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Abstract: Oleuropein (OLE) is a secoiridoid glycoside that mainly exists in olives with multifaceted
health benefits. The present study aimed to investigate the stress resistance and lifespan extension
effects of OLE in Caenorhabditis elegans. The results showed that OLE could significantly prolong the
lifespan of C. elegans by 22.29%. Treatment with OLE also significantly increased the survival rates of
worms against lethal heat shock and oxidative stress. Meanwhile, OLE supplementation increased the
expression and activity of antioxidant enzymes and suppressed the generation of malondialdehyde
in nematodes. In addition, the results from mutants implied that OLE might mediate longevity
and stress resistance via DAF-16/FoxO, which played a vital role in the insulin/IGF-1 signaling
(IIS) pathway. To further identify the molecular targets of OLE, mRNA level and loss-of-function
mutants of IIS-associated genes were investigated. The data revealed that OLE activated IIS by
down-regulating the upstream components, daf-2 and age-1. Furthermore, another stress response
and longevity pathway in parallel to DAF-16, SKN-1/Nrf2, was also shown to involve in OLE-
induced beneficial effects. Collectively, these results provide the theoretical basis that OLE could
enhance the stress resistance and increase the lifespan of C. elegans through the IIS and SKN-1/Nrf2
signaling pathways.
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1. Introduction

Oleuropein (OLE), a bitterness substance belonging to secoiridoid, is the major bioac-
tive compound in Oleaceae plants (Figure 1a). This terpene glycoside consists of a molecular
of hydroxytyrosol and elenolic acid glucoside linked by a lipase or oleuropein aglycone
bond with glucoside by -glucosidase [1,2]. OLE is distributed in all parts of olive, espe-
cially in fruits and leaves. This natural phenolic compound is a desirable component in
high-quality olive oil that strongly influences the flavor due to its bitter and pungent sen-
sory notes. Studies showed that OLE and several oleuropein derivates possessed various
pharmacological properties of antioxidative, anti-inflammatory, anticancer [3], and delayed
age-associated diseases [4,5]. In particular, OLE has been widely reported to exhibit robust
antioxidant activity both in vitro and in vivo. Supplementation of OLE protected aged
rats model from oxidative stress [6]. Oral administration of 30 mg/kg OLE significantly
alleviated arsenic-induced oxidative damage in mice [7]. These beneficial effects of OLE
are thought to be directly attributed to its free radicals-scavenging ability, intrinsic redox
enzymes, and stress response modulation effects. Resistance to oxidative stress has been
extensively correlated with longevity. Although OLE was shown to improve oxidative
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stress resistance and ameliorates several age-related physiological deteriorations in ani-
mal models, the exact effect and underline mechanism by which OLE affects the stress
resistance and lifespan has inadequately been characterized.
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Figure 1. (a) Chemical structure of OLE. (b) Effect of OLE on the lifespan of wild-type worms.

Caenorhabditis elegans is a simple structure and transparent roundworm. This free-
living nematode is a powerful genetic model animal mostly known for aging research
due to its relatively short lifespan. It has been used by many to evaluate the ameliorative
effects associated with longevity and stress of natural products. Studies have uncov-
ered several signaling pathways interfering with stress response and the aging process,
such as insulin/insulin-like growth factor signaling (IIS), which was conservative from
worms to mammals. In C. elegans, IIS originates with insulin-like peptides binding the
DAF-2 receptor to activate the phosphoinositide 3-kinase (AGE-1/PI3K). Subsequently,
activated AGE-1 triggers the downstream phosphorylation cascade reactions starting from
3-phosphoinositide-dependent kinase 1 (PDK-1) to Akt/protein kinase B family members
(AKT-1 and AKT-2), which in turn leads to the phosphorylation of DAF-16/FoxO transcrip-
tion factor and inhibits its translocalization activity into the nucleus. DAF-16 is a crucial
component in IIS that directly regulates longevity and various stress response in worms [8].
Suppressed IIS releases DAF-16 by down-regulating upstream genes, consequently increas-
ing the transcriptional regulation of DAF-16 on downstream targeted genes to extend the
lifespan and enhance stress resistance. In addition to DAF-16, some other transcription
factors are also regulated by IIS, such as SKN-1, an Nrf2 transcription factor homolog that
regulates both longevity and stress response. Part of SKN-1/Nrf2 downstream targets
overlaps with DAF-16 targeted genes involved in the process of lifespan extension and
stress responses [9].

