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Abstract.
BACKGROUND: Auricularia polytricha (AP) is traditionally known for its medicinal properties, and linoleic acid (LA) is
the prominent component in AP.
OBJECTIVE: To understand the anti-aging and stress resistance mechanism induced by AP in Caenorhabditis elegans.
METHODS: C. elegans (wild-type (N2), transgenic, and mutant strains) were treated with AP and LA and monitored for
lifespan and stress resistance through physiological assays, fluorescence microscopy, and qPCR analysis. Molecular docking
studies were employed to identify the interaction mode of LA with DAF-16 and SKN-1.
RESULTS: Ethanol extract of AP (APE) was non-toxic and could induce an anti-aging mechanism, as it could extend the
lifespan of nematode worms. This was dependent on PMK-1 and DAF-16 as APE could not extend the lifespan of these gene-
specific mutants apart from extending the expression of these genes in wild-type nematodes, which was evident from qPCR
analysis. LA, too, had a similar effect on the lifespan of wild-type and mutant worms, which further supported the findings.
Molecular docking studies pointed to the role of DAF-16 and SKN-1 in regulating the effect of APE. APE also exhibited
antioxidant and anti-inflammatory mechanisms as it significantly extended the lifespan in worms exposed to UV-B-induced
oxidative stress, thereby showing a protective effect. APE could regulate SKN-1, which was evident from qPCR analysis and
the fluorescence of skn-1:GFP transgenic strain. Further qPCR analysis of candidate regulatory genes exhibited antioxidant
mechanisms induced by APE.
CONCLUSION: APE was observed to induce anti-aging efficacy via SKN-1 and DAF-16.
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1. Introduction

Increased incidences of degenerative lifestyle
diseases have led to the opting for functional
foods such as probiotics and plant-based nutritional
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supplements, which fulfill the normal dietary require-
ments and have beneficial nutraceutical properties
that aid general well-being. A large content of our
knowledge about natural therapeutics comes from
traditional medicine that comprises various concoc-
tions that utilize extracts of the available flora and
fauna of the region. Recently, mushrooms have gar-
nered much interest among researchers and have been
studied extensively. Among them, edible mushrooms
have been used worldwide as a source of nutri-
tion and have now been widely sought after due to
their rich protein content, carbohydrates, vitamins,
essential trace elements, and fiber. Most edible mush-
rooms have medicinal properties and have been used
from old times in traditional medicines and culinary
delights [1].

Medicinal mushroom research showed the poten-
tial therapeutic properties of various species against
ailments and infections, including antiviral, antibac-
terial, antidiabetic, anti-neurodegenerative, hepato-
protective, cardioprotective, and anticancer activities
[2]. One among these is Auricularia polytricha
(AP), which belongs to the Auriculariaceae fam-
ily and is commonly known as wood ear or jelly
ear mushroom. It is an edible macro-fungus that
has been part of traditional culinary and medici-
nal preparations. It shows several properties such
as antioxidant, antimicrobial, immunomodulatory,
antitumoral activity, antidiabetic, and hyperlipidemia
[3–8]. AP is rich in antioxidants and has also shown
effective mitigation of oxidant radicals that lead to
macromolecular damage [9], a common pathology
in many diseases and in progressive aging [10].
Recently, various cosmetics have come out in the
market that promise to slow down the signs of aging.
One of the major causes of aging is the constant expo-
sure to sunlight, which comprises UV radiations that
trigger the production of oxidant radicals [11].

UV-B is a part of the electromagnetic spectrum
having higher energy and shorter wavelength than
UV-A. Hence, it can cross the epidermis as well
as interact with the molecular components, trigger-
ing oxidative stress and DNA damage, activating
pathways that cause an increase in connective tis-
sue degeneration, decreased collagen production, and
accumulation of senescent cells resulting in wrinkles,
hyperpigmentation, photo-immunosuppression, and
photo-carcinogenesis. Broad-spectrum sunscreens
are most effective in reducing the damage caused by
UV radiation to the skin. Currently, sunscreens are
incorporated with natural resources that protect the
skin and can enhance the overall protective activity of

the skin. Therefore, this field offers a larger potential
to be explored [11–13].

