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Age is the major risk factor for most of the deadliest diseases. Developing small molecule drugs with antiaging effects could
improve the health of aged people and retard the onset and progress of aging-associated disorders. Bioactive secondary
metabolites from medicinal plants are the main source for development of medication. Orientin is a water-soluble flavonoid
monomer compound widely found in many medicinal plants. Orientin inhibits fat production, antioxidation, and anti-
inflammatory activities. In this study, we explored whether orientin could affect the aging of C. elegans. We found that orientin
improved heat, oxidative, and pathogenic stress resistances through activating stress responses, including HSF-1-mediated heat
shock response, SKN-1-mediated xenobiotic and oxidation response, mitochondria unfolded responses, endoplasmic unfolded
protein response, and increased autophagy activity. Orientin also could activate key regulators of the nutrient sensing pathway,
including AMPK and insulin downstream transcription factor FOXO/DAF-16 to further improve the cellular health status.
The above effects of orientin reduced the accumulation of toxic proteins («a-synuclein, S-amyloid, and poly-Q) and delayed the
onset of neurodegenerative disorders in AD, PD, and HD models of C. elegans and finally increased the longevity and health
span of C. elegans. Our results suggest that orientin has promising antiaging effects and could be a potential natural source for
developing novel therapeutic drugs for aging and its related diseases.

1. Introduction

The longevity of human has improved dramatically during
the past century due to improved healthcare and nutrition.
However, age is the major cause of most life-threatening
diseases, including cancer, cardiovascular diseases, neurode-
generative disorder, diabetes, and osteoporosis [1, 2]. The
population older than 65 years is increasing fast in over

the world [3]. So the rise of the population struggling with
aging-associated disorders becomes an emerging socioeco-
nomic challenge. Delaying the rate of biological aging would
postpone the onset and progression of most age-related
disorders. Therefore, the intervention of aging would be
more effective than the treatment of the particular chronic
disorders [4]. One of the major strategies is to develop small
molecule drugs with antiaging effects. The current


https://orcid.org/0000-0001-8912-6694
https://orcid.org/0000-0003-1913-9566
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/8878923

preclinical and clinical results have shown that some drugs
have promising antiaging effects, such as rapamycin, senoly-
tics, and metformin [4].

Bioactive secondary metabolites from medicinal plants
are the main source for the development of medication.
Orientin is one of the flavonoid compounds, widely existing
in many plants, including nasturtium, bamboo leaves, and
black fern (Figure 1(a)) [5]. Modern pharmacology research
revealed that orientin has antioxidant activity, could reduce
the H,0,-induced damages, enhance the detoxification
capability, and improve the health status of D-galactose-
aged mice [6, 7]. Orientin may suppress inflammatory
responses [8, 9]. Orientin has antiadipogenesis activity
through suppressing C/ebp expression and the phospho-
inositide 3-kinase/Akt-FOXO1 signaling in adipocytes
[10, 11]. Orientin could suppress the proliferation of
MCF-7 breast cancer cells and colonic cells [12, 13].
Orientin was reported to have neuroprotective and cardio-
vascular protective effects [14-16].

Aging research has been extensively conducted in Cae-
norhabditis elegans (C. elegans) for their transparent body
and short life span (about three weeks). Genetically identical
individuals could be easily collected. An available whole-
genome RNAI library and a large amount of genetic mutants
facilitate the mechanistic analysis. Given the multiple phar-
macological activities, especially the antioxidant activity of
orientin, we are wondering whether orientin has geroprotec-
tive activities. In this study, we investigated the effect and
mechanism of orientin on the longevity and neurodegenera-
tive disorders in models of C. elegans.

2. Materials and Methods

2.1. Chemicals and Strains of C. elegans. Worms were pro-
vided by the Caenorhabditis Genetics Center (CGC) and
maintained according to reports in literature [17]. The strains
used in this study were as follows: N2 (Bristol, wild type),
SJ4005 zcIs4 [hsp-4::GFP] V, SJ4100 zcIs13V (hsp-6:GEP),
LD1 IdIs7 [skn-1B/C::GFP+pRF4 (rol-6(sul006))], CF1553
muls84 [(pAD76) sod-3p:GFP + rol-6(sul006)], NL5901
([unc-54p::a-synuclein::YFP+unc-119(+)]), BZ555 eglsl(dat-
1p::GFP), AM141 (rmlIs133)[unc-54p::Q40::YFP]), CL4176
dvls27 [myo-3p::A-Beta (1-42):let-851 3 " UTR] + rol-
6(sul006)] X, JIN1375 hlh-30(tm1978) IV, DA1116 eat-
2(adl116) 1I, CB4876 clk-1(e2519) III, MQ887 isp-1(gm150)
IV, TK22 mev-1 (knl) III, RB754 aak-2(ok524) X, VC1027
daf-15(0k1412)/nT1 IV; +/nT1 V, PS3551 hsf-1(syddl) 1,
CB1370 daf-2(e1370) III, TJ1052 age-1(hx546) II, RB759 akt-
1(0k525) V, VC204 akt-2(0k393) X, CF1038 daf-16(mu86) I,
EUL skn-1(zu67) IV, VC199 sir-2.1(ok434) IV, VC893 atg-
18(gk378) V, CF1903 glp-1(e2141) III, AA89 daf-12 (rh274)
X, TJ356 zIs356 [daf-16p::daf-16a/b::GFP + rol-6(sul006)]
IV, and BC12921 [rCesT12G3.1::GFP + pCeh361].