The present study was aimed to evaluate the stress resistance and lifespan extension
effect of OLE using C. elegans as in vivo model. For those purposes, the survival rates of
worms pretreated with OLE against oxidative stress and heat shock were measured. The
lifespan extension effect of OLE was carried out using wild-type N2 worms. The mRNA
level of associated genes regulated by OLE was estimated by qRT-PCR. In addition, to
further elucidate the mechanism of action, fluorescence and null mutant strain associated
with IIS, DAF-16, and SKN-1 pathway was investigated.

2. Materials and Methods
2.1. Chemicals and Reagents

Oleuropein, resveratrol, paraquat, sodium azide, and DMSO were purchased from
Aladdin (Shanghai, China). SODs, CATs, and MDA assay kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). RNAeasy™ Plus, PrimeScript™
RT reagent Kit, and TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) were purchased
from Takara.
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2.2. C. elegans Strains and Maintenance

All C. elegans strains were obtained from Caenorhabditis Genetics Centre (CGC), and
cultivated at 20 °C on nematode growth medium (NGM). Strains used in the study were
as following: wild-type N2; TJ356 daf-16p::GFP (zls356) IV.; T]375 hsp-16.2p::GFP (gplsl);
CF1553 sod-3p::GFP (muls84); CB1370 daf-2 (e1370) IIL.; CF1038 daf-16 (mu86) IL.; TJ1052
age-1 (hx546) II.; VC204 akt-2 (0k393) X.; VC345 sgk-1 (0k538) X.; EU1 skn-1 (zu67) IV.
Synchronized progeny was obtained as described previously [10].

2.3. Lifespan Assay

Synchronized L1 larvae were cultured on NGM with or without OLE or RES. Worms
were transferred to the fresh NGM plates every day, then recorded all the alive, escaped,
and dead data. Nematodes were scored as dead when they did not respond to a mechanical
stimulus with a platinum wire.

2.4. Body Length and Width Measurements

Synchronized L1 larvae were maintained on NGM with or without OLE or RES for
48 h. Subsequently, 50 worms were transferred on the microscope slide with 1% sodium
azide. The pictures were recorded by a microscope (Olympus BX53, Tokyo, Japan) under
the bright field. The body length and width of the worm were measured via Image
] software.

2.5. Heat Stress Assay

About 50 synchronized L1 larvae were transferred on NGM with or without OLE or
RES. After 48 h, worms were moved to an incubator at 35 °C. The alive, escaped, and dead
worms were checked for 12 h continuously at 2 h intervals. The results were given as the
percentage of survival nematodes. The assays were carried out in triplicate with about
150 nematodes per group. The statistic analysis was performed by a log-rank (Mantel-Cox)
statistical test.

2.6. Oxidative Stress Assay

Oxidative stress assay was performed as reported previously with some modifica-
tions [8]. About 50 synchronized L1 larvae were treated with or without OLE or RES.
After 48 h, worms were exposed to 200 uM of paraquat. The alive, escaped, and dead
worms were checked for 12 h continuously at 2 h intervals. The results were given as the
percentage of survival nematodes. The assays were carried out in triplicate with about
150 nematodes per group. The statistic analysis was performed by a log-rank (Mantel-Cox)
statistical test.

2.7. Measurement of Malondialdehyde (MDA) Content and Antioxidant Enzyme Activities

Approximately 4000 synchronized L1 larvae were cultivated with or without OLE or
RES. After 48 h, worms were exposed to 35 °C for 3 h to induce activities of SODs and CATs.
Then the worms were harvested by M9 buffer and crushed by an ultrasonic wave. The
suspension was collected and centrifuged at 2500 rpm/min for 10 min. The MDA content
and antioxidant enzyme activities in the supernatant were measured using respective assay
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The tests were repeated
in triplicate.