Recent studies from our team also reported that
ethanol extract of AP (APE) showed a reduction
in glutamate-induced neuronal toxicity and provided
a neuroprotective effect via scavenging of reac-
tive oxygen species (ROS) in mouse hippocampal
cells (HT22) [14]. Another study also identified AP
extract’s anti-inflammatory and cellular lipid accu-
mulation properties in mouse macrophage cell lines
[15]. Additionally, APE enhanced the lifespan and
health span in the model system, Caenorhabditis ele-
gans [14].

The genetically tractable soil nematode C. ele-
gans has become an invaluable tool in understanding
and deciphering several human diseases and ailments
caused by biotic and abiotic stress. Owning to the
presence of conserved pathways that regulate the nor-
mal homeostasis of eukaryotes, ease of maintenance,
and availability of a complete sequenced genome
has helped C. elegans gain its importance as a pop-
ular system in various fields that includes several
aspects of cell and animal biology such as neuronal
development, developmental biology, host-pathogen
interactions, muscular development, tumorigenesis,
apoptosis, toxicology, aging and wound healing [16–
20].

The present study intends to analyze the mecha-
nism of action induced by the APE and the major
bioactive-compound involved (linoleic acid (LA) for
its anti-aging effect and its role in mitigating UV-B
induced stress using in vivo model C. elegans.

2. Materials and methods

2.1. Chemicals, reagents, and equipment’s used

The chemicals and reagents used in the study were
obtained from Sigma-Aldrich (St. Louis, MO, USA)
and Hi-Media Laboratories (Mumbai, India) unless
otherwise specified. UV-B exposure for C. elegans
strains was done using UV-B Lamp TL 20 W/01
RS, and intensity was detected using a digital UV
radiometer (Solarmeter, Solartech Inc, USA).

2.2. Plant collection and extraction

The APE extract used in the current study was from
the same batch of extracts used in previous studies
[14, 21] obtained from the dried fruiting body of AP
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macerated in ethanol, which was further dissolved in
DMSO, aliquoted and stored in –20◦C.

2.3. Strains used and culture conditions
of C. elegans

The present study used wild-type Bristol N2 as
well as mutants KU25 (PMK-1), CF1038 (DAF-
16), and transgenic strains LG333 (SKN-1::GFP) and
TJ356 (DAF-16::GFP). All were procured from the
Caenorhabditis Genetic Centre (CGC), University of
Minnesota. The worms were cultured on nematode
growth medium (NGM) and food source Escherichia
coli OP50 at 20◦C. All the studies were performed
using age-synchronized L4 worms obtained by isolat-
ing eggs from gravid hermaphrodites using standard
procedure [22].

2.4. Life span assay

C. elegans (wild type or mutants: 10 numbers), UV
exposed or unexposed worms treated with different
concentrations of APE (30, 40, and 50 �g/ml) or LA
(60, 70, and 80 �M) were transferred into a 24-well
plate containing M9 buffer. The live nematodes were
counted every 24 h. and calculated for their percent-
age survival, as explained previously [23].

2.5. Analysis of UV-B impact on C. elegans

Wild type C. elegans were exposed to selected
intensity of UV-B radiations 60, 100, and 1000
mJ/cm2. For further studies, 60 mJ/cm2 was consid-
ered. Age-synchronized L4 worms grown on E. coli
OP50 at 20◦ C were washed thoroughly and placed
into a 35 mm petri dish with 1 ml of M9 buffer and
exposed to the different UV-B radiation doses and
worms were treated with APE extract for 24 h. post
UV-B exposure.

2.6. Fluorescence imaging

Age-synchronized L4 population of LG333 strain
(SKN-1::GFP) and TJ356 (DAF-16::GFP) exposed
to UV-B at 60 mJ/cm2 and was treated with the APE
extract for 24 h. After the treatment period, the worms
from the independent trials were washed thoroughly
and imaged with a confocal microscope (OLYM-
PUS FLUOVIEW FV10i), Centre for Scientific and
Technological Research equipment (STREC), Chu-
lalongkorn University and Fluorescent microscope

(OLYMPUS BX35), The Science and Educational
Co LTD, Bangkok.