Worms were passaged at least for 2-3 generations pre-
ceding the formal assays. All worms were maintained at
20°C on NGM agar plates with Escherichia coli OP50 unless
stated otherwise. The CL4176 strain was cultured at 15°C
and switched to 25°C at the L3 stage in experiments [18].
The L1 larvae of the strain CF1903 were cultured at 20°C
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until grown into L4 larvae or young adults; then, worms
were shifted to 25°C to inhibit the growth of germline and
next transferred back to 20°C for experiments [19, 20].

The stock solution of chemicals including orientin,
N-acetyl-cysteine (NAC), levodopa, and paraquat were
made with deionized water. Before use, the solution of
these compounds was sprayed on NGM plates and
aired-dried overnight.

2.2. Longevity Assays. Longevity assays were conducted at
20°C unless otherwise stated. The synchronized late 14 lar-
vae or young adults were transferred to plates seeded with
inactive OP50 (65°C for 30 minutes), 20 uM of 5-fluro-2’
-deoxyuridine (FUDR, Sigma) to prevent the hatching of
eggs, and the indicated compounds [21]. This day was
defined as test day 0. Nematodes were then transferred to
fresh corresponding plates with or without orientin every
other day. The death of worms was monitored each day
throughout the experiments. If the nematode cannot
respond to this external mechanical stimulus (lightly touch
the head or tail of the nematode with platinum), it is defined
as dead. Worms under situations, such as having escaped
from the plate, raised genital pores of nematodes, overflow
of intestinal contents, or hatching of larvae from the body,
are not counted as dead [21]. The final counted number of
nematodes in each group is guaranteed to be at least 60.
The life span experiments were conducted independently
at least for three times. Statistical analyses were carried out
by SPSS and Kaplan-Meier, and the statistical significance
(p value) was calculated by the log-rank (Mantel-Cox) test.

2.3. Aging-Related Phenotype Analysis. For the body bend-
ing assay [22], worms were maintained as described in
the longevity assay. Before counting, worms were trans-
ferred to M9 buffer and let stand for 15 seconds at
20°C; then, we scored the bending activity of the body
for 20 seconds on the 5th and 10th day of adulthood
under a stereomicroscope.

For the lipofuscin accumulation assay [23], synchronized
worms were maintained for 7 days as described in the life
span assay. The intestinal autofluorescence of lipofuscin
was captured with a fluorescence microscope (Leica DFC
7000T) and analyzed by using Image] software.

Each of the above assays includes at least three indepen-
dently replicated experiments. The significance (p values)
was determined by the ¢-test.

2.4. Stress Resistance Assays. The total number of animals of
the stress resistance analysis was at least 60 in each group,
and these experiments were performed independently at
least three times. Synchronized N2 late 4 larvae or young
adults (n>100) were pretreated with 100 uM of orientin
for 7 days at 20°C on NGM plates before stress resistance
assays. In the heat shock assay [24], the temperature at
day 7 was upshifted to 35°C, and the dead individuals
were identified by the touch with the platinum wire pick
every 2 hours.

In the oxidative stress assay [21], the adult worms at day
7 were transferred to NGM plates containing 20mM of
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F1GURE 1: Orientin increases the longevity of C. elegans and slows the aging-related phenotypes. (a) The chemical structure of orientin. (b)
The survival curves of the wild-type (N2) worms cultured at 20°C on NGM plates containing 0, 25, 50, 100, and 200 uM of orientin,
respectively. (c) Dose-response analysis of the effect of orientin on the longevity in C. elegans. The assays were independently performed
at least three times. (d) Aging-related movements of N2 worms treated with or without 100 uM of orientin. The mean body bending is
in Table S2. (e) The intestinal autofluorescence of lipofuscin was analyzed on the 10th day of adulthood. The results of the mean
lipofuscin accumulated are summarized in Table S3. Life span was analyzed by using the SPSS package and Kaplan-Meier, and p values
were calculated by using the log-rank test. These results are represented as mean + standard error of the mean (SEM), p <0.05 was
considered statistically significant, and detailed life span values are presented in Table S1 (supplementary information).

paraquat (Sigma). The death of individuals was monitored
every day.

In the pathogen resistance assay [25], the worms at late 4
larvae or young adults (n>100) were transferred to the
plates seeded with live bacteria Pseudomonas aeruginosa
(PA14) and cultured overnight before use. The death of indi-
viduals was monitored every day.