2.8. Quantification sod-3p::GFP Expression

Synchronized transgenic strain CF1553 worms were cultured with or without OLE
or RES from the L1 larva. After 48 h, the fluorescence of worms was measured from a
microscope (BX53, Olympus Corporation, Tokyo, Japan). At least 25 worms per group
were used to analyze the fluorescence intensity of sod-3p::GFP. The tests were repeated
in triplicate.
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2.9. Quantification hsp-16.2p::GFP Expression

Synchronized transgenic strain TJ375 worms were cultured with or without OLE or
RES from the L1 larva. After 48 h, mild heat stress (35 °C for 20 min) was applied to
assist the expression of hsp-16.2p::GFP. The fluorescence of worms was examined by a laser
scanning confocal microscope (FV1200, Olympus Corporation, Tokyo, Japan). At least
25 worms per group were used to quantify the fluorescence intensity of hsp-16.2p::GFP.
The tests were repeated in triplicate.

2.10. DAF-16::GFP Localization Assay

Synchronized transgenic strain TJ356 worms were cultured with or without OLE or
RES for 48 h. TJ356 worms were monitored DAF-16::GFP signal by a laser scanning confocal
microscope (FV1200, Olympus Corporation, Tokyo, Japan). At least 25 worms per group
were used to analyze the subcellular DAF-16 distribution. According to the DAF-16::GFP
distribution pattern, TJ356 worms were classified into three groups: worms with diffused
fluorescence throughout the whole body were recorded as “cytosolic”; worms with both
diffused and punctate fluorescence were recorded as “intermediate”; worms with punctate
fluorescence were recorded as “nuclear”. The tests were repeated in triplicate.

2.11. Analysis of Genes Expression by gRT-PCR

Total RNA was extracted from about 2000 synchronized L1 larvae with or without
compounds treatment for 48 h using RNAeasy™ Plus and then converted to cDNA using
PrimeScript™ RT reagent Kit with gDNA Erase. The qRT-PCR was performed using
TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) on the BioRad CFX96 system (BioRad,
Hercules, CA, USA). Genes and primers used here are listed in Table 1.

Table 1. Primer sequences of genes used in the experiment.

Gene Accession Number Gene Primer
Gene ID: 179535 act-1F 5-CCAGGAATTGCTGATCGTATGCAGAA-3’
Gene ID: 179535 act-1R 5-TGGAGAGGGAAGCGAGGATAGA-3
Gene ID: 175410 daf-2 F 5-GGATAAAGGCGAATCAAAGTGTC-3
Gene ID: 175410 daf-2R 5-CGATACACTTTCCCTTGTGATAGAC-3’
Gene ID: 174762 age-1F 5-CCTGAACCGACTGCCAATC-3’
Gene ID: 174762 age-1R 5-GTGCTTGACGAGATATGTGTATTG-3’
Gene ID: 181524 akt-2 F 5-ACATTCAGCGAAGCACGAACA-3'
Gene ID: 181524 akt-2 R 5-TACATGACCACTCCGACTCCC-3’
Gene ID: 172981 daf-16 F 5-TCGTCGTCTCGTGTTTCTCCA-3’
Gene ID: 172981 daf-16 R 5-TTCCATAGGCACCCGGTAGTG-3’
Gene ID: 181697 sgk-1F 5-CACCGACTTTGGGCTCTGTAA-3/
Gene ID: 181697 sgk-1 R 5-CTTGAGACGAAGTGGCTGGTT-3
Gene ID: 177343 skn-1F 5-AGTGTCGGCGTTCCAGATTTC-3/
Gene ID: 177343 skn-1 R 5-GTCGACGAATCTTGCGAATCA-3/
Gene ID: 173078 hsf-1 F 5-TTGACGACGACAAGCTTCCAGT-3
Gene ID: 173078 hsf-1R 5-AAAGCTTGCACCAGAATCATCCC-3/
Gene ID: 181748 sod-3 F 5-CTAAGGATGGTGGAGAACCTTCA-3’
Gene ID: 181748 sod-3 R 5-CGCGCTTAATAGTGTCCATCAG-3’
Gene ID: 178659 hsp-16.2 F 5-CTGCAGAATCTCTCCATCTGAGTC-3
Gene ID: 178659 hsp-16.2 R 5-AGATTCGAAGCAACTGCACC-3’
Gene ID: 259738 ctl-1F 5-TTTCAACGGTCGCTGGAGAA-3’
Gene ID: 259738 ctl-1R 5-AGTCTGTGGATTGCGCTTCA-3'
Gene ID: 175085 ctl-2 F 5-TTCGCTGAGGTTGAACAATCCG-3’
Gene ID: 175085 ctl-2 R 5 -GTTGCTGATTGTCATAAGCCATTGC-3’
Gene ID: 179286 hsp-16.1 F 5-GTCACTTTACCACTATTTCCGTCCAGCTCAACGTTC-3’
Gene ID: 179286 hsp-16.1 R 5-CAACGGGCGCTTGCTGAATTGGAATAGATCTTCC-3’
Gene ID: 177778 hsp-12.6 F 5 -GTGATGGCTGACGAAGGAAC-3’
Gene ID: 177778 hsp-12.6 R 5-GGGAGGAAGTTATGGGCTTC-3’
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2.12. Statistical Analysis

