (generally regarded as safe) status
microbe, Bacillus subtilis, for the non-natural production
of Prenol for nutraceutical/pharmaceutical applications
(Phulara et al. 2018b, a).

The free-living soil nematode, Caenorhabditis
elegans, has established itself at the forefront for geron-
tological studies due to its remarkable properties. It has a
simple, well-described, and fully annotated nervous sys-
tem that contains 302 neurons (Bargmann 1998). In the
past few decades, it has immensely contributed to up-
grade our understanding about the mechanism underly-
ing the aging and age-associated neurological disorders.
Well-established transgenic strains expressing human
amyloid-β (Aβ) and α-synuclein (αS) peptides offer a
rapid in vivo investigation of the effects caused by the
formation of plaques in the whole organism (Link 1995;
van Ham et al. 2008). In addition, it has a short life-span,
ease in culturing and maintenance, a high similarity with
the aging mechanism in humans, and collection of ge-
netic and epigenetic tools (Kenyon 2010). Together
these remarkable features make this model organism a
suitable host for performing a systematic and accurate
investigation of the underlyingmechanism behind aging
and age-associated maladies in a short course of time.

The present study aimed to elucidate the lifespan-
and health-promoting activity of Prenol using
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C. elegans. Various physiological and biochemical pa-
rameters were investigated in C. elegans after Prenol
treatment. The gene-specific mutants and relative
mRNA quantification were utilized to unveil the under-
lying mechanism behind the Prenol-mediated effects in
C. elegans. To the best of our knowledge, it is one of the
first reports evaluating the antiaging potential of Prenol
in C. elegans.

Material and methodology

C. elegans strains

Escherichia coli OP50 and C. elegans strains, N2 Bris-
tol (wild-type); GR1307, daf-16(mgDf50), EU 31 skn-
1(zu135), PS3551 hsf-1(sy441), TK22, mev-1(kn1),
T J 3 5 6 ( z l s 3 5 6 ) , d a f - 1 6 : : g f p ; C F 1 5 5 3
muIs84[pAD76(sod-3::gfp)], CL2166 dvls19(gst-
4∷ g f p ) , NL 5 9 0 1 p k I s 2 3 8 6 ( u n c - 5 4 p : :α -
synuclein::YFP + unc-119(+)), and CL4176 smg-
1ts(myo-3::Aβ1–42 long 3′-UTR) were used to deter-
mine the neuroprotective and antiaging activities of
Prenol. C. elegans is an invertebrate animal model;
research protocols are well established and are not cov-
ered under any ethical demands.

Media and growth conditions

Routine culture and maintenance of the C. elegans
strains were carried out at 20 °C on Nematode Growth
Medium (NGM) spotted with E. coli OP50 bacterial
lawn. The NGM plates were prepared by adding 3 mL
moltenNGM (~ 40–45 °C) in 30-mm culture plates. The
plates were then allowed to solidify overnight at room
temperature. To prepare bacterial lawn, 50 μL of
overnight-grown E. coli OP50 culture was applied at
the centre of the NGM plates using a micropipette. The
plates were then kept at room temperature overnight so
the bacterial lawn could grow and dry. For further usage,
the seeded plates were placed in a refrigerator at 4 °C.

To provide Prenol (Sigma Aldrich, USA) exposure,
the NGM plates were freshly spotted with desired doses
of Prenol (0.1–0.5 mM final concentration) dissolved in
30 μL autoclaved MiliQ water. The days of adulthood
were counted consequently as day 1, day 2, day 3, etc.
after the four larval stages (L1–L4). Day 0 represents the
L4 larval stage.

Toxicity assessment of Prenol on C. elegans

To evaluate the toxicity of Prenol in C. elegans,
0.1 mM, 0.5 mM, 1 mM, 2.5 mM, 5 mM, and 10 mM
concentrations were used. For age-synchronization,
eggs were isolated and allowed to hatch at 20 °C on
NGM plates previously spotted with E. coliOP50 lawn.
Toxicity assay was performed in 24-well plate using
500 μL liquid NGM supplied with different test con-
centrations of Prenol in triplicate. Age-synchronized
(adult day 1) N2 worms were transferred to each well
of the test concentration along with non-treated control
worms and incubated at 20 °C. Survival of the worms
was observed after every 2 h until 24 h. Nematodes were
scored as dead if they were unresponsive to a gentle
prod with a platinum wire (Liu et al. 2015).

Lifespan assay

To elucidate the effect of Prenol on the lifespan of
C. elegans, 0.1 mM, 0.25 mM, and 0.5 mM concentra-
tions were used. The wild-type N2 worms were age-
synchronized on the NGM plates, spotted with the
above-mentioned concentrations of Prenol on the
OP50 lawn. The N2 worms, which were synchronized
on untreated NGM plates, served as control. On day 0 of
the adulthood, 30–40 L4 molts were moved to new
NGM plates already treated with corresponding Prenol
concentration. FUdR (2′-deoxy-5-fluorouridine; Sigma,
USA) was also added onto the NGM plates at a final
concentration of 50 μM to block progeny development.
At every 2–3 days, worms from each test plate were
shifted to fresh NGM plates of desired Prenol concen-
tration to provide Prenol treatment throughout the ex-
periment. The nematodes were scored daily for survival
by observing their sensitivity to a mild poke with the
help of a platinum wire (Liu et al. 2015). Additionally,
to ensure that the bacteria are not mediating the effect of
the Prenol, lifespan of worms on heat-killed E. coli
OP50 (30 min at 65 °C) was also assayed as described
by (Gruber et al. 2007).

Amyloid-β-mediated paralysis assays

Paralysis assays were carried out as mentioned previ-
ously with minor modifications (Ma et al. 2017). Brief-
ly, C. elegans CL4176 worms were age-synchronized
on NGM plates. When worms attained the L3 stage,
they were transferred onto Prenol-treated (0.25 mM)
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and -untreated plates and placed in a 16 °C incubator.
Following 48 h incubation, temperature was raised to
25 °C and incubated for an additional 36 h.Worms were
then scored for paralysis at every 6 h interval until all
animals in the control group were paralyzed. Worms
failed to respond (insufficient bodymovement) against a
gentle prod using a platinum loop were considered as
paralyzed (Zhi et al. 2017).