2.5. Neurodegenerative Disease Assay. The strain NL5901
expressing human a-synuclein fused with yellow fluorescent
protein (YFP) in muscle cells was used as the model of

Parkinson’s disease (PD). First, worms were treated with
100 uM of orientin for 7 days at 20°C; then, the fluorescent
intensity was photographed by using a fluorescence micro-
scope (Leica DFC 7000T) and analyzed by using the software
Image]. The body bending assay was also analyzed as previ-
ously described [26].

The transgenic strain BZ555 expressing GFP (green fluo-
rescent protein) in head neurons was also used as the model
of PD [27, 28]. Synchronized late L3 larvae were incubated
in the solution containing bacteria OP50, 50uM of 6-
OHDA, and 10mM of ascorbic acid for 1 hour at 20°C.



Next, these nematodes were collected and incubated with or
without drugs (the experimental group is 100 M of orien-
tin, and the positive control group is 2mM of levodopa)
for 72 hours at 20°C. Lastly, the pictures of head neurons
were captured by using a fluorescence microscope (Leica
DFC 7000T) under the GFP channel. The intensity of GFP
was calculated by using Image]. The individuals included
in each assay were no less than 30. The assays were per-
formed independently at least three times. p values were
determined by the ¢-test.

The transgenic strain CL4176 expressing human amy-
loid-f protein was cultured on NGM at 15°C [18]. Under
experiments [29], L3 larvae were incubated at 25°C to induce
the expression of Af3. The nematodes were considered to be
paralyzed if they could not move their body when touched
with a worm pick. Paralyzed nematodes were scored every
2 hours. The number of worms was at least 60 in each group.
The assays were performed not less than three times. Statis-
tical analyses were carried out according to longevity assays.

For the poly-Q aggregation assay in the model of Hun-
tington’s disease (HD), late 4 larvae or young adults of the
strain AMI141 were cultured with orientin for 7 days at
20°C. Pictures were taken by using a fluorescence micro-
scope (Leica DFC 7000T) and examined by using Image].
The number of worms was at least 30 in each group. The
assays were conducted independently at least three times.
The statistical significance (p value) was determined by
the t-test.

2.6. Oil Red O Staining and Nile Red Staining Assay. The
accumulation and distribution of lipid content in nematodes
could be observed by Oil Red O staining. Nile red staining is
mainly used to observe the size and distribution of lipid
droplets in nematodes [30]. We cultured the worms at L1
larvae with orientin for 3 days at 20°C. Then, nematodes
were collected and stained according to the Oil Red O
staining kit or the Nile red staining kit. Then, the fluores-
cent photos were taken by using a fluorescence microscope
(Leica DFC 7000T) and examined by using the software
Image]. These pictures were at least 30 per group. The
experiments contained at least three independently
repeated experiments. The statistical significance (p value)
was determined by the t-test.

2.7. DAF-16::GFP Translocation Assay. The transgenic strain
TJ356 expresses DAF-16 conjugated with GFP. Late 4 larvae
or young adult worms (1 > 30) were incubated with drugs
for 48 hours at 20°C [21, 31]. The location of fluorescence
was monitored by using a fluorescent microscope (DFC
7000T) every hour. The individuals included in each
group were no less than 30. The assays were conducted
for three times.

2.8. Reactive Oxygen Species (ROS) Assay. Late 4 larvae or
young adults (n>100) were incubated with either orientin
or N-acetylcysteine (NAC, 1 mM) for 7 days at 20°C and
then subjected to 2mM of the oxidant paraquat (PQ) [32].
After that, the worms were collected and incubated with

50 uM of H,DCE-DA (2'7'-dichlorofluorescein diacetate)
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for 1 hour in the dark at 20°C [33]. At least 30 animals in
each group were placed on agar plates, captured by using a
Leica epifluorescence microscope (DFC 7000T), and imaged
by using Image]. The experiments were performed indepen-
dently at least three times. The p values were calculated by
the t-test.

2.9. Protein Expression Quantification Assay. These strains
SJ4005, SJ4100, LD1, CF1553, and BC12921 express green
fluorescent conjugated proteins HSP-4::GFP, HSP-6::GFP,
SKN-1::GFP, SOD-3::GFP, and SQST-1:GFP, respectively.
Late L4 larvae or young adults were transferred to the plates
with or without orientin and maintained at 20°C for 7 days,
except the strain BC12921, which was cultured for 3 days.
Then, the individuals were collected and photographed by
using a fluorescence microscope (DFC 7000T) and were
measured by using the software Image] [34]. At least 30 indi-
viduals in each group were analyzed. Each experiment was
performed independently for at least three times. The statis-
tical significance (p values) was determined by the ¢-test.

2.10. ADP:ATP Ratio Quantification. The ADP: ATP ratio
assay was performed as described previously [35]. In brief,
L1 larvae were treated with orientin at 20°C for 3 days. Then,
worms were collected and suspended with 2mM of boiling
MgSO,. After that, the worms were centrifuged and dried
and then smashed for 10 minutes with a cell disruptor.
The supernatant was collected, filtered, and analyzed by
reverse-phase HPLC. Samples were separated in a Zorbax
SB-C18 (250 * 4.6 mm, 5 um) column by a flowing solution
containing 5% of buffer A (100% MeOH) and 95% of buffer
B (0.043 mol/L ammonium acetate). Nucleotide was detected
at 254nm [35].