2.7. Homology modelling

DAF-16 and SKN-1 protein structures were mod-
eled by employing the Homology modeling process,
where the three-dimensional (3D) structure of a
protein was constructed using the online program
trROSETTA (transform-restrained Rosetta) [24],
which generates a 3D model of protein via Ab Ini-
tio modeling technique. It utilizes the FASTA format
of the amino acid sequence of the query protein. The
FASTA sequences of both proteins were extracted
from the Uniprot database with Uniprot ID – P34707
and O16850.

2.8. Protein structure validation

The stereochemical quality of the modeled 3D
protein structure was predicted using PDBSum, an
online program [25]. This program estimates the
polypeptide backbone conformation via the amino
acid sequence’s phi/psi torsion angles. If the structure
determination is reliable, it implies that most pairs
will be located within the core or favored regions of
the Ramachandran plot.

2.9. Molecular docking analysis

The modeled 3D structure of DAF-16 and SKN-1
proteins and the chemical structures of the com-
pounds of interest were employed for the docking
studies. The chemical structures of the reference
drugs Epigallocatechin gallate (DAF-16), Luteolin
(SKN-1), and Linoleic acid (the major component of
APE) were downloaded from PubChem database in
3D conformation with PubChem ID 65064, 5280445
and 5280450 respectively. The molecular docking
was performed using a blind docking approach for
both the target proteins to estimate the strong binding
site of the molecules. DockThor program was used
to calculate the binding affinities of the molecules
against the target protein. It is a grid-based docking
method which computes different binding modes of
ligands on the protein structure [26]. Subsequently,
the binding position of the potential lead molecule
and its 2D interaction studies were done using Biovia
Discovery Studio 4.5 (Dassault Systèmes BIOVIA,
Discovery Studio Modelling Environment, Release
2017, San Diego: Dassault Systèmes, 2016).
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2.10. Total RNA isolation and quantitative
real-time PCR (qPCR) analysis

As explained above, wild-type C. elegans were
exposed to UV-B and/or treated with APE extract.
Total RNA was isolated using GENEzolTM reagent
using the protocol as prescribed by the manu-
facturer and further converted to cDNA from the
experimental groups based on the manufacturer’s
protocol. qPCR analysis was carried out using
SYBR Green, RealMODTM Green W2 2xqPCR mix
(iNtRon Biotechnology Inc., Korea), in the CFX con-
nect Real-Time Detection system (Bio-Rad) with the
help of gene-specific primers as explained previously
[23].

2.11. Statistical analysis

All the experiments were done in triplicates and
expressed as Mean ± SD. One-way ANOVA (SPSS
17, SPSS Inc., Chicago, IL) followed by Tukey’s
post hoc test was performed to compare control vs.
UV-B treated, UV-B treated vs. APE/LA treated, and
p < 0.05 was considered statistically significant.

3. Results

3.1. APE is non-toxic and can improve lifespan
in C. elegans

Previously, our group had reported that APE can
extend the lifespan of C. elegans at specific con-
centrations (20 and 40 �g/ml) [14]. In the present
study, we sought to confirm that APE is not toxic
to the nematodes and can extend lifespan. Hence,
wild-type nematodes were treated with different con-
centrations of APE ranging between 10–1000 �g/ml.
It was observed that none of the doses were toxic to
the nematodes, and the doses 20, 30, and 40 �g/ml
exhibited a maximum lifespan of up to 23 days each,
whereas the untreated control survived up to 20 days.
DMSO (1%) was used as solvent control, wherein the
nematodes survived up to 19 days (Fig. 1A and B).

3.2. APE-mediated lifespan extension was
dependent on the MAPK pathway

To identify the mode of action of APE-mediated
lifespan extension, mutants of pmk-1, a key player in
the MAPK pathway were treated with 30–50 �g/ml

of APE extract. Interestingly, the extract was not
able to induce any significant changes in lifespan,
as the mutants survived up to 18.4, 18.8, 18.6, and 19
(control, APE 30 �g, APE 40 �g, APE 50 �g, respec-
tively) days each, similar to that of the untreated
control (Fig. 2A and B). This indicates the importance
of pmk-1 in exerting the lifespan-extending effects of
APE.