Survival analysis was performed by GraphPad Prism software, and data were ex-
pressed as means = SEM of triplicate of assays. Statistical significance analysis was
calculated by using ANOVA with Tukey’s post-hoc test. * means that p-value compared to
control group. # means that p-value compared to RES group. * or # represents p < 0.05, **
or ## represents p < 0.01, *** or ### represents p < 0.001. Letter “ns” means no significance.

3. Results
3.1. OLE Extends C. elegans Lifespan

To evaluate if OLE could prolong the lifespan, the wild-type N2 worms were treated
with a series of concentrations of OLE. The results showed that OLE extended the lifespan
of C. elegans in a dose-dependent mode. A total of 500 uM RES as a positive control could
significantly prolong the mean lifespan of N2 by 30.19% (p < 0.0001), while 440 uM OLE
extended the mean lifespan of N2 by 22.30% (p < 0.0001), compared to the control group
(Figure 1b and Table S1). Coincidentally, a previous study reported that OLE exhibited
anti-aging activity in human embryonic fibroblasts by increasing the lifespan by 15.0% [11].
Considered highly homologous of genes between worms and humans, we could summarize
that OLE extends the lifespan of different organisms through a conserved mechanism.

The pro-longevity effect of compounds on C. elegans is often accompanied by the
change of body size. Therefore, the body length and width were measured after OLE
treatment. As shown in Figure 2, OLE has no significant effect on the body length and
width of C. elegans in comparison to the control group. These findings indicated that the
lifespan extension of OLE under selected concentration might not be a result of arrested
development or restricted calorie intake.
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Figure 2. Effect of OLE on the body size of C. elegans. (a) Body length; (b) body width.

3.2. OLE Enhances Resistance of C. elegans against Heat and Oxidative Stress

The lifespan extension effect is highly correlated with the increased environmental
stress resistance in C. elegans [12-14]. In this study, after pretreatment of OLE for 48 h,
the worms were exposed to 35 °C to induce heat shock. As shown in Figure 3a, 180 and
440 uM OLE significantly increased the mean lifespan of N2 worms by 24.83% (p < 0.001)
and 35.33% (p < 0.0001), compared to control group (Table S2). Thus, the 440 uM OLE was
selected for subsequent assays. Thermal stress also induces oxidative stress by generat-
ing intracellular ROS. To evaluate the oxidative stress resistance effect induced by OLE
treatment, the worms were treated with 440 uM OLE for 48 h. After exposure to 200 uM
paraquat to induce acute oxidative stress, 440 uM OLE was shown to extend the mean
lifespan of N2 worms by 29.72% (p < 0.05), compared to the control group (Figure 3b and
Table S2).
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Figure 3. OLE increased the mean lifespan of N2 worms under (a) heat and (b) oxidative stress.