Quantitative assay for α-Synuclein accumulation

Quantification of αS accumulation was carried out
using C. elegans NL5901 mutants as described previ-
ously (Chalorak et al. 2017). The NL5901 worms were
treated with 0.25 mM concentration of Prenol from the
L1 larval stage. Worms without Prenol treatment served
a s con t r o l . On adu l t day 5 , wo rms we re
photomicrographed under a fluorescent microscope
(Carl Zeiss AxioScope A1) and fluorescence intensity
of the accumulated αS was quantified by using ImageJ
software.

ROS detection assay

Age-synchronized adult day 4 worms, treated with
0.1 mM and 0.25 mM Prenol, were homogenized, and
the intracellular ROS was quantified using 2, 7-
dichlorodihydrofluoresceindiacetate (H2DCF-DA) as
described previously (Shukla et al. 2012b). An automat-
ic microplate reader (Spectramax M2; Molecular De-
vices) was used to record fluorescence readings. The
excitation was kept at 485 nm, and the emission was
read at 525 nm. Data were recorded at every 20-min
time interval for a consecutive period of 160 min.

Stress resistance assay

Effects of Prenol on the stress tolerance of wild-type
nematodes were determined by investigating their sur-
vival under heat and oxidative stresses. Oxidative stress
was provided to both treated (0.1 mM, 0.25 mM Prenol)
and non-treated adult day 2 worms by exposing them to
250 μM juglone (5-Hydroxy-1,4-naphthoquinone, Sig-
ma-Aldrich, USA) as described previously ((Senchuk
et al. 2017)). Worms were constantly maintained on
juglone treated plate for 8 h, and at the end of each hour,
survival was recorded by the touch-provoked method
(Wilson et al. 2006).

For thermo-tolerance assay, a mild heat shock at
37 °C for 4 h was given to treated (0.1 mM, 0.25 mM)
and non-treated adult day 2 worms. Worms were then
shifted to 20 °C incubator and scored daily for survival
as mentioned above.

Pharyngeal pumping assay

Effect of Prenol treatment on the pharyngeal pumping of
adult day 2, day 5, and day 10 wild-type N2 worms was
observed by recording the movement of pharynx termi-
nal bulb. Worms were treated with 0.1 mM and
0.25 mM Prenol from the L1 larval stage on NGM
plates. The non-treated worms served as control. Pha-
ryngeal pumping of the nematodes feeding on E. coli
OP50 lawn was recorded for 30-s intervals at room
temperature (RT).

Chemotaxis assay

Chemotaxis assay was carried out using adult day 5
Prenol-treated and non-treated groups according to
Bargmann et al. 1993. Briefly, the N2 worms from both
the groups were washed twice with M9 buffer before
placing them onto the center of 90 mm agar plate. An
aliquot (10 μL) of attractant (1 M sodium acetate) was
spotted on one side of the plate and water on the other
side. A 1 μL of 1 M sodium azide was also applied onto
the both sides to restrict worms’ movement once they
reached to either side. After 90-min incubation at 20 °C,
the number of worms on each side was recorded and the
chemotaxis index (CI) was calculated by employing the
following formula:

CI¼ A−Bð Þ
AþBð Þ

where A is the number of worms present at the attractant
side and B is the number of worms present at the control
location,

Visualization and quantification of GFP

The C. elegansmutants CF1553 and CL2166 were used
to quantify the expression of SOD-3 and GST-4, respec-
tively, as described previously (Asthana et al. 2015).
After 0.25 mM Prenol exposure at 20 °C, both the
treated and non-treated adult day 2 worms were
mounted onto 2% agarose pad and photomicrographed
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under a fluorescent microscope (Carl Zeiss AxioScope
A1). Fluorescence images were captured using a × 20
objective lens at constant exposure (with excitation at
365 nm and emission at 420 nm). The exposure time
was kept identical for each strain, while acquiring fluo-
rescent images. For sod-3::gfp, fluorescence intensity
for the head and tail region of the transgenic nematodes
was recorded, while for gst-4::gfp the fluorescence in-
tensity for the pharynx region was measured. The fluo-
rescent intensity was quantified using ImageJ software
(National Institute of Health, USA).

For visualizing DAF-16 localization, TJ356 worms
were used. For the positive control of DAF-16 nuclear
translocation, the untreated TJ356 nematodes were ex-
posed to a short thermal stress at 37 °C for a 20-min
time-span. Photomicrographs of the worms were taken
under a fluorescent microscope (Carl Zeiss AxioScope
A1) to investigate the subcellular localization of DAF-
16 as described previously (Shukla et al. 2012b).

In silico analysis

To analyze the interaction between selected target
proteins (DAF-16, HSF-1, and SKN-1) and Prenol,
Schrodinger’s Maestro (Schrödinger Release: Mae-
stro, version 10.5, Schrödinger, LLC, NY 2016-1)
was used, which is capable of performing all the
analysis required for in silico molecular docking.
Since 3D structures of the proteins involved in the
study were not available online, therefore, a homol-
ogy modeling approach was employed using PRIME
for modeling of the targeted proteins. Hence, the
amino acid sequences (FASTA) of the target pro-
teins were retrieved from UniProt. The template for
s e q u e n c e s wa s g e n e r a t e d u s i n g BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and further
subjected to structure generation wizard of Prime
(Schrodinger). To determine the accuracy of the
predicted homology modeled 3D structure, Protein
Preparation Wizard (version 7.0, Schrödinger
Release 2016–1) was used. Likewise, to rectify and
stabilize the structure of ligand, the Ligprep (v3.7,
Schrödinger Released 2016-1) application was used.
SiteMap (version 3.8, Schrödinger Released 2016-1)
was used to predict the binding site for the targeted
proteins and Glide (version 7.0, Schrödinger
Released 2016-1) was used to analyze the binding
affinity and ligand–receptor interactions. The Recep-
tor Grid Generation was used to predefine the size

of the docking area according to the binding site
present in respective protein structures.

Gene quantification through real-time PCR

The L4 Wild- N2 molts were grown on 0.25-mM
Prenol-treated and untreated plates under standard
laboratory conditions at 20 °C. After 72 h of incuba-
tion, total RNA was isolated from the worms using
Trizol reagent (Invitrogen). The first-strand cDNA
synthesis was performed from total RNA using Max-
ima HMinus M-MuLV reverse transcriptase (Thermo
Scientific, USA) as per the kit-instruction manual.
Expression levels of sod-1, sod-2, sod-3, gst-3, gst-
4, hsp-16.2, hsp-70, daf-16, skn-1, and hsf-1 genes
were observed by keeping β-actin (act-1) as internal
control. Real-time PCR was carried out using 2X
Brilliant III 235 SYBR® Green QPCR (Agilent Tech-
nologies, USA) on Stratagene Mx3000P (Agilent,
USA). The experiment was performed in triplicates.
The qRT-PCR cycling conditions were same as de-
scribed previously (Tiwari et al. 2016), and primer
sequences are available on request. Three indepen-
dent trials were performed, and relative mRNA quan-
tification of the desired genes was analyzed using the
comparative CT (ΔΔ CT) method (Schmittgen and
Livak 2008).

Statistical analysis

Each experiment was performed in minimum of two
independent trials with comparable results, and data
are represented as the mean of independent trials (unless
otherwise stated). For plotting survival curves and com-
paring significant difference between control and treated
groups in the lifespan assays, Aβ-induce toxicity assay,
and thermal stress resistance assay, statistical calcula-
tions were performed by log-rank test using GraphPad
Prism5 (GraphPad Software, Inc., La Jolla, CA). If the P
values were less than 0.05 relative to control, the data
were considered significant.

Statistical analyses for the experiments other than
stated above assays were carried out by one-way
ANOVA or by Student’s t tests using GraphPad Prism5.
The results were presented as mean ± standard error
(SE). The data were considered significant if P values
were less than 0.05 relative to control.
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Results

Prenol supplementation prolongs lifespan of the worms

For the assessment of lifespan promoting effects of
Prenol, an acute in vivo toxicity assay was carried out
and non-toxic concentrations were determined. For this,
age-synchronized adult day 1 wild-type nematodes were
transferred to liquid NGM with different test concentra-
tions of Prenol. After 24 h of continuous exposure, only
0.1 mM and 0.5 mM concentrations were found non-
toxic to the wild-type N2 worms, while the rest of the
concentrations were toxic to the nematodes in a dose-
dependent manner (Fig. S2). The non-toxic concentra-
tions of 0.1 mM, 0.5 mM, and an intermediate concen-
tration of 0.25 mM were used to analyze the life-
promoting activity of Prenol in C. elegans. On compar-
ing the lifespan of the Prenol-treated worms with the
control worms, it was found that Prenol at 0.1 mM (P =
0.0001) and 0.25 mM (P < 0.0001) concentrations in-
creased the mean lifespan (Table 1; Fig. 1a) of wild-type
nematodes. The C. elegans treated with 0.25 mM con-
centration of Prenol depicted a maximum (22.8%) in-
crease in the mean lifespan, while 0.5 mM concentration
failed (P = 0.27) to increase the mean lifespan of the
wild-type N2 worms. Prenol supplementation not only
increased the mean lifespan but also improved the max-
imum lifespan and delayed first death in treatment
groups over the control.

Further, to confirm that live E. coli OP50 did not
mediate the lifespan extension effect of Prenol, lifespan
of worms on heat-killed E. coli OP50 (30 min at 65 °C)
was also observed. We found that 0.1 mM and 0.25 mM
concentrations of Prenol (0.1 mM, 0.25 mM, and
0.5 mM) increased the mean lifespan of wild-type
C. elegans (fed on heat-killed OP50). Similar to the
observation with live food source, the 0.25 mM concen-
tration of depicted a maximum (26.76%) increase in the
mean lifespan of worms grown on heat-killed E. coli
OP50 (Table 1; Fig. 1b). The results indicated that
Prenol but not bacteria solely mediated the lifespan
extension of C. elegans.

Prenol supplementation delays amyloid-β-induced
paralysis and reduces α-synuclein aggregation
in C. elegans

To identify the effects of the Prenol supplementation on
the Aβ-induced paralysis, CL4176 transgenic worms

were used, in which human Aβ1–42 is incorporated
into its genome (Link 1995). A temperature upshift from
16 to 25 °C induces the expression of Aβ transgene in
the muscles cell of this mutant that results into paralysis
(Link et al. 2003). Worms were treated with the maxi-
mum lifespan promoting concentration (0.25 mM) of
Prenol from L3 stage. The Prenol-treated nematodes
showed a significant reduction (P < 0.001) in the Aβ-
induced paralysis in comparison to the control worms
(Fig. 1c).

Like Alzheimer’s disease (AD), the most widely
accepted pathology for Parkinson’s disease (PD) is ac-
cumulations of αS plaques (van Ham et al. 2008). The
C. elegans NL5901 is a transgenic strain, in which the
human αS is fused with yellow fluorescent protein
(YFP) that is constitutively expressed in the body wall
of this transgenic strain (Liu et al. 2015). The αS-
aggregation was investigated by observing the intensity
of YFP after feeding the NL5901 worms with 0.25 mM
Prenol. Prenol supplementation significantly
(P < 0.001) reduced the αS aggregation in the mutant
worms than the non-treated control worms (Fig. 1d).

Prenol attenuates the age-dependent decline
in physiological and neurological behaviors
of C. elegans

In C. elegans pharyngeal pumping regulates food intake
and the alterations in the movement of the pharynx
terminal bulb can induce dietary restriction (DR)-like
effects (Powolny et al. 2011). The movement of phar-
ynx terminal bulb of worms often linked with the
longevity-promoting activity of dietary interventions
(Rathor et al. 2017; Pandey et al. 2019b). Therefore, to
observe the effects of prenol supplementation on the
feeding behavior of the worms, pharyngeal pumping
of the worms was recorded for 30 s. It was found that
in wild-type nematodes, the introduction of Prenol did
not cause any adverse effect on the pharyngeal
pumping. However, a significant increase (P < 0.001
for day 2; P = 0.029 for day 5; P < 0.001 for day 10)
in the rhythmic movement of pharynx was observed in
nematodes treated with 0.25 mM Prenol (Fig. 2a). The
results indicated that prenol supplementation improved
feeding behavior and thus enhanced the health-span of
the nematodes. The improved feeding behavior also
diminished any possibility of DR-like effects after
prenol treatment.
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To investigate the effect of Prenol supplementation
on the capacity ofC. elegans to sense and respond to the
odorant, chemotaxis index (CI) of the Prenol-treated and
non-treated adult day 1 and day 5 worms was deter-
mined. An aliquot (10 μL) of attractant (1 M sodium
acetate) was spotted on the one side of the plate and
water on the other side. Sodium azide, a chemical that
induces paralysis in worms, was applied to both sides of

the experimental plates to prevent the further movement
of the worms once they reached on either side. CI was
determined as fraction of the worms on the attractant
side using the formula given in methodology. On day 1,
there was no significant difference between the CI of
treated and control groups. However, at the later stage of
lifespan (day 5), CI of the 0.25 mM (p > 0.001) and
0.1 mM (p > 0.01) Prenol-treated worms were higher

Table 1 Effect of Prenol on the lifespan of C. elegans at 20 °C

Strains Trial Prenol
treatment

No. of
worms¥

Mean lifespan ±
SE

Median
lifespan

Percent
change

P value# Max. lifespan ±
SE

Min. lifespan ±
SE

N2 (live OP50) T1 Control 113 16.15 ± 0.24 15 23.66 ± 0.33 8.33 ± 0.33

0.1 mM 110 18.88 ± 0.19 19 19.79 < 0.0001 26.00 ± 0.00 10.00 ± 1

0.25 mM 100 19.94 ± 0.15 20 23.40 < 0.0001 27.33 ± 0.33 11.66 ± .066

0.5 mM 81 16.53 ± 0.37 16 2.30 = 0.275 26.00 ± 0.57 8.66 ± 0.66

T2 Control 107 16.56 ± 0.15 15 24.00 ± 0 8.33 ± 0.33

0.1 mM 108 19.19 ± 0.20 20 16.65 = 0.0001 27.00 ± 1.22 10.00 ± 1

0.25 mM 100 20.15 ± 0.25 20 22.52 < 0.0001 28.66 ± .088 12.33 ± .066

0.5 mM 101 17.01 ± 0.47 17 3.44 = 0.55 26.00 ± 0.00 8.33 ± 0.66

N2 (heat-killed
OP50)

T1 Control 117 19.09 ± 0.30 18 30.33 ± 0.38 11.33 ± 0.38

0.1 mM 112 22.79 ± 0.12 23 19.41 < 0.0001 32 ± 0.57 14.33 ± 0.38

0.25 mM 120 24.46 ± 0.28 24.5 27.16 < 0.0001 35.66 ± 0.51 15 ± 0.33

0.5 mM 116 20.46 ± 0.47 20 7.22 = 0.12 31.33 ± 0.19 12.33 ± 0.19

T2 Control 116 18.74 ± 0.46 18 29.66 ± 0.19 10.33 ± 0.19

0.1 mM 113 22.03 ± 0.14 23 17.58 < 0.0001 30 ± 0.66 14.00 ± 0.33

0.25 mM 117 23.49 ± 0.21 24 25.35 < 0.0001 36 ± 0.00 14.66 ± 0.19

0.5 mM 114 20.15 ± 0.20 20 6.02 = 0.056 29 ± 0.55 12.00 ± 0.33

mev-1 T1 Control 80 11.11 ± 0.36 11 7.00 ± 0.00 15.66 ± 0.33

0.25 mM 86 13.34 ± 0.44 13 17.38 = 0.0001 7.00 ± 0.00 19.00 ± 0.00

T2 Control 88 10.60 11 7.00 ± 0.00 15.00 ± 0.00

0.25 mM 72 12.84 13 21.18 < 0.0001 8.33 ± 0.33 18.00 ± 0.66

daf-16 T1 Control 119 11.17 ± 0.65 12 4.50 ± 0.5 18.75 ± 0.65

0.25 mM 112 11.67 ± 0.69 12 4.50 = 0.409 5.00 ± 0.57 18.5 ± 0.29

T2 Control 105 12.01 ± 0.56 12 5.75 ± 0.47 20.00 ± 0.57

0.25 mM 126 11.64 ± 0.43 11 −3.06 = 0.70 5.75 ± 0.25 20.00 ± 0.5

skn-1 T1 Control 100 14.36 ± 0.27 14 8.5 ± 0.29 21.00 ± 0.00

0.25 mM 111 14.78 ± 0.24 14 2.91 = 0.419 9.00 ± 00 21.00 ± 0.00

T2 Control 110 12.82 ± 0.44 14 7.5 ± 0.29 20.00 ± 0.00

0.25 mM 103 13.41 ± 0.59 13 4.54 = 0.37 7.5 ± 0.29 20.5 ± 0.24

hsf-1 T1 Control 118 11.97 ± 0.26 12 8.00 ± 0.00 15.25 ± 0.47

0.25 mM 120 12.40 ± 0.23 12 2.11 = 0.162 8.00 ± 0.21 16.75 ± 0.25

T2 Control 117 12.11 ± 0.30 12 7.75 ± 0.00 17.00 ± 0.35

0.25 mM 114 11.77 ± 22.5 12 − 2.81 = 0.31 8.00 ± 0.00 16.25 ± 0.21

¥Worms that died due to crawling on the wall of the plate, egg laying defects, and damage during transfer were excluded
# Statistical significance was determined by log-rank test using GraphPad Prism5
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than the non-treated control worms, which indicated that
Prenol-treated worms were more attracted to the attrac-
tant sodium acetate (Fig. 2b). Our results also divulged
that Prenol treatment was able to augment the worms’
ability to sense the odorant in the later phase of the
lifespan, which is correlated with improved health-span.