Additionally, qPCR analysis of pmk-1 was ana-
lyzed in wild-type nematodes after treatment with
APE, which showed significant upregulation, indi-
cating the pathway’s involvement in mediating
APE-induced anti-aging activity (Fig. 2C).

3.3. APE mediated lifespan extension was
dependent on DAF-16 mediated pathway

DAF-16 mediated pathway is a significant path-
way that regulates lifespan and activates anti-aging
in C. elegans. On that note, the role of this pathway
in APE-mediated lifespan extension was analyzed
by treating 30–50 �g/ml of APE extract to daf-16
mutants. Interestingly, APE could not induce any sig-
nificant changes in the lifespan of these mutants, as
the worms survived up to 16, 16, and 16 days, respec-
tively, wherein the untreated control worms survived
up to 15 days (Fig. 3A and B).

Furthermore, daf-2 and age-1, the candidate genes
that regulate the pathway, were analyzed using qPCR
analysis in wild-type nematodes. Their expression
was found to be negatively regulated, indicating the
pathway’s involvement in mediating APE-induced
anti-aging activity (Fig. 3C).

3.4. Linoleic acid, one of the significant
lipophilic compounds in APE, can also
extend the lifespan of C. elegans

In the previous study, our group had identified
through GC/MS analysis that LA is the most predomi-
nant lipophilic compound present in APE, which may
be responsible for the positive effects induced by the
extract [14]. Hence, the present study also seeks to
identify the effect of LA on the lifespan of wild-type
nematodes. Different concentrations of LA varying
from 10–100 �M were treated with the nematodes,
and it was observed that the compound could sig-
nificantly extend the lifespan of C. elegans (Fig. 4A
and B). Interestingly, the compound was not able to
induce any significant changes in the lifespan of both
pmk-1 (Fig. 4C and D) and daf-16 mutants (Fig. 4E
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Fig. 1. Survival analysis of wild type C. elegans (N2) against different concentration of APE extract. Panel A shows the average maximum
survival days and panel B represents the survival assay of concentrations (APE 30–50 �g/ml) that are taken forward for the further experiments
(Significance at p < 0.05 *Control vs APE treated).

and F), similar to that of APE, implying that LA acti-
vates the anti-aging mechanism in C. elegans through
both pmk-1 and daf-16 mediated pathways.

3.5. Molecular docking studies further confirm
the role of LA

3.5.1. Ramachandran plot validation for
modeled proteins

The 3D structures of the modeled proteins
DAF-16 and SKN-1, generated by trROSETTA,
were evaluated using PDBSUM for quality check.
Ramachandran plot is represented in (Fig. 5A and B)
the graphs obtained for each protein showed that the
psi and phi angles are mainly located in the favored
and allowed regions of the Ramachandran plot, indi-
cating both proteins as reliable models.

3.5.2. Docking analysis
The modeled protein structures were taken for

docking analysis using the respective reference
compounds Epigallocatechin gallate (an inducer of
DAF-16), Luteolin (inhibitor of SKN-1) [27], and
LA using the DockThor algorithm to study the bind-
ing affinity and its modulatory action against both
the target proteins. Luteolin was earlier reported to
modulate skin aging and inflammation [28, 29]. The
energy score obtained from DockThor for Epigallo-
catechin gallate was –7.53 kcal/mol against DAF16
(Fig. 6C), and Luteolin showed –7.99 kcal/mol
against SKN-1 (Fig. 6F). In contrast, LA showed
binding scores of –7.68 and –6.88 kcal/mol for DAF-
16 and SKN-1 respectively. Overall, the results from
our docking study reveal that the drug-target bind-
ing energy of the reference drugs and linoleic acid
have almost similar docking scores, thus supporting



6 R. Sharika et al. / Longevity and Stress resistance by APE

Fig. 2. Panel A and B shows the survival analysis of pmk-1 mutant (KU25) representing average maximum survival days and percentage of
survival respectively. Panel C shows the increase in mRNA expression of pmk-1 in wild type C. elegans on treatment with APE at different
concentrations (APE 30–50 �g/ml) (Significance at p < 0.05 *Control vs APE treated).