2.11. Quantitative RT-PCR Assay. About 4000 young adult
worms were treated with orientin at 20°C for 24 hours. Then,
the worms were collected for RNA extraction by using the
RNAiso Plus kit (Takara). The RNA was subsequently trans-
formed into cDNA by using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). After that,
the cDNA and corresponding primers were added into the
Power SYBR Green PCR Master Mix (Applied Biosystems)
and incubated by using the QuantStudio 6 Flex system.
The relative mRNA levels of genes were carried out using
the 2744€T method and normalized to the mRNA levels of
the gene cdc-42 [21]. Partial quantitative RT-PCR primers
used in this publication are listed in Table S10.

2.12. Statistical Analyses. Longevity analyses were carried out
by using the SPSS package and Kaplan-Meier, and the statis-
tical significance (p values) was determined by using the log-
rank test. Other results are expressed as the mean + SD. The
p values were determined by the two-tailed ¢-test. The results
subjected to comparison was considered to have significant
difference when p < 0.05.

3. Results

3.1. Orientin Increases the Longevity of C. elegans. To inves-
tigate whether orientin regulates the longevity of C. elegans,
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F1Gure 2: Orientin improves the resistance of heat stress. (a) The survival curves of N2 worms at 35°C. The detailed results are shown in
Table S4. (b) QPCR analyses of the targeted genes of hsf-1 (hsp-12.6, hsp-16.1, hspl16.2, hsp-6, and hsp-60) and itself in the wild-type N2
worms exposed to 100 uM of orientin. The detailed results are in Table S9. (c) The survival curves of PS3551 hsf-1(sy441) I at 35°C. The
detailed results are shown in Table S4. (d) The survival curves of PS3551 treated with or without 100 uM of orientin at 20°C. The
statistical details of the mutant with error bars representing SEM are presented in Table S4.

the wild-type N2 worms were treated with orientin with
concentration ranging from 0 to 200 uM. We found that
orientin increased the longevity of C. elegans in a dose-
dependent manner and 100 uM of orientin increased the
longest longevity of N2 worms by up to 22.2% (p < 0.001)
(Figures 1(b) and 1(c), Table S1).

3.2. Orientin Slows the Aging-Related Phenotypes. Studies
have shown that the athletic ability of worms reduces with
aging [21]. To investigate whether orientin has the effect of
delaying the decline of the body bending movement of
worms with aging, we analyzed the body behavior of nema-
todes. The results showed that although the body swing fre-
quency decreases with aging, orientin significantly reduced
the decline of the body bending with aging (p <0.001)
(Figure 1(d), Table S2). Intestine autofluorescence indicates
lipofuscin accumulation, which is one of the aging-related
phenotypes [36, 37]. We found that orientin treatment
reduced the fluorescence intensity of intestinal lipofuscin
in nematodes by 18.7% compared with the control group
(p <0.001) (Figure 1(e), Table S3).

3.3. Orientin Improves the Stress Resistance of C. elegans. The
long-lived nematodes usually show higher resistance to
adverse stimuli from the external environment [38]. To test
whether orientin could increase the stress resistance of

worms, the N2 worms were pretreated with 100 uM of orien-
tin for 7 days at 20°C, followed by heat stress (35°C) or
oxidative stress (20mM of paraquat). For the pathogen
stress assay, late L4 larvae or young adults were incubated
on NGM plates seeded with live PA14 in the absence
(0 uM) or presence (100 uM) of orientin.

In the heat shock assay, we found that orientin could
enhance the survival rate of C. elegans by 43.5% at 35°C of
heat stress (p <0.001) (Figure 2(a), Table S4). The heat
shock factor protein HSF-1 regulates heat shock response
and aging in C. elegans [39]. Orientin increased the
transcription levels of the gene hsf-1 and its regulated genes
encoding heat shock proteins (HSPs), including hsp-12.6,
hsp-16.1, hsp-16.2, hsp-6, and hsp-60 (p < 0.05) (Figure 2(b),
Table S9) [40]. To detect whether orientin could extend the
longevity of worms via HSF-1, we analyzed the longevity of
the hsf-1 mutant PS3551 hsf-1(sy441) I cultured on the
NGM plates treated with 100 uM of orientin at 35°C or
20°C and found that orientin could not significantly
prolong the longevity of hsf-I mutant in both conditions
(p>0.05) (Figures 2(c) and 2(d), Table S4).