3.3. OLE Reduces the MDA Content and Enhances Antioxidant Enzymes Activities

MDA is the majority product of lipid peroxidation [15]. The content of MDA is
generally used as a marker to evaluate the oxidative damage in organisms during aging. In
this test, OLE could reduce MDA content by 38.43% (p < 0.01) (Figure 4a). Meanwhile, since
OLE significantly increased the survival rate against oxidative and heat stress in worms,
the activity of antioxidant enzymes, superoxidase dismutases (SODs), and catalases (CATs)
was studied. As shown in Figure 4b,c, 48 h pretreatment of OLE increased the SODs and
CATs activities by 38.00% (p < 0.001) and 33.84% (p < 0.001), respectively, compared to
control group. Mendler showed that the overexpression of SODs and CATs could increase
organism lifespan and antioxidant activities [16]. These results suggest that OLE might
activate antioxidant enzymes activities to decrease stress damage and lipid peroxidation,
then further prolong healthspan.
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Figure 4. Effect of OLE on MDA content and antioxidant enzyme activities. (a) OLE reduced MDA
contents; (b) OLE increased SODs activities; (¢) OLE increased the CATs activities. ** p < 0.01 and
*** p < 0.001 suggests significant difference when compared to control group.

3.4. OLE Increases Expression of sod-3p::GFP in C. elegans

Antioxidant enzymes, such as superoxidase dismutases and catalases, play a vital
role in the free radical-scavenging system in organisms. SODs convert O,°~ into H,O,,
and CATs catalyze the HyO; into HyO and O, [9]. In C. elegans, DAF-16 downstream
targeted genes, sod-3, ctl-1, and ctl-2, encode antioxidant enzyme members of SOD-3, CTL-
1, and CTL-2, respectively [9,17]. To examine whether OLE also induced the expression
of antioxidant enzyme genes, the expression intensity of sod-3p::GFP in the CF1553 strain
with OLE treatment was measured. The genetically modified strain of CF1553 carried
the GFP reporter, which was activated by a sod-3 promoter. As shown in Figure 5, OLE
could increase the sod-3::GFP expression by 2.90-fold (p < 0.001) compared to the control
group. Moreover, in relative quantification of genes expression test, as compared to the
control group, the quantified mRNA levels of antioxidant enzyme genes showed that OLE
could up-regulate sod-3 and ctl-2 expression by 2.16-fold (p < 0.01) and 1.55-fold (p < 0.01),
respectively, while OLE up-regulate ctl-1 expression by 1.29-fold (p < 0.05) (Figure 6). The
different effects of OLE on ctl-1 and ctl-2 might be because CTL-2 contributes up to 80% of
the total CATs activity in C. elegans. These results suggest that OLE significantly induced the
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expression of stress resistance-related genes, which was in line with the lifespan extension
of C. elegans under normal growth and harsh environmental conditions (Figure 3).

4004

Relative Flourescence Intensity (%)

Figure 5. Effect of OLE on sod-3p::GFP expression. (a) Control group; (b) OLE treatment group;
(c) RES treatment group; (d) OLE and RES increased the expression of sod-3p::GFP. Data are presented
as relative GFP intensity compared to the control. *** p < 0.001 suggests a significant difference when
compared to the control group.
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Figure 6. Effect of OLE on gene expression of N2 worms. Gene transcription level normalized to
internal control gene act-1. * p < 0.05, ** p < 0.01, and *** p < 0.001 suggests a significant difference
when compared to the control group, while ## p < 0.01 and ### p < 0.001 suggests a significant
difference when compared OLE with RES group, ns: no significance.

3.5. OLE Strengthens the Expression of hsp-16.2p::GFP in C. elegans

OLE treatment significantly increased the heat stress tolerance in vivo. In worms, the
heat stress response is mainly regulated by a conservative chaperones family, small heat
shock proteins (sHSPs). In this study, the mutant TJ375 was used to evaluate the effect of
OLE on HSP-16.2, an sHSP member distributed throughout the worm body. As shown in
Figure 7, there is no measurable fluorescence in the blank group without any treatment.
After 20 min mild heat stress, pretreatment with OLE and RES significantly enhanced the
expression of hsp-16.2p::GFP by (p < 0.001) and 5.36-fold (p < 0.001), respectively, compared
to the control group. Similar results were shown in mRNA levels of sHSPs genes, which
OLE remarkably induced the genes expression of hsp-16.1, hsp-16.2 and hsp-12.6 by 1.40-fold
(p < 0.01), 1.57-fold (p < 0.01), and 2.70-fold (p < 0.001), respectively (Figure 6).
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Figure 7. Effect of OLE on the expression of hsp-16.2p::GFP under heat stress. (a) Control group;
(b) OLE treatment group; (c) RES treatment group; (d) OLE significantly increased the expression of
hsp-16.2p::GFP. Data are presented as relative GFP intensity compared to the control. *** p < 0.001
suggests a significant difference when compared to the control group, while ### p < 0.001 suggests a
significant difference when compared OLE with the RES group.

3.6. OLE Promotes Nuclear Translocation of DAF-16

In worms, the expression of antioxidant enzyme genes, such as sod-3, ctl-1, and
ctl-2, and the expression of sHSPs genes, such as hsp-16.1, hsp-16.2, and hsp-12.6, are
mainly modulated by a FoxO transcription factor, DAF-16. DAF-16/FoxO was shown to
improve stress resistance and promote longevity across species [18]. Under normal growth
conditions, DAF-16 is mostly distributed in the cytoplasm (Figure 8a). However, under
stress, DAF-16 will gradually transfer from the cytoplasm to the nucleus (Figure 8b,c) and
further promote the transcription of downstream genes to improve the stress resistance or
extend the lifespan of C. elegans.

As shown in Figure 8e, approximately 12.77% of worms exhibited nuclear localization
of DAF-16:GFP in control groups. While pretreatment with OLE and RES significantly
induced the translocalization of DAF-16::GFP from the cytoplasm to the nucleus, which
increased the percentage to 54.32% and 73.52%, respectively. The nuclear localization of
DAF-16 is most likely to induce stress response-related genes, such as sod-3, ctl-1/2, hsp-12.6,
hsp-16.1, and hsp-16.2, to prolong the healthspan. Similar results were revealed by many
natural compounds, such as Tyrosol [19], carnosic acid [20], and Gengnianchun [21].
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Figure 8. Effect of OLE on the subcellular localization of DAF-16::GFP. (a) Cytosolic translocation;
(b) Intermediate translocation; (c¢) Nuclear translocation; (d) Influence of OLE on the localization
of DAF-16::GFP. The histogram represents the fraction of TJ356 worms number with cytosolic,
intermediate, or nuclear localization of DAF-16::GFP; (e) OLE significantly induced the nuclear
translocation of DAF-16::GFP. *** p < 0.001 suggests a significant difference when compared to the
control group, while ### p < 0.001 suggests a significant difference when compared OLE with the
RES group.

3.7. OLE Extends Healthspan of C. elegans via 11S Pathway and SKN-1/Nrf2 Transcription Factor

The mechanism of action that IIS regulates DAF-16 to prolong lifespan is well charac-
terized by many studies. Briefly, suppression of the insulin-like signaling cascade activates
the nuclear translocation of DAF-16, resulting in the amelioration effects on healthspan.
Components in the IIS pathway, age-1, akt-1/2, sgk-1, and daf-2, are all involved in the
cascade to regulate the activity of transcription factor DAF-16. To investigate if OLE sup-
plementation mediated the lifespan in an IIS-dependent manner, the mRNA expression
of these IIS components was evaluated. As shown in Figure 6, OLE significantly down-
regulated the expression of daf-2 and age-1 by 0.53-fold (p < 0.05) and 0.35-fold (p < 0.001),
respectively. The same trend was found in positive control group of RES, decreasing with
0.45-fold (p < 0.05) and 0.29-fold (p < 0.001), respectively. Neither OLE nor RES had signifi-
cant effects on akt-2 and sgk-1, but both of them could up-regulate the expression of daf-16
by 1.53-fold (p < 0.05) and 2.07-fold (p < 0.001). These results suggest that OLE might inhibit
the upstream gene expression of the IIS pathway, including daf-2 and age-1, then enhance
the daf-16 expression to mediate genes related to stress resistance and longevity. To further
confirm whether OLE mediated the healthspan via the IIS pathway, the beneficial effect
of OLE on the IIS pathway-related null mutants was investigated. As shown in Figure 9
and Table S3, OLE did not affect the lifespan of daf-2, age-1, sgk-1, and daf-16 null mutants
compared to the control group. These results were in accord with mentioned mRNA data,
indicating that OLE extended the lifespan of C. elegans via the IIS pathway.
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Figure 9. Effect of OLE on healthspan of worms under heat stress (a) daf-2 mutant worms; (b) age-1
mutant worms; (c) sgk-1 mutant worms; (d) akt-2 mutant worms; (e) daf-16 mutant worms; (f) skn-1
mutant worms.