Fig. 3. Panel A and B shows the survival analysis of daf-16 mutant (CF1038) representing average maximum survival days and percentage
of survival respectively. Panel C shows a decrease in mRNA expression of daf-2 and age-1 in wild type C. elegans on treatment with APE
at different concentrations (APE 30–50 �g/ml) (Significance at p < 0.05 *Control vs APE treated).

our experimental studies. The results clearly indicate
the strong binding ability of LA towards the target
proteins and modulate their activities.

Further, the ligand interaction for both proteins
was studied for Epigallocatechin gallate, Luteolin,

and Linoleic acid to understand the binding mecha-
nism of the interacting residues of the proteins. The
protein-ligand interaction images were represented
in the figure interaction. The interaction studies dis-
play different kinds of bond formation between ligand
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Fig. 4. Panel A shows the average maximum survival of wild type C. elegans when treated with Linoleic acid with varying concentrations
(LA 10–100 �M) showed an increase in lifespan, panel B shows the percentage of survival in wild type C. elegans showing the lifespan
extension in the selected dose (LA 60–80 �M) which was used for further analysis. Lifespan extension of LA mediated through both MAPK
and DAF-16 pathways, both pmk-1 (KU25, panel C and D) and daf-16 (CF1038, panel E and F) mutant did not show any significant changes
on admiration of LA (Significance at p < 0.05 *Control vs LA treated).

Fig. 5. Ramachandran plot for DAF-16 (A) and SKN-1 (B).

molecules and target protein, including conventional
hydrogen bonds, alkyl bonds, π-sigma, π-cation, and
π-alkyl bonds, as represented in Fig. 6. Linoleic
acid can maintain Conventional hydrogen bonds

interaction with Arg75, Ser179, Tyr180, Ala181,
and Asn231 amino acid residues of DAF-16 pro-
tein whereas, in case of Epigallocatechin gallate
the amino acid contributing for the conventional
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Fig. 6. Interaction sites of epigallocatechin gallate and Linoleic acid towards DAF-16 (A, B and C) and Luteolin and Linoleic acid interaction
towards SKN-1 (D, E and F).

hydrogen bonds interactions are with residues Met1,
Glu4, Tyr211, Asn219, Gly223 and Ser227 also a
π-cation and π-alkyl interactions were formed with
Met1(Fig. 6A and B). In addition, the interactions
maintained by amino acid residues of SKN-1 pro-
tein with Linoleic acid are with residues Arg15,
Glu236 (Conventional hydrogen bonds), whereas
Arg16 made Alkyl bond. On the other hand, Luteolin
can form π-π stacked bond with His80 and π-alkyl
with Pro447 and Ile68, and we observed conventional
hydrogen bond interactions with Arg439 and Asp557
(Fig. 6D and E). We conclude that hydrogen bonds
contribute to the efficient binding of Epigallocatechin
gallate, Luteolin, and Linoleic acid with the protein
DAF-16 and SKN-1.

3.6. APE can impart protection against
UV-B-induced stress in C. elegans

APE was subjected to analysis of its effect in medi-
ating oxidative stress in C. elegans. UV is a known
source to induce oxidative stress and a series of other
damages to the nematode. In the present study, C.
elegans were exposed to UV-B in different intensi-
ties, 60, 100, and 1000 mJ/cm2. The wild-type worms
were observed to survive up to an average of 18,

17, and 9 days, respectively, whereas the untreated
control survived up to 21 days (Fig. 7A and B).

Further, worms exposed to 60 mJ/cm2 of UV-B
were treated post UV-B exposure with different con-
centrations of APE (30–50 �g/ml). It was observed
that the worms survived up to an average of 20, 21,
and 20 days, respectively, compared to the worms
exposed to UV-B alone, surviving for 18 days (Fig. 7C
and D). Similarly, worms exposed to 100 mJ/cm2 of
UV-B when treated post UV-B exposure with differ-
ent concentrations of APE (30–50 �g/ml) survived
up to 20, 20, and 20 days respectively when com-
pared to the worms exposed to UV-B alone surviving
for 17 days (Fig. 7E and F) and those exposed to
1000 mJ/cm2 of UV-B, on post-exposure treatment
with different concentrations of APE (30–50 �g/ml)
survived up to 18, 18 and 13 days respectively when
compared to the worms exposed to UV-B alone sur-
viving for 9 days (Fig. 7G and H), indicating the
protective effect of APE.