Reactive oxygen species (ROS) generated in mitochon-
dria is one of the major causes for many diseases and aging
[41]. In the oxidative stress assay, our results showed that
orientin enhanced the survival of worms exposed to oxidant
paraquat by 23.3% (p<0.001) (Figure 3(a), Table S4).
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Orientin significantly reduced the level of ROS in the body
(p<0.001) (Figure 3(b), Table S5). SOD-3 is a
mitochondrial superoxide dismutase for antioxidation [42].
We examined the GFP intensity of SOD-3:GFP in the
transgenic strain CF1553 and found that orientin
significantly improved the GFP intensity (p <0.001)
(Figure 3(c), Table S5). The transcription factor SKN-1 is
the main regulator for oxidative stress response. To
investigate whether orientin activate SKN-1 to protect
worms from oxidative damage, the accumulation of SKN-
1:GFP was examined. We found that orientin treatment
significantly enhanced the expression of SKN-1 (p <0.001)
(Figure 3(d), Table S5). Thus, we further determined
whether orientin requires SKN-1 to prolong the longevity
of C. elegans. We found that orientin could not increase
the longevity of the loss-of-function mutant EUI skn-
1(zu67) IV (Figure 3(e), Table S7).

In the pathogen resistance assay, late L4 larvae or young
adults were fed with pathogenic bacteria PA14. We found
that orientin could enhance the survival of worms by up to

13.0% (p <0.001) (Figure 4(a), Table S4). Orientin also
significantly upregulated the mRNA levels of immune
response genes F55G11.4 and irg-1 (p <0.05) (Figure 4(b),
Table S9) [43].

HSF-1, PEK-1, ATF6, XBP-1, IRE-1, ATFS-1 (a tran-
scription factor of stress), and UBL-5 are the main regulators
of cell proteostasis through mitochondrial and endoplasmic
unfolded protein response. SIR-2.1 is an enzyme closely
related to energy metabolism and regulates the life span
and stress resistance of nematodes by binding to 14-3-3 pro-
tein and later activating DAF-16 [44]. In C. elegans, aak-2 is
an essential gene in the AMPK pathway and plays an impor-
tant role in mitochondrial longevity regulation. We found
that orientin could enhance the mRNA levels of genes in
the above pathways, such as pgp-8, ire-1, xbp-1, ubl-5, pek-
1, atf-6, atfs-1, aak-2, and sir-2.1 (p <0.05) (Figure 4(c),
Table S9). Orientin also significantly increased the
fluorescent intensity in worms expressing molecular
chaperone heat shock proteins HSP-4:GFP and HSP-
6:GFP (p < 0.001) (Figures 4(d) and 4(e), Table S5).
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The statistical details of the mutant with error bars representing SEM are summarized in Table S4. Each of these experiments was

repeated independently at least three times.

Autophagy is responsible for xenobiotic and misfolded
protein degradation. The decrease in the autophagy
substrate P62/SQST-1 indicates the increased activity of
autophagy [45, 46]. We observed that orientin decreased
the fluorescence intensity of SQST-1:GFP by 35.39%
(p<0.001) (Figure 5(a), Table S5). We also observed the
increased mRNA levels of autophagy expressing genes bec-
1 and Igg-1 [45] (p <0.05) (Figure 5(b), Table S9). The
gene atg-18 is necessary for the recovery and recycling of
vesicles in autophagy [47]. The gene hlh-30 regulates
autophagy activity, lysosomal biogenesis, and innate
immune response [43]. Our results showed that orientin
could not prolong the longevity of the loss-of-function
mutants VC893 atg-18(gk378) V (Figure 5(c), Table S7)
and JIN1375 hlh-30(tm1978) IV (Figure 5(d), Table S4). In
summary, orientin could improve the resistance of
nematodes to heat, oxidative, and pathogenic bacterial
stress through antioxidative and unfolded protein response
to maintain proteostasis.

3.4. Orientin Could Postpone the Development of
Neurodegenerative Disorders in Models of C. elegans. The
accumulation of misfolded proteins could be toxic and lead
to malfunction and eventually death of neurons. The devel-

opment of neural pathology with aging causes a variety of
neurodegenerative disorders, including PD, AD, and HD
[48, 49]. We used C. elegans models to study whether orien-
tin has a protective effect on these diseases.

PD is a common fatal neurological disease that gradually
worsens with aging due to the progressive aggregation of a-
synuclein in neurons, especially the damage of dopaminergic
(DA) neurons [26, 27]. So, we tested the accumulation of a-
synuclein and the body bending behavior in the transgenic
NL5901worms. We found that the orientin reduced the accu-
mulation of a-synuclein by 43.6% and slowed the decline of
the body bending with aging (p <0.001) (Figures 6(a) and
6(b), Tables S5 and S6). The DA neurons of worm BZ555
could be degenerated by a liquid medium containing 50 mM
of 6-OHDA. The degeneration of neurons could be
determined by using a fluorescent photograph. We found
that the mean fluorescence intensity of neurons in the strain
BZ555 was decreased from 26.793 +2.846 to 6.301 + 1.520
after exposure to 6-OHDA. Orientin and the positive drug
levodopa treatment increased the mean fluorescence
intensity to 14.953+1.952 and 20.398+1.874 from
exposing to 6-OHDA, respectively (Figure 6(c), Table S5).