Prenol enhances stress tolerance in C. elegans

To investigate whether Prenol supplementation could
improve stress tolerance in C. elegans, survival of the
worms was observed under thermal and oxidative stress

conditions. Prenol-treated worms demonstrated extend-
ed lifespan (P < 0.001 for 0.1 mM and P < 0.0001 for
0.25 mM) after exposure to 37 °C for 4 h than the non-
treated control worms (Fig. 2c; Table S1). The 0.25 mM
concentration showed a 32.53% increase in the mean
lifespan of the worms under thermal stress over the non-
treated control worms (Table S1).

Similarly, Prenol treatment also enhanced (P < 0.01
for 0.1 mM and P < 0.001 for 0.25 mM) juglone
(250 μM)-induced oxidative stress tolerance in wild-
type nematodes (Fig. S3). The N2 worms supplemented
with 0.25 mM Prenol depicted ~ 46% more survival

Fig. 1 Prenol supplementation increased lifespan of wild-type
C. elegans and reduced amyloid aggregation in transgenic
C. elegans strains. a Effect of Prenol on lifespan of wild-type
C. elegans fed on live OP50. b Effect of Prenol on lifespan of
wild-type C. elegans fed on heat-killed OP50. The 0.25 mM
(P < 0.0001) concentration enhanced the lifespan of wild-type
N2 worms most significantly in both the conditions c Effect of
Prenol supplementation on the amyloid-β induced toxicity in

C. elegans. Prenol treatment significantly delayed the amyloid-β
induced paralysis in transgenic CL4176 transgenic strain.
GraphPad Prism5 was used to plot survival curves. d Effect of
Prenol supplementation on the α-Synuclein aggregation in
NL5901 transgenic strain its graphical presentation as measured
by ImageJ software. Prenol supplementation reduced the α-
Synuclein aggregation in NL5901 transgenic strains. Statistically
significant at **P < 0.001
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than the non-treated group after constant exposure to
juglone for 8 h (Fig. 2d).

Prenol reduces ROS accumulation in C. elegans

To investigate the effects of Prenol on ROS accumula-
tion in C. elegans, the intracellular ROS levels in
Prenol-treated worms were compared with non-treated
control worms on adult day 4. For this, the fluorescent
readings of the reaction mixture containing worms’
lysate (prepared by equally timed homogenization and
sonication) and H2DCF-DA (fluorescent probe) were
read in a 96-well plate fluorescent-microplate-reader at
every 20-min time interval for a consecutive period of
160 min (Shukla et al. 2012b). The experimental data
revealed that Prenol supplementation significantly
(P < 0.01 for 0.1 mM and P < 0.001 for 0.25 mM)

reduced intracellular ROS accumulation in the wild-
type nematodes (Fig. 3a).

The mev-1mutants of C. elegans have mitochondrial
dysfunction due to the mutation in the cytochrome b
subunit of mitochondrial complex-II (Ishii et al. 1998).
Due to mutation, these strains of C elegans have elevat-
ed levels of intracellular ROS and hence have a short
lifespan (Ishii et al. 2011). Majority of the dietary sup-
plements, which reduced ROS accumulation in wild-
type worms, have also been shown to extend the
lifespan of mev-1 mutant (Phulara et al. 2015; Zhang
et al. 2016). Therefore, to support the results of intracel-
lular ROS accumulation assay, the lifespan of mev-1
(kn1) mutant strain was observed after Prenol treatment.
It was found that 0.25 mM Prenol increased the mean
lifespan of mev-1(kn-1) by 17.4% over the non-treated
control worms (P = 0.0001) (Table 1; Fig. 3b). The
observed mean lifespan for the 0.25 mM Prenol-

Fig. 2 Prenol treatment augmented age-dependent physiological
parameters and enhanced stress-tolerance ability in wild-type
C. elegans. a Effect of Prenol treatment on the pharyngeal
pumping of N2 worms. The experiment was repeated trice and
the pharyngeal pumping was recorded for 30 s at room tempera-
ture. b Effect of Prenol supplementation on the chemotaxis index
of the N2 worms (sodium acetate was used as attractant). c Effect
of Prenol on the thermal stress tolerance of wild-type N2 worms.

Prenol at 0.25 mM (P < 0.0001) concentration showed the most
significant increase in the worms’ survival after heat shock. Sur-
vival plot was drawn GraphPad 5 using log-rank test. d Effect of
Prenol on juglone-induced oxidative stress. Prenol treatment in all
test concentrations significantly increased the survival of treated
worms over the untreated control worms. The error bars represent
the standard error of the mean. Statistically significant at *P < 0.01
and ** P < 0.001
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treated group was 13.04 days, whereas the mean
lifespan of non-treated control group was 11.10 days
(Table 1). This indicates that Prenol supplementation
might rescue the mev-1 worms from elevated ROS
levels and increased its lifespan.

Prenol-mediated lifespan extension in C. elegans
requires DAF-16, SKN-1, and HSF-1pathway

Previous studies have shown that dietary supplements
could activate transcription factors (TFs) of insulin/

insulin-like signaling (IIS) pathway, such as daf-16,
skn-1, and hsf-1, to improve lifespan and to alleviate
Aβ- and αS-induced toxicity inC. elegans (Cohen et al.
2006; Edwards et al. 2014; Govindan et al. 2018). To
identify the genetic requirements for the Prenol-
mediated lifespan extension in C. elegans, the lifespan
of the null-mutants of daf-16, skn-1, and hsf-1 were
observed. It was observed that Prenol supplementation
did not increase the mean lifespan (P = 0.409 for daf-16,
P = 0.162 for hsf-1, and P = 0.419 for skn-1 null mu-
tants) of the tested null-mutants (Table 1; Fig. 4 a, b and
c), suggesting the involvement of IIS pathway.