3.7. SKN-1 plays a role in mediating the rescue
of UV-B-exposed C. elegans

SKN-1, an ortholog of mammalian NF-E2-related
transcription factor (NRF-2), plays a major role in
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Fig. 7. Impact of UV-B of varying intensities on C. elegans and rescue by APE. Panel A and B show the average maximum survival and
percentage of C. elegans exposed to varying intensities of 60 mJ/cm2, 100 mJ/cm2 and 1000 mJ/cm2. The Average maximum days of survival
of the exposed worms found to be significantly reduced (p < 0.005). APE (30–50 �g/ml) was found to rescue and extend lifespan in wild type
C. elegans from the effects of various intensities of UV- B exposure compared to untreated group (Panel C, D, E, F, G and H). # Represents
significance (p < 0.05) between control and UV B/APE extract treated, *represents significance (p < 0.05) between UV-B exposed and treated
groups.

activating antioxidant activity. The regulation of skn-
1 was monitored using a transgenic strain LG333. An
overall SKN-1 expression was found to be increased
in UV-B (60 mJ/cm2) exposed worms compared to
control, in comparison with the C. elegans treated
with APE post-UV-B exposure (Fig. 8B-E). Also,
the qPCR data corroborated these findings (Fig. 8A).
The regulation of daf-16 was observed using trans-

genic strain TJ356. DAF-16 expression was found
to be increased in UV-B exposed in treated worms
compared to APE-treated C. elegans (Fig. 9).

Furthermore, qPCR analysis of antioxidant genes
such as sod-1 and gst-4 showed an increase in expres-
sion when treated with APE for 24 h post-UV-B
exposure (Fig. 10). Additionally, the expression of
col-19, an adult marker for collagen and responsible
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Fig. 8. Panel A shows the qPCR analysis of skn-1 in UV-B exposed wildtype C. elegans at 24 h with or without APE treatment. Panel B
quantified expression of level of SKN-1. SKN-1 expression in transgenic strain in LG333 (C) Control, (D) UV-B exposed, (E) APE treated
worms exposed to UV-B at 24 h. # represents significance (p < 0.05) between control and UV-B/APE extract treated groups, *represents
significance (p < 0.05) between UV-B exposed and treated groups.

Fig. 9. DAF-16 translocation in transgenic strain TJ356 (A) Control (B) UV-B exposed (C) APE treated worms exposed to UV-B at 24 h. The
arrows show the expression and translocation of DAF-16. Panel D shows the quantified level of DAF-16. # represents significance (p < 0.05)
between control and UV-B/APE extract treated groups, *represents significance (p < 0.05) between UV-B exposed and treated groups.
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Fig. 10. qPCR analysis of mRNA expression of col-19, gst-4 and
sod-1 post exposure UV-B with or without treatment with APE.
Treated group showed increased mRNA expression in comparison
with UV-B exposure alone. # represents significance (p < 0.05)
between control and UV-B/APE extract treated, *represents sig-
nificance (p < 0.05) between UV-B exposed and treated groups.

for the maintenance of adult worm cuticle was also
observed. Previous studies reported that disruption
of COL-19 can lead to morphological defects in alae
[30]. It was found that APE 30–50 �g/ml treatment
post-UV-B exposure exhibited an increase in col-19
expression compared to the UV-B exposed untreated
N2 worms (Fig. 10).

4. Discussion

Biological and environmental stresses are detri-
mental to the induction and acceleration of the normal
aging process [31–35]. Skin, the largest body organ,
forms a protective barrier against the external envi-

ronment is also a visible indicator of aging. Hence,
it is essential to take extra measures to protect it
from solar radiation and pollutants that tend to cause
premature aging [36]. Several cellular and molecu-
lar factors, including reactive oxygen species (ROS)
production, dysregulation of signal transduction, and
mutation, are involved in the process, wherein these
phenomena can be counteracted by acting appropri-
ately by balancing behavioral and nutritional factors
[32, 34]. Hence, several natural resources such as
plants, mushrooms, and marine organisms that may
or may not be a part of traditional medicinal practices
have been currently explored to identify derivatives
that may possess antiaging properties [2, 32, 37, 38].