The typical pathological changes of AD include the brain
plaques formed by the accumulation of amyloid (Af) and
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FIGURE 6: Orientin delays the progression of neurodegenerative diseases in models of C. elegans. (a) The aggregation of a-synuclein in
NL5901 treated with 100 uM of orientin was captured with a fluorescence microscope (Leica DFC 7000 T) and analyzed by using the
software ImageJ. The results are presented in Table S5. (b) Aging-related movements of NL5901 on the 5th and 10th days. The mean
body bending could be found in Table S6. (c) T5he fluorescence intensity of the head dopamine neurons in worms BZ555 rescued by
orientin and NAE after 6-OHDA induction. After the induction of 6-OHDA, the fluorescence intensity was significantly reduced. 30
worms per condition were analyzed in each independent test, and the statistical details and the results of three repeated experiments are
presented in Table S5. (d) The paralysis counts of the transgenic strain CL4176 at 25°C. Error bars represent SEM. The mean life span of
CL4176 is summarized in Table S7. (e) The poly-Q protein aggregation of AM141 with or without orientin (100 yuM); the detailed results
are summarized in Table S5. These experiments were each performed at least three times (mean + SD; Student’s ¢ -test; n > 30; *p < 0.05,

**p<0.01, and ***p <0.001).

neurofibrillary tangles (NFTs) formed by aggregation of
abnormally phosphorylated tau [50]. CL4176 worms express
human Af31-42 in the cytoplasm of body wall muscle cells at
25°C and become paralyzed [48]. Our results showed that
orientin could postpone the onset of paralysis in the strain
CL4176 (p < 0.001) (Figure 6(d), Table S7).

As the model of Huntington’s disease (HD), the AM141
(rmlIs133) [unc-54p::Q40::YFP] worms express polygluta-
mine fused with YFP [51]. We found that orientin reduced
the aggregation of poly-Q by 19.1% at day 7 (p <0.001)
(Figure 6(e), Table S5). In summary, we found that
orientin has an inhibitory effect on age-related
neurodegenerative diseases (PD, AD, and HD).

3.5. Orientin Depends on FOXO/DAF-16 to Prolong the
Longevity of C. elegans. The transcription factor FOXO/
DAF-16 is the central regulator of life span, stress
response, development, reproduction, and metabolism
[49]. In C. elegans, insulin or insulin-like ligands bind to
the DAF-2/insulin (tyrosine kinase) receptor, which then
phosphorylates the phosphatidylinositol 3 kinase (encoded
by age-1) and generates PIP3. PIP3 activates kinases such
as SGK-1 and AKT-1/2 through phosphorylation of
PDK-1. Finally, AKT-1/2 phosphorylates and prevents
DAF-16 from entering the nucleus to initiate transcription
of downstream genes [49, 52]. Our results showed that
orientin could not prolong the longevity of loss-of-function
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genes downstream of daf-16 (ctl-1, ctl-3, sod-3, and dod-3) and itself in N2 worms exposed to orientin (100 #uM) versus control worms.

The columns are shown in Table S9.

mutant CF1038 daf-16(mu86) I and the long-lived mutants
CB1370 daf-2(e1370) III, TJ1052 age-1(hx546) II, RB759
akt-1(0k525) V, and VC204 akt-2(0k393) X (p>0.05)
(Figures 7(a)-7(e), Table S7).

To identify whether orientin could promote nuclear
localization of DAF-16, we observed the subcellular local-
ization of DAF-16 conjugated with GFP in the strain
TJ356 treated with orientin. We found that orientin could
not increase the amount of DAF-16 in the nucleus
(Figure 7(f)). In addition, orientin increased the mRNA
expression levels of DAF-16-regulated genes, such as ctl-
1, ctl-3, sod-3, and dod-3 (p < 0.05) (Figure 7(g), Table S9).

3.6. Orientin Affects the Metabolism of C. elegans. The pha-
ryngeal pump dysfunction mutant DA1116 eat-2(ad1116)
II is long-lived for reduced uptake of food. Our results
showed that orientin could not further prolong the longevity
of DA1116 (p=0.166) (Figure 8(a), Table S7). AMPK is
critical for the regulation of energy and life span. Reduced
level of ATP activates the AMPK pathway [53]. We used
HPLC to determine the ratio of ADP:ATP of nematodes
treated with orientin. We found that orientin significantly
increased the ratio of ADP: ATP (p=0.0031) (Figure 8(b),

Table S8). In C. elegans, sir-2.1 is one of the genes
encoding NAD"-dependent histone deacetylase, and its
overexpression can extend the longevity [54]. We found
that orientin could not increase the longevity of the
mutant RB754 aak-2(0k524) X and VC199 sir-2.1(ok434)
IV (p>0.05) (Figures 8(c) and 8(d), Table S7). The target
of rapamycin (TOR) protein is a kinase critical for nutrient
regulation [55]. The main receptor of mTOR in C. elegans
is encoded by daf-15. Our results showed that orientin
could prolong the longevity of the mutant VC1027 daf-
15(0k1412)/nT1 1V; +/nT1 V) by 14.8% (p<0.05)
(Figure 8(e), Table S7).