In a recent study, OLE was reported to attenuate oxidative stress by activating the
Nrf2 pathway [22]. Therefore, whether Nrf2 is involved in OLE-induced longevity effect
was also investigated. In C. elegans, the skn-1 gene encoded a conserved Nrf2 transcription
factor. SKN-1/Nrf2 can interact with other co-factors, such as DAF-16/FoxO, to enhance
various stress responses, including heat, oxidative stress, etc. [23,24]. Thus, whether OLE-
mediated healthy benefits required skn-1 was also investigated. The results showed that
OLE could increase the skn-1 expression by 2.69-fold (p < 0.01) compared to the control
group and failed to prolong the mean lifespan of the skn-1 null mutant (Figures 6 and 9 and
Table S3). The findings suggest that OLE prolonged the lifespan through the SKN-1/Nrf2
transcription factor.

4. Discussion

Aging represents a progressive degeneration of physiological functions and metabolic
processes. It is the main risk factor of several chronic disorders, including most neurode-
generative diseases. Accumulating evidence has demonstrated that drug interference,
in particular bioactive natural compounds, could regulate longevity signal pathways to
extend median lifespan and maintain healthspan in living organisms [25-27]. OLE is the
major bioactive compound present in olive fruit and leaves. The previous studies showed
that OLE exhibited some anti-aging activities in the cell model [11] and decreased Af3
aggregation, which is inherent to aging-related Alzheimer’s disease [28]. However, the
exact effect of OLE on healthspan in organisms is still largely uncharacterized. In the
present study, OLE extended the lifespan of C. elegans in a dose-dependent mode. The
mean lifespan of wild-type nematode was maximally increased by 22.30% in the treatment
group of 440 uM OLE. During aging, the body augments vulnerability to external and
internal stress, leading to a number of debilitating diseases and an increase in mortal-
ity. Under paraquat-induced oxidative stress and heat stress, the decreased antioxidant
enzymes activities or an increase in reactive oxygen species would break the redox bal-
ance, resulting in oxidative damage of living organisms. Longevity extension and stress
resistance accompany the downturn of oxidative damage. In this study, OLE significantly
stimulated antioxidant enzymes activities, reduced MDA content (Figure 4), further alle-
viated oxidative damage, and promoted the healthspan. Numerous studies also showed
that phytochemicals enhanced resistance against stress contributes to longevity [29]. For
example, carnosol could ameliorate the health span of C. elegans via increasing antioxidant
enzyme activities and reducing MDA content [26].