Auricularia polytricha is an edible medicinal
mushroom used in various traditional preparations
and cuisines around the globe. Crude extracts from
AP reportedly exhibited properties beneficial for
overall health [15]. The non-toxic APE extract exhib-
ited an extension of lifespan and health span in
wild-type C. elegans (Fig. 1A and B), indicating
its antiaging potential [14]. Interestingly, the mRNA
expressions of daf-2, which encodes for receptor
tyrosine kinase and its downstream player age-1, a
phosphatidyl inositol 3-kinase (PI3K) homolog, were
found to be downregulated during treatment with
APE extract in the N2 worms (Fig. 2C), whereas pmk-
1 expression was found to be increased (Fig. 3C).
Moreover, no extension in lifespan was found in
daf-16 (Fig. 3A and B) and pmk-1 (Fig. 2A and B)
mutants when treated with APE extract, suggesting
the involvement of both DAF-2/DAF-16 insulin and

Fig. 11. A schematic representation of the protective effect of APE against UV-B radiation in C. elegans.
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PMK-1/p38 MAPK pathway mediated regulation of
lifespan extension in C. elegans treated with APE
(Figs. 1–3).

Previous studies show DAF-2/DAF-16
insulin/insulin-like signaling pathway regulates
lifespan extension and aging in C. elegans by the
translocation of DAF-16, an ortholog of FOXO-1 in
humans, from the cytoplasm to nucleus mediated
through the reduction of DAF-2 activation [39,
40]. It was also reported that during both internal
and external stress conditions in C. elegans, the
lifespan extension by DAF-16 was meditated by
its interaction with other regulatory pathways and
players, including p38 MAPK pathway [41], SKN-1,
and HSF-1 [39].

The APE extract was previously reported to show
antioxidant activity [14]. Hence, the impact of UV-
B radiation of various intensities 60 mJ/cm2, 100
mJ/cm2, and 1000 mJ/cm2 on wild-type C. elegans
and the protective effect of APE against it were ana-
lyzed. UV-B exposure to N2 worms at all the given
intensities resulted in a severe lifespan reduction
compared to the unexposed control group (Fig. 7A
and B). In contrast, the APE (30, 40, and 50 �g/ml)
treatment showed a rescue and extension of lifes-
pan in all of the UV-B exposed groups (Fig. 7C-H),
indicating that APE can reduce the oxidative stress
induced by UV-B.

SKN-1, the C. elegans ortholog of mammalian
NRF-2, plays a significant role in mounting response
to diverse stress factors to maintain the homeosta-
sis of the host, including oxidative and xenobiotic
stress [42, 43]. The stress response can have pro-
gressive effects on the aging process. Furthermore,
it can result in the accumulation of functional losses
that culminate in many age-related clinical conditions
that result in diseases, including pulmonary disorder,
cancer, and neurodegenerative disorders [44]. Expo-
sure to UV radiations (A, B or C) can induce severe
oxidative damage that results in the progression of
aging and related pathologies [45]. In line with the
reports, SKN-1 expression was found to be increased
in LG333 strains at 24 h post-exposure of UV-B com-
pared to the control. Although SKN-1 is associated
with regulating homeostasis upon stress response
[46], previous study has revealed that constitutive
activation of SKN-1 can be detrimental in C. elegans
as it impairs the ability of the nematodes to resist
stress and increase ROS levels [43, 47, 48]. In stud-
ies with SKN-1 gain-of-function, nematodes showed
age-dependent somatic depletion (ASDF) of fats
and shortened lifespan, corroborating the observed