We detected fat content and lipid droplet size by the Oil
Red staining and the Nile red staining. The results showed
that orientin significantly reduced the fat content and lipid
droplet size (p <0.001) (Figures 8(g) and 8(h)). Moreover,
we found that orientin increased the mRNA levels of lipid
metabolism genes fat-1, fat-3, fat-6, acs-2, and lipl-4
(p <0.05) (Figure 8(f), Table S9).

To explore whether orientin increases the longevity of C.
elegans by acting on the mitochondrial signaling pathway,
we studied the effect of orientin on the long-lived mitochon-
drial dysfunction mutants in genes clk-1 (the homologous
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F1GURE 8: The effect of orientin on the energy metabolism and fat metabolism of C. elegans. (a) The survival curves of eat-2 mutants in the
NGM plates with or without orientin. The results are shown in Table S7. (b) The ADP: ATP ratio of N2 nematodes cultured with or without
orientin at 20°C for 3 days was determined by HPLC. The figures are exhibited in Table S8. (c—e) The survival curves of aak-2, sir-2.1, and
daf-15 mutants untreated or treated with orientin (100 uM) at 20°C. The statistical details of these mutants are presented in Table S7. (f)
QPCR analysis of fat-related genes (fat-1, fat-3, fat-6, acs-2, and lipl-4) in the N2 worms treated with orientin (100 M) versus control
worms. The columns are shown in Table S9. (g) The relative Oil Red O intensity of wild-type N2 worms treated or untreated with
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orientin for 3 days was analyzed by using Image]. These experiments were each performed at least three times (mean + SD; Student’s ¢

-test; n>30; *p <0.05, **p <0.01, and ***p < 0.001).

gene of human coenzyme Q7 hydroxylase) and isp-1 (the
Rieske iron-sulfur protein), as well as on the short-lived
mutant in the gene mev-1 (the cytochrome b large subunit
(Cyt-1/ceSDHC)) [51]. Our results showed that orientin
could not increase the longevity of CB4876 clk-1(e2519) III,
MQ887 isp-1(qml150) IV, and TK22 mev-1 (knl) III
(p>0.05) (Figures 9(a)-9(c), Table S7).

The reproductive system has strong impact on the
metabolism and life span of C. elegans [56]. Gonadal stem
cells promote fat storage and accelerate aging; gonadal glan-
dular cells promote fat hydrolysis and delay aging [57]. To
investigate whether orientin could affect the reproduction
of nematodes, we selected the mutants CF1903 glp-
1(e2141) III (whose gonad was destroyed at 25°C) and
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AAB89 daf-12 (rh274) X (DAF-12 regulates the function of
the reproductive system) to test if orientin acts on this path-
way. Our results showed that orientin could not prolong the
longevity of the two mutants (p >0.05) (Figures 9(d) and
9(e), Table S7).

4. Discussion

Here, we investigated whether orientin could regulate the life
span in C. elegans. We found that orientin significantly
extended the longevity of C. elegans, postponed the slowing
of body bending with aging, decrease the hoarding of lipo-
fuscin and fat content, reduced the lipid droplet size in N2
worms, enhanced the stress resistance of nematodes, and
delayed the progression of age-related diseases, including
PD, AD, and HD. Our results support the previous report
that orientin has antioxidative and antiaging activity in D-
galactose-aged mice [7], suggesting that orientin has promis-
ing antiaging effects and is expected to become a potential

source for developing novel therapeutic drugs for aging
and its related diseases.

Various signals including the IIS insulin pathway, TOR
pathway, germline pathway, and hormetic pathway converge
on the key transcription factor FOXO/DAF-16 to modulate
metabolism, stress, and aging [49]. There are many ways to
modulate the activity of DAF-16, such as phosphorylation,
acetylation, methylation, or acting as a coactivator. Here,
we showed that orientin could not increase the longevity of
C. elegans without DAF-16. Orientin could induce the
mRNA levels of DAF-16-regulated genes, although it could
not translocate DAF-16 from the cytoplasm to the nucleus.
Orientin also could not prolong the longevity of long-lived
mutants in the IIS insulin pathway upstream of daf-I6,
indicating that either orientin acts on the IIS insulin path-
way or the impact of orientin on longevity enhancement is
not big enough to make a significant difference from the
long-lived mutants.

Orientin improves the capability of resistance in C. ele-
gans to stresses, such as heat, oxidation, and pathogenic
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bacteria. Further mechanistic investigation revealed that
orientin activates transcription factors SKN-1, the master
regulator of xenobiotic metabolism and oxidative response,
and HSF-1, the crucial regulator of protein unfolded
response [39]. SKN-1 is the homologue of Nrf2 in mammals,
our results support the findings that orientin might reduce
the cognitive malfunction and oxidative stress in AD mice
by activating Nrf2 [58], and HSF-1 regulated genes encoding
molecular chaperone HSPs. HSPs are associated with the
extension of life span and antiaging in many organisms
[59]. We showed that orientin could not significantly pro-
long the longevity of mutant hsf-1(sy441) I with or without
heat stress. The bacterial pathogen P. aeruginosa produces
multiple toxins that perturb host protein synthesis and mito-
chondrial function, including perturbed proteostasis and
OXPHOS impairment [60]. Antibacterial response involves
mitochondrial unfolded response, endoplasmic stress
response, autophagy activation, xenobiotic metabolism, and
oxidative response. The transcription factor ATF-6 activates
the expression of genes regulating UPR [61]. Upon unfolded
protein stress, the endoplasmic reticulum (ER) transmem-
brane protein IRE-1 splices xbp-I mRNA to initiate the pro-
duction of the transcription factor XBP-1 [62]. ATFS-1 (a
transcription factor of stress) and UBL-5 are required for
the mitochondrial unfolded protein response activation in
C. elegans [63]. We showed that orientin could upregulate
the mRNA levels of genes regulating the unfolded protein
response (UPR), such as pek-1 (encoding eukaryotic trans-
lation initiation factor 2-alpha kinase), ire-1, xbp-1, ubl-5,
atfs-1, and atf-6. Orientin treatment also increased the
GFP fluorescent intensity of the chaperone HSP-4 induced
by ire-1 and xbp-1 through UPR®® and the protein HSP-6
induced by atfs-1 and ubl-5 through the mitochondrial
UPR. Furthermore, orientin could significantly increase the
expression of the autophagy-related genes bec-1 and Igg-1
and decrease the content of SQST-1, the substrate of autoph-
agy. These results suggest that orientin could activate multi-
ple stress response pathways to maintain the cellular
homeostasis, supporting the previous findings that orientin
has the antiviral [64, 65], antibacterial 66, 67], and antiradia-
tion activities [68, 69]. Our results also support the findings
that orientin could mitigate colorectal lesions in rats by its
antioxidative activity and induce detoxification enzymes
regulated by Nrf2 [70].

Nutrient-processing pathways play a crucial role in
aging. The gene aak-2 is an essential gene in the AMPK
pathway and an important regulator of longevity. Reducing
the level of ATP could activate the AMPK pathway [53,
71]. We found that orientin treatment could significantly
increase the ratio of ADP:ATP and the mRNA levels of
genes in the nutrient sensing pathway, such as pgp-8, atf-6,
aak-2, and sir-2.1. We show that orientin could not signifi-
cantly prolong the longevity of mutants of genes in the
nutrient-processing pathway, such as eat-2, clk-1, isp-1,
aak-2, and sir-2.1. Collectively, the above results suggest that
longevity extension of worms by orientin might involve the
energy-processing pathways. It was reported that orientin
could inhibit adipogenesis and intracellular triglyceride
accumulation in 3T3-L1 cells by inhibiting the protein
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expressions of C/EBPa and PPARy [72, 73]. Here, we
showed that orientin could significantly reduce the fat
content and lipid droplet size in C. elegans probably by
upregulating the expression of lipid metabolism genes. The
mechanism of orientin on regulating lipid metabolism in
mammals and C. elegans which might be conservative is
worthy of further investigation.

In summary, we show that orientin could increase the lon-
gevity and healthy life span of C. elegans and increase stress
resistances through nutrition sensing and cellular protective
pathways (Figure S1). The activation of AMPK inhibits
mTOR and its downstream proteins’ translation process,
contributing to reducing the production of toxic proteins (a-
synuclein, p-amyloid, and poly-Q). Moreover, through
activating mitochondrial, heat, oxidative, and pathogenic
stress  responses, including mitochondria unfolded
responses, endoplasmic unfolded protein response, and
increased autophagy activity, together with the increased
capability to maintain proteostasis, the above effects of
orientin delayed the development of neurodegenerative
diseases, such as AD, PD, and HD, in models of C. elegans.
Our findings support that orientin has multiple therapeutic
effects, such as antioxidant, antiaging, antiviral, anti-
inflammation, antiadipogenesis, cardioprotective,
radioprotective, and neuroprotective [5]. Although orientin
was water-soluble [74], pharmacokinetic studies have
proven that orientin can be rapidly absorbed and
transported to various organs and tissues in the body, with
better absorption, faster clearance, and no accumulation of
poisoning [75]. Therefore, in the future research, its
pharmacological action mechanism should be studied in
depth, including experiments in mammal animal models of
aging and aging-related diseases for the beneficial effects of
orientin in view of the translation into clinics.
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lipofuscin of wild-type C. elegans (N2). Table S4: effect of
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orientin on resistance to high temperature (35°C), oxidation
(20mM of paraquat), and bacteria (Pseudomonas aerugi-
nosa) in N2 worms. Table S5: effect of orientin on protein
expression shown as fluorescence intensity. Table S6: effect
of orientin on body bending of NL5901 ([unc-54p::a-synu-
clein:YFP+unc-119(+)]). Table S7: mean life span of orien-
tin on life span of C. elegans strains. Table S8: effect of
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