The IIS pathway plays a critical role in regulating longevity and resistance stress
via a conserved mechanism. Reduction in the IIS pathway contributes to the activation
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of longevity transcription factor DAF-16, which mediates genes involved in intrinsic
antioxidant enzymes system, such as SODs and CATs [30]. OLE could promote approximate
54.32% of DAF-16 to transfer from the cytoplasm to the nucleus (Figure 8), thereby up-
regulating the expression of sod-3, ctl-1, and ctl-2 (Figures 5 and 6), which were consistent
with the results of enhanced stress resistance (Figure 3) and antioxidant enzymes activities
in worms (Figure 4). Insulin-like peptides receptor, DAF-2, and its downstream kinase
cascade, including AGE-1, AKT-1/2, and SGK-1, are the key components involved in the
IIS longevity pathway of C. elegans. The inhibition of DAF-2 leads to the inactivation of
AGE-1/PI3K. In turn, the decreased function of AGE-1 results in the inactivation of the
downstream kinases, including the inactivation of PDK-1, AKT-1/2, and SGK-1. In addition,
inactivated AKT-1/2 and SGK-1 suppress the phosphorylation of DAF-16/FoxO, inducing
its nuclear translocation to activate the longevity genes. In this study, OLE significantly
inhibited the expression of daf-2 and age-1 but had no effect on the expression of akt-2 and
sgk-1. These gene expression data suggest that akt-2 might not be included in the OLE-
mediated IIS pathway, which was in accordance with the result that the increased survival
rate by OLE treatment was not eliminated by akt-2 knockout. IIS transduction might occur
via either its isoform akt-2 or other components paralleling to AKTs, such as sgk-1. Although
OLE could not affect the expression of sgk-1 as well, the corresponding null mutant study,
OLE could not extend the lifespan of sgk-1 deficiency strain, suggesting that sgk-1 might
involve in OLE-induced effects. These results indicate that OLE supplementation partially
suppressed the IIS pathway in worms.

As a result of inhibited IIS, the downstream of IIS, daf-16, sod-3, ctl-1, and ctl-2 was
remarkably induced (Figure 6), which were in suitable agreement with the findings of
promoting nuclear translocation of DAF-16 and increased antioxidant enzymes activities
(Figures 4, 5 and 8). Additionally, OLE could not further extend the mean lifespan of
daf-2, age-1, sgk-1, and daf-16 loss-function mutants, suggesting that the lifespan extension
effect of OLE on C. elegans required the IIS pathway. Another output of the IIS-regulated
longevity pathway, HSF-1, is a heat-shock transcription factor that induces small heat shock
proteins (sHSPs) in response to heat and oxidative stress. In this study, OLE also increased
the expression of hsf-1, hsp-16.1, hsp-16.2, and hsp-12.6, and enhanced the hsp-16.2p::GFP
under heat stress, suggesting the HSF-1 and sHSPs might also be involved in OLE-induced
longevity effect and stress resistance.

In addition to DAF-16, the reduction in the IIS pathway also leads to the activation
of longevity-promoting transcription factors SKN-1/Nrf2. SKN-1/Nrf2 is an oxidative
stress-responsive transcription factor that mediates stress responses and lifespan through
numerous genes [31], many of which overlap with DAF-16. In this study, OLE could
appreciably up-regulate the expression of skn-1 (Figure 6) but could not extend the mean
lifespan of skn-1 loss-function-mutant, indicating that the lifespan extension effect of OLE
also demand SKN-1. Similar results were undertaken by Duangjan et al., showing that
Glochidion zeylanicum leaf extracts extended the healthspan of C. elegans depending on
the SKN-1/Nrf2 transcription factor [9].

5. Conclusions

The present results showed that OLE could protect worms from heat shock and
paraquat stress. Supplementation with OLE significantly increased the lifespan of wild-
type N2 worms. OLE treatment promoted the migration of DAF-16 into the nucleus,
which induced the activities and expressions of antioxidant enzymes, including sod-3, ctl-1,
and ctl-2. The lipid peroxidation products MDA was reduced by OLE treatment as well.
Simultaneously, treatment with OLE up-regulated the mRNA contents of daf-16, skn-1, hsf-1,
hsp-16.1, hsp-16.2, and hsp-12.6, while down-regulated the expressions of daf-2 and age-1.
In addition, the null mutation in genes of daf-2, akt-2, sgk-1, daf-16, and skn-1 abolished
the lifespan-extending effect of OLE. These results suggest that OLE enhanced the stress
resistance and prolonged the lifespan of worms via the IIS pathway and SKN-1/Nrf2
transcription factor. The present study demonstrates the healthspan promoting effect of
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OLE and provides a potential mechanistic explanation for OLE against aging and aging-
related decline, which might contribute to the exploitation of nutraceuticals from olives.
Further studies are needed to explore other longevity pathways mediated by OLE and
clarify the therapeutic benefits in more complex model animals.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
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