The in silico study also predicted a strong interaction
of Prenol with DAF-16 (− 3.114 kcal/mol), HSF-1 (−
3.447 kcal/mol), and SKN-1 (− 2.92 kcal/mol) proteins
(Table 2; Fig. S4). On comparing binding energies, it
was found that HSF-1 (emodel score: − 31.39) has better
docking score and energy than DAF-16 (emodel score:
− 18.83) and SKN-1 (emodel score: − 19.96) (Table 2).

Prenol supplementation stimulates nuclear localization
of DAF-16::GFP in C. elegans

To investigate the nuclear localization of DAF-16 after
Prenol supplementation, TJ356 transgenic strain, carry-
ing a daf-16∷gfp reporter gene, was used. The non-
treated N2 worms without any heat-shock served as
control, and the non-treated N2 worms with heat-
shock served as positive control. The positive control
worms depicted ~ 92% nuclear localization of DAF-16
after a heat shock at 37 °C for 20 min. Among Prenol-
treated group, about 53% worms showed nuclear trans-
location, while 15% worms showed both cytoplasmic
and nuclear localization of DAF-16 in C. elegans
(Fig. 5a), indicating the requirement of DAF-16 for the
Prenol-mediated neuroprotection and longevity in
C. elegans.

Prenol treatment up-regulated the expression of SOD-3
and GST-4 proteins in GFP-tagged transgenic strains
of C. elegans

The dietary supplements have been found to stimulate
the nuclear translocation of transcription factors such as
DAF-16 and SKN-1, which ultimately promote the
expression of their downstream target genes such as
sod-3 and gst-4, which are also associated to stress
resistance (Powolny et al. 2011; Pandey et al. 2019a).
Therefore, the effect of prenol supplementation on the

Fig. 3 Prenol supplementation suppressed ROS accumulation in
C. elegans. a Effect of Prenol on the ROS accumulation in wild-
type C. elegans. Prenol treatment significantly reduced ROS gen-
eration in wild-type worms. Graph was plotted as the relative
change in the intracellular ROS in treated worms compared with
control at 100%. The error bars represent the standard error of the
mean. Statistically significant at *P < 0.01 and **P < 0.001. b
Effect of prenol on the lifespan mev-1. Prenol treatment signifi-
cantly increased the lifespan of short-lived mutant (due to high
ROS generation) strain of C. elegans. Survival plot was drawn
GraphPad Prism5 using log-rank test.
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expression of SOD-3 and GST-4 was observed by uti-
lizing green fluorescent protein (GFP)-tagged transgenic
strains. For this, C. elegans transgenic strains CL2166
and CF1553, in which GFP reporter is fused with GST-4
(glutathione S-transferases-4) and SOD-3 (superoxide
dismutase-3) proteins, respectively, were explored to
observe the effect of Prenol supplementation on the
expression of the respective genes. On comparing the
expression of SOD-3 and GST-4 in 0.25 mM Prenol-
treated transgenic strains with the non-treated transgenic
strains, it was observed that Prenol supplementation
significantly increased the expression of both the pro-
teins in C. elegans (Fig. 5b; P < 0.01, and Fig. 5c,
P < 0.01). The results indicated that Prenol supplemen-
tation promoted the expression of DAF-16 and SKN-1
downstream genes and overexpression of these stress
resistance-related genes (sod-3 and gst-4) might be re-
sponsible for worms’ survival under stress conditions.

Prenol augmented the expression on stress-related genes

To examine, whether the Prenol supplementation affect-
ed the expression of DAF-16, SKN-1, and HSF-1 TFs,
we measured their change in mRNA level after Prenol
treatment. Further, their transcriptional activities were

analyzed by observing the expression levels of their
downstream gene targets. For this, transcriptional ex-
pression of downstream targets of DAF-16 (sod-2 and
sod-3) (Honda et al. 2008), HSF-1 (hsp-16.2 and hsp-
70) (Brunquell et al. 2016), and SKN-1 (gst-3 and gst-4)
(Rizki et al. 2012; Dues et al. 2017) was examined. We
found that Prenol treatment increased the expression of
daf-16, skn-1, and hsf-1 genes and their respective
downstream test target genes (Fig. 6). Our results sug-
gested that the Prenol supplementation enhanced the
expression of DAF-16, SKN-1, and HSF-1 and promot-
ed their nuclear translocation; as a result, the expression
of downstream target genes also increased.

Discussion

Over the centuries, terpenoids and their formulations
have been utilized as a potent source of flavor, fra-
grance, and pharmaceuticals. Higher terpene com-
pounds have shown several health benefits such as
regulation of cation channels, suppression of tumor
proliferation, and apoptosis induction (He et al. 1997;
Roullet et al. 1997; Mo and Elson 1999). However,
lifespan and health-span promoting effects of one of

Fig. 4 Genetic requirements for the Prenol mediated longevity in
C. elegans. The figure shows the survival curves of the C. elegans
mutants with and without Prenol treatment. Prenol treatment did
not improve the lifespan of a daf-16 deletion mutant GR1307, daf-
16(mgDf50) (P = 0.409), b hsf-1 deletion mutant PS3551 {hsf-

1(sy441)} (P = 0.419), and c skn-1 deletion mutant, EU 31 {skn-
1(zu135)} (P = 0.162). Experiments were performed in 2 indepen-
dent trials for each mutant strain. GraphPad Prism5 was used to
plot survival curves

Table 2 Molecular docking interaction analysis between receptor and Prenol

Protein target Uniprot ID Glide score EModel No. of H-bonds Interacting residue

DAF-16 O16850 − 3.114 − 18.37 3 ARG120, GLU64, SER121

HSF-1 G5EFT5 − 3.447 − 31.93 1 HIS137

SKN-1 P34707 − 2.921 − 19.96 1 GLU497
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the simplest terpene, Prenol have been least studied yet.
The present study, for the first time, demonstrates the
lifespan, health-span, and stress resistance ameliorating
ability of Prenol in C. elegans.

The study demonstrated that Prenol at 0.25 mM con-
centration increased the mean and maximum lifespan of
the worms under standard laboratory conditions (Fig.
1a). Similar to higher mammals including humans, the
aging process in C. elegans is associated with a decline
in physiological and neurological behaviors (Ma et al.

2017). Pharyngeal pumping and chemotaxis are among
such behaviors that falloff with aging in C. elegans
(Shukla et al. 2012a). The rhythmic contractions and
relaxations of the pharynx terminal bulb are associated
with food intake in worms (Powolny et al. 2011). Re-
cently, the association of pharyngeal pumping has been
established with tonic and phasic signaling from the
nervous system in C. elegans (Trojanowski et al.
2016). Increased rhythmic movement after Prenol sup-
plementation in later stages of worms’ life indicated

Fig. 5 Prenol supplementation promoted DAF-16 nuclear trans-
location and enhanced expression of sod3∷gfp and gst-4::gfp in
transgenic C. elegans strains. a Prenol treatment–induced nuclear
localization of DAF-16. Worms were mounted on a 2% agarose
pad, and the intracellular localization of DAF-16 (nuclear, cyto-
plasmic, and both) was examined under a fluorescent microscope.
Control worms (C; n = 94) showed cytosolic localization, whereas
heat shock (HS; n = 102) and 0.5 mM Prenol-treated worms (n =

113) showed nuclear translocation of DAF-16. A significant in-
crease in the fluorescent intensity was observed in 0.25 mM
Prenol-treated b sod3∷gfp transgenic worms and c gst-4∷gfp
transgenic worms than the non-treated control groups. GFP ex-
pression was quantified by ImageJ software (NIH). Data were
statistically analyzed by GraphPad Prism5 software; the error bars
represent the standard error of the mean. Statistically significant at
*P < 0.01

Fig. 6 Prenol supplementation enhanced the expression of daf-
16, hsf-16, and skn-1 and their downstream target genes. Expres-
sion levels of transcription factors’ genes (daf-16, hsf-16, and skn-
1) and their downstream-target genes (sod-2, sod-3, hsp-70, hsp-
16.2, gst-3, and gst-4) were determine using real-time PCR in

worms treated 25 mM Prenol. Actin-1 was kept as an internal
control. Data were presented as the averages of results obtained
from three independent trials, and the error bars represent the
standard error of the mean
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improved feeding behavior, constricted the occurrence
of DR-like effects, and suggested that improved health-
span (Fig. 2a) of the fraction of worms able to transform
specific sensory stimuli into goal-directed motor
responses.

CI is another physiological behavior, which is a
measure of the fraction of worms, which are able to
sense and response to an odorant (Bargmann et al.
1993). Any alteration in neuronal activity or progression
of aging decline this worms’ ability to “transform a
sensory stimuli into goal-directed motor response” in
C. elegans (Brown et al. 2006; Wu et al. 2006). Previ-
ously, we have shown that terpenoid (Shukla et al.
2012a) and essential oil containing volatile terpenoids
(Pandey et al. 2018) could reverse the age-dependent
decline of CI in worms. In support of the previous
findings, the present study also demonstrated the ability
of Prenol to attenuate the age-dependent decline of CI in
aged worms (Fig. 2b). The improved physiological and
neurological behaviors that might be due to the neuro-
protective activity of Prenol could be responsible for the
increased lifespan and health-span of wild-type
nematodes.

Alzheimer’s disease (AD) and Parkinson’s disease
(PD) are the two most prominent age-associated, pro-
gressive, degenerative, and irreversible neurodegenera-
tive disorders (NDs), which are becoming more com-
mon in the elderly population worldwide (Wei et al.
2017; Zhi et al. 2017). Despite intensive research, the
pathologies of both the AD and PD are still unclear.
Moreover, the available medication and surgery only
alleviate the symptoms; however, currently, there is no
cure for such ailments. The important hallmark andmost
accepted hypothesis for AD and PD are the aggregation
of Aβ and αS peptides, respectively (Liu et al. 2015;
Ahmad and Ebert 2017). The formation of Aβ and αS
plaques leads to neurodegeneration and thereby disrupts
neuronal functions. Reduction of generation and accu-
mulation of the Aβ and αS are the primary goals of the
anti-AD and anti-PD therapies, respectively. Several
studies on C. elegans have shown that the food supple-
ments including terpenoid that are not considered as
essential foods can effectively attenuate the Aβ-
induced toxicity and reduce αS accumulation (Wei
et al. 2017; Ahmad and Ebert 2017). However, the effect
of small molecules on Aβ and αS accumulation has
been least studied in worms. We observed that Prenol
treatment delayed Aβ-induced paralysis in CL4176
transgenic strain and also reduced αS aggregation in

NL5901 transgenic strains (Fig. 1c, d). Expression of
αS is also associated with reduction in physiological
behaviors in C. elegans, such as pharyngeal pumping
(Bodhicharla et al. 2012). It was found that Prenol
supplementation (0.25 mM) attenuated the decline of
pharyngeal pumping of aged NL5901 worms (data not
shown). This suggests that the lower terpenoid alcohols
might have similar neuroprotective effects as per their
higher counterparts, which could be responsible for the
longevity in wild-type worms.