results [49, 50]. However, the exposed worms treated
with APE were found to reduce the SKN-1 activity
(Fig. 8B and C), which was further validated through
the qPCR analysis of skn-1 in N2 worms (Fig. 8A).
Studies have reported that SKN-1 regulation can be
mediated by both DAF-16 and PMK-1 mediated path-
ways [45, 51]. Interestingly, dietary supplementation
of PUFAs (LA) and antioxidants can rescue worms
under ASDF condition triggered by increase in SKN-
1 under oxidative stress [49], which corroborates with
findings of the present study (Fig. 8). The protective
effect thus observed by APE against UV-B can be
attributed to the regulatory activity of SKN-1 through
PMK-1 and DAF-16-mediated pathways (Figs. 2 and
3A-B), as well as the presence of LA in the extract,
which could act as a negative regulator of SKN-1 as
observed from docking analysis. Additionally, qPCR
analysis of antioxidant genes gst-4 and sod-1 was
upregulated in the APE-treated group of C. elegans
post UV-B exposure compared to untreated worms
(Fig. 10), suggesting SKN-1 mediated antioxidant
gene regulation.

COL-19 is a cuticle collagen and forms an inte-
gral part of the C. elegans exoskeleton. The cuticle
protects the worms from the external environment
and impacts [52, 53]. The disruption of COL-19 was
found to cause morphological changes in C. elegans
[30]. Previous studies report that UV radiation dam-
ages extracellular matrix elements such as elastin
and collagen [54]. Additionally, a study reported the
downregulation of mRNA expression of col-19 dur-
ing UV-A exposure in C. elegans [55]. The present
study shows an increased fold in mRNA expression
of col-19 when treated with APE extracts post UV-B
exposure (Fig. 10), suggesting the activation of con-
served and C. elegans-specific pathway activation in
re-establishing the exoskeletal integrity [56].

Edible mushrooms are widely known for the pres-
ence of essential fatty acids such as linoleic, oleic,
and linolenic, which are important for the human
diet, compared to other food sources, making it com-
mercially highly valuable [57]. LA is one of the
predominant components identified through GC/MS
analysis in APE extract [14] and belongs to a group
of polyunsaturated fatty acids (omega-6 PUFAs) that
are well known for their health-promoting beneficial
effects, including suppression of aging [58, 59]. Inter-
estingly, C. elegans, unlike mammals, is capable of de
novo synthesis of essential fatty acids due to the pres-
ence of �12 desaturase and ω3 desaturase enzymes
[60]. Studies have reported that supplementation of
LA played a role in rescuing mutant worms with loss
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of function of HLH-30, which plays a major role in
survival during starvation, as well as SBP-1 mutant in
restoration of body size and brood size and also mod-
ulation of p38 MAPK pathway [59–61]. Studies also
suggest that supplementation of ω6 fatty acids can
promote longevity. In the present study, LA exhibited
longevity towards N2 worms at varying concen-
trations, and this lifespan extension was mediated
through both PMK-1 and DAF-16 pathways (Fig. 4).
Reportedly, deuterated PUFAs improve in vivo redox
conditions under both normal and oxidative stress
conditions, leading to lifespan extension [62]. Fur-
thermore, the in silico docking analysis also showed
strong binding activity of LA towards DAF-16 and
SKN-1 (Figs. 5 and 6). Additionally, various studies
have reported the induction of DAF-16 expression
upon UV-mediated damages in C. elegans, which acts
as an adaptive mechanism in the nematodes to combat
stress [63, 64]. Further, DAF-16 is also involved in
regulating fat homeostasis, which could be observed
from the activation of the gene upon reduction in fat
accumulation in fat-related gene RNAi worms [65].
APE was found to reduce the nuclear translocation
of DAF-16 upon UV-B exposure (Fig. 9) in the cur-
rent study, which could be due to the early antioxidant
effects of the extract against UV-B-mediated changes.

5. Conclusion

In summary, the antioxidants, including LA
present in APE, play a significant regulatory role in
the modulation of influential players such as PMK-
1, DAF-16, and SKN-1, resulting in the rescue and
extension of life span in C. elegans post UV-B
exposure. AP extracts have also previously shown
neuroprotective effects, and mushrooms are abun-
dant sources of antioxidants and PUFAs. Hence, it
could be used in the food and cosmetic industry as an
additive to promote healthcare, especially in an aging
population.
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