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Proteomic Analysis of Stichopus japonicus and Evaluation of
the Antiaging Properties of Its Peptide
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Abstract The sea cucumber Stichopus japonicus is one of the "Eight Treasures of Seafood" and contains a number of bioactive components involved in multiple
physiological and pharmacological functions. Proteins and peptides are generally considered to be responsible for these beneficial properties. In this study, a total of
3 478 proteins and 17 390 peptides were identified in Stichopus japonicus by proteomics methods. Among them, 4 proteins were involved in 8 metabolic pathways,
especially oxidative phosphorylation and cell senescence. Subsequently, lifespan assay and oxidative stress test were performed to investigate the peptides prepared
from sea cucumber protein hydrolyzate using the aging model of Caenorhabditis elegans. The results of the anti-aging experiment demonstrated that high-dose pep-
tides significantly prolonged the lifespan of nematodes (30.50% ), and improved their capacity to inhibit oxidative stress. The results provide evidence supporting
the development of bioactive proteins and peptides derived from Stichopus japonicus as functional foods and lay the foundation for the research of an anti-aging drug.
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Stichopus japonicus, commonly known as the "king of sea cu-
cumbers" , belongs to the family Stichopodidae, order Aspidochi-
rota, class Holothuroidea, and phylum Echinodermata. It is usu-
ally found in shallow sea areas with a water depth ranging between
20 =30 m, and has long been exploited in many countries for its
abundant nutritional value and potential economic interest, espe-

cially in China, Russia, Japan, and Korea'!.

As one of the "
Eight Treasures of Seafood", S. japonicus has high protein and
low lipid contents, and is free from cholesterol, possessing a num-
ber of bioactive components involved in multiple physiological and

73] Modern pharmacological studies

pharmacological functions
have revealed the various pharmacological properties of the pep-
tides of S. japonicus, including anti-aging, anti-fatigue, anti-oxi-
dation, anti-coagulation, anti-hyperlipidemia, anti-hypertension,
anti-obesity, and immune regulation'* ™’

Proteomics is one of the hotspots in life science and research
techniques that have been rapidly developed' . The combination
of proteomics and bioinformatics has given rise to an influential
tool to investigate the mechanisms of change at the protein level

that affect quality attributes by comparing identified peptides or
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proteins to a specific database”’. Currently, it has been successfully
applied to study the geographic variation and the physiological re-

(8- " Extensive litera-

sponse of S. japonicus in various situations
ture indicates that sea cucumber peptides released by enzymatic
hydrolysis have potential application value in enhancing antioxi-
dant and immune functions, as well as delaying senescence!* ™"
However, proteomics has not been applied in the bioinformatics a-
nalysis of sea cucumber peptides from S. japonicus.

Aging is an inevitable and degenerative process of the body’s
physical and psychological adaptability to external stress'>’. More
than 70 percent of the human lifespan is determined by external
environmental factors such as lifestyle, medical level, natural,

"3 Caenorhabditis elegans is a classical

and social environments
model organism for research related to aging, age-related diseases,
and mechanisms of longevity due to its short life span, easy labo-
ratory handling, and amenability to genetic manipulation*"*'. So
far, proteomic studies and in wvivo experiments on the anti-aging
peptides prepared by enzymatic hydrolysis from S. japonicus pro-
teins have been rather limited.

This study aimed to investigate and preliminarily identify the
proteins and peptides of S. japonicus by using a combination of
bioinformatics and proteomics. Meanwhile, the effects of these
peptides on the lifespan and oxidative stress response of C. elegans
were observed, laying a scientific foundation for research and de-

velopment of proteins and peptides from S. japonicus.

Materials and Methods
Materials and chemicals

The alkaline proteases (01-186) were provided by Aoboxing
Biotechnology Co. , Lid. (Beijing, China). Protein Marker was
obtained from Jiangsu Churui Biotechnology Co. , Ltd. In addition,
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Coomassie Brilliant Blue R250 and Coomassie Blue Fast Stain Kit
(PHO351) were provided by Phygene Life Sciences Co. , Lid
(Fuzhou, China). The BCA Protein Assay Kit and SDS-PAGE
were obtained from Biosharp Life Sciences Co. , Ltd. , while the
RIPA Lysis Buffer was purchased from Beijing Applygen Technol-
ogies Inc. Peptone was obtained from Beijing BioDee Biotechnolo-
gy Co. , Ltd. All the other reagents used were of analytical grade.
Total protein extraction

Fresh sea cucumber (S. japonicus) was purchased from a lo-
cal aquatic market in Haikou, China. RIPA lysis buffer was added
to the tissue samples, followed by ultrasonic lysis in an ice bath to
extract total proteins. The homogenized samples were kept at 4 C
and the extraction was continued for 10 min, and then, the sam-
ples were centrifuged (12 000 rpm, 4 °C, 15 min). Finally, the
supernatant was collected and stored at —80 “C. The protein pow-
ders of S. japonicas were obtained after freeze-drying. These pow-
ders were resolved and the total protein was identified by SDS-
PAGE. In addition, the protein contents were evaluated with a
BCA kit following the manufacturer’s instructions.
Trypsin digestion and LC-MS/MS analysis

For digestion, trypsin was added to the protein extracts at a
trypsin; protein ratio of 1 : 50 and incubated overnight at 37 “C.
Tryptic peptides were obtained by centrifugation, purification, and
other steps. Subsequently, LC-MS/MS analysis was performed by
using an EASY-nL.C 1200 UHPLC system coupled to a Q Exactive
HF-X mass spectrometer ( Thermo Scientific, USA) with a Nanos-
pray Flex ESI source.
Database search, protein identification and quantification