The other pathologies that are associated with AD
and PD are altered insulin metabolism, mitochondrial
dysfunction, increased reactive oxygen species (ROS)
level, and oxidative stress (Hwang 2013; Ma et al.
2017). In addition, association of longevity with the
enhanced stress tolerance is well documented and we
have demonstrated earlier that isoprenoid-based com-
pounds, such as iridoid-glycosides that confer longevity
in C. elegans also increase stress resistance in worms as
well (Shukla et al. 2012a; Asthana et al. 2015). Like its
complex counterparts, Prenol also improved thermal
and oxidative stress tolerance ability in nematodes
(Fig. 2c, d). In agreement with previous findings, our
results also suggested a strong correlation between the
improved age-associated parameters (such as the anti-
amyloid plaques accumulating and lifespan promoting
effects) and increased stress tolerance after Prenol sup-
plementation in C. elegans.

As discussed earlier, increase ROS level and mito-
chondrial dysfunction are some other pathologies asso-
ciated with neurodegenerative disorders (Hwang 2013;
Ma et al. 2017). Reduced oxidative stress after dietary
interventions has shown increased lifespan in wild-type
as well as transgenes (Aβ or αS) expressing mutant
strains of C. elegans (Shukla et al. 2012a; Liu et al.
2015; Ma et al. 2017). Our results demonstrated that the
Prenol supplementation quenched intracellular ROS
level in wild-type worms (Fig. 3a). An increased in the
lifespan of short-lived (due to high ROS level)
mitochondrial-dysfunction mutant mev-1(kn-1)
(Fig. 3b) indicated the ability of small molecules like
Prenol to reduce intracellular oxidative stress in worms.
Altogether, the results indicated that the observed re-
duction in amyloid aggregation and oxidative stress is
correlated to the intracellular ROS quenching activity of
the Prenol.

The DAF-16, HSF-1, and SKN-1 are major transcrip-
tion factors (TFs) in C. elegans, which are regulated by
IIS. In worms, they are considered to put together

803GeroScience (2021) 43:791–807



longevity and stress resistance (Cohen et al. 2006; Tullet
et al. 2008). In C. elegans, DAF-16 is a major TF of the
IIS pathway, which is an ortholog of the FOXO tran-
scription factor that conserved from lower invertebrate
to higher mammals (Kenyon 2010). The HSF-1 is a TF
that shares a common pathway with DAF-16 to regulate
stress tolerance and several other physiological and
neurological processes such as growth, aging, and deg-
radation of amyloid plaques (Cohen et al. 2006). The
SKN-1 is another major component of IIS that provokes
phase-II detoxification response in C. elegans and is
orthologous to mammalian Nrf proteins (Tullet et al.
2008). Activation of these TFs by dietary supplements
has been correlated with improved lifespan and allevia-
tion of Aβ- and αS-induced toxicity in C. elegans
(Cohen et al. 2006; Edwards et al. 2014; Govindan
et al. 2018). We observed that Prenol supplementation
did not improve the mean lifespan of daf-16, hsf-1, and
skn-1 mutants (Fig. 4), indicating the role of IIS in the
Prenol mediated lifespan extension and stress tolerance.
The in silico results also supported the findings of in-
vivo studies, as Prenol showed strong binding ability
with the DAF-16, HSF-1, and SKN-1 TFs (Table 2; Fig.
S4). Previous studies have shown that the higher terpe-
noids, such as β-caryophyllene and ursolic acid, which
increased lifespan in C. elegans through SKN-1 and
JNK-1 signaling, respectively, also demonstrated strong
binding with respective proteins in silico (Pant et al.
2014; Negi et al. 2016). Altogether, the in vivo and in
silico findings explain how Prenol could significantly
promote longevity in C. elegans, which might also be
helpful in neuromodulation.

The nuclear localization of DAF-16 is essential to
modulate the expression of several age- and stress-
associated genes in C. elegans (Shukla et al. 2012a). It
has been shown that longevity-promoting compounds
including complex terpenoids promote nuclear translo-
cation of DAF-16 in C. elegans (Shukla et al. 2012a;
Pant et al. 2014). Our results showed that Prenol was
also able to translocate DAF-16 into the nucleus (Fig.
5a) indicating role of DAF-16 in the lifespan extension
and other attributes in C. elegans. It has been also
reported that after activation the DAF-16, HSF-1, and
SKN-1 TFs regulate the expression of stress-related
proteins, such as SODs, HSPs, and GSTs, respectively
(Honda et al. 2008; Blackwell et al. 2015; Brunquell
et al. 2016). Previous studies have found that the terpe-
noids and their derivatives can increase the expression
of these transcription factors and their downstream

targets (both mRNA levels and GFP-tagged protein
levels) (Pant et al. 2014; Asthana et al. 2015). We also
observed that the supplementation of 0.25 mM Prenol
significantly enhanced the expression SOD-3 and GST-
4 in GFP-tagged transgenic strains of C. elegans (Fig.
5b, c). Additionally, mRNA expression levels of daf-16,
hsf-1, and skn-1 TFs and their downstream test target
genes were also enhanced after Prenol treatment (Fig.
6). Our results indicated that similar to the complex
members of the terpenoid family, prenol supplementa-
tion not only increased the expression of these TFs but
also promoted their transcriptional activities. Further,
these investigations suggest that Prenol might act as an
antagonist to IIS and provide stimulation to the nuclear
translocation of longevity associated TFs, which might
enhance stress tolerance and promote longevity in
C. elegans.

The present study, for the first time, demonstrates the
neuroprotective and longevity-promoting potential of a
hemiterpene compound, Prenol, in C. elegans and un-
veils its underlying mechanism. The study reveals that
Prenol rescues worms from the Aβ induced paralysis. It
also reduces accumulation of αS in transgenic strains of
C. elegans. Up-regulation of SOD-3 and GST-4 sup-
ports the findings of reduced oxidative stress after
Prenol supplementation. Further, the study of mutants
such as daf-16, skn-1, and hsf-1 demonstrates that the
Prenol improves lifespan and health-span in IIS-
dependent manner. Overall, the present study embarks
the potential of the simplest form of terpenoids towards
the development of economical and authentic therapeu-
tics for the benefit to society.
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