Raw data files were searched using Proteome Discoverer
(version 2.4) software embedded with Sequest HT search engine
against the S. japonicus proteome database. MS spectra lists were
searched against their species-level UniProt FASTA databases.
The mass tolerance was set to 10 ppm for precursor ions and 0. 02
Da for the fragment ions. Unique peptide and Razor peptide were
used for quantification of the identified protein and normalization
of all peptides. All other Settings were left at the default values.
Bioinformatics analysis

Gene Ontology (GO) and the Kyoto Encyclopedia of Genes
and Genomes ( KEGG) were used to analyze the identified pro-
teins. According to GO analysis, these identified proteins were
classified into three groups: biological processes (BP), cellular

(152161 Mean-

components (CC), and molecular functions ( MF)
while, the protein pathways and metabolic pathways were annota-
ted based on the KEGG annotation'”".
Preparation of S. japonicus peptide

The extraction of S. japonicus peptide was carried out follow-
ing the methods of a previous study' ™. An appropriate amount of
protein powder of sea cucumber was added to deionized water at a
ratio of 1; 10 (w/v), and hydrolyzed with alkaline protease

(4% ). Then, the resultant mixture was adjusted to pH 8.0, and

enzymatic hydrolysis was performed at 55 °C for 3 h. The enzymat-
ic reaction was stopped by heating at 95 °C for 5 min and centri-
fuged at 4 000 r/min for 10 min. The supernatant was then col-
lected and freeze-dried as peptide powder of S. japonicus.
Lifespan analysis of C. elegans

The growth conditions and synchronization of C. elegans were
performed as described in previous studies' """, Synchronized 14
larvae from each group were transferred randomly to nematode
growth medium (NGM) plates and fed with OP50 mixed with
S. japonicus peptide at different concentrations (0, 0.125,
0.250, and 0.500 mg/ml). Triplicate plates were used for each
group (30 per plate) at 20 C for each experiment. During the li-
fespan assay, the NGM medium was replaced every t3 d, while
the number of live and dead nematodes was scored daily from the
first day until all died. The survival curves diagram was drawn and
analyzed statistically.
Response to oxidative stress

For the oxidative stress assay, synchronized 14 larvae
(3 plates per group and 30 worms per plate) were pretreated with
S. japonicus peptide (0, 0.125, 0.250, and 0. 500 mg/ml) at
20 °C for 72 h. Subsequently, each group’s larvae were transferred
to NGM media containing 30% hydrogen peroxide (10 pl of 30%
hydrogen peroxide per 10 ml of NGM). The number of surviving
and dead worms was counted every 1 h until all worms died.
Data analysis

Data processing and statistical analyses were performed using
GraphPad Prism 8 by student’s -test. In this study, P <0.05 was
considered statistically significant. The peak area of specific indi-
vidual protein was calculated by relative peak intensities and the

average protein abundance between groups was also calculated.

Results and Analysis
Extraction of protein and its SDS-PAGE analysis

The obtained S. japonicus was identified by experts, as
shown in Fig. 1A. The concentration of total peptide extracted
from S. japonicus was 0.27 mg/ml. The SDS-PAGE results are
displayed in Fig. 1B, showing the molecular weight of all proteins
of S. japonicus. Among them, four electrophoretic bands with
clear boundaries were above 100 kDa, with some proteins around
20 to 50 kDa.
Identification of proteins and peptides by quantitative pro-
teomics analysis

As shown in Fig. 2, a total of 3 478 proteins and 17 390 pep-
tides were identified using LC-MS/MS proteomic analyses after
trypsin hydrolysis. The results indicated that the majority of the
identified proteins of S. japonicus had a molecular weight between
20 and 60 kDa. Moreover, the protein enzymolysis peptide with
7 =13 amino acids was the most abundant, which laid a material
foundation for further research on the pharmacological activity of

S. japonicus peptides.
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GO analysis

Based on gene ontology (GO) annotation, all the identified
proteins were further categorized into biological processes (BP),
cellular components ( CC), and molecular functions (MF), as
shown in Fig. 3. The matched BP of identified proteins was 18
383, CC was 11 797, and MF was 12 959. Among the BP terms,

" organic substance metabolic

" metabolic process" (5. 7% ),
process" (5.2% ) , " organonitrogen compound metabolic process"
(3.7% ), " protein metabolic process" (2.7% ), and " cellular
protein metabolic process" (2.2% ) were considerably more pre-
dominant in the identified proteins compared with other proteins.
Among the GO CC terms, "cell" (7.5% ), "cell part" (7.5% ) ,
"intracellular" (7.2% ), " intracellular part" (7.2% ) and " or-
ganelle" (5.5% ) accounted for a larger percentage. With respect
to MF terms, "binding" (9.2% ), " catalytic activity" (9.1% ),
"ion binding" (5. 8% ), " heterocyclic compound binding"
(5.7% ), and "organic cyclic compound binding" (5.7% ) were
considerably more predominant in the identified proteins compared
with other proteins.
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A. A picture of S. japonicus; B. SDS-PAGE analysis of its proteins; M:
Protein marker; S: Protein sample of S. japonicus.
Fig.1 SDS-PAGE results
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A. Numbers of identified proteins and peptides; B. Molecular weight distributions of proteins in S. japonicus; C. Distribution of peptide chain length obtained

by enzymatic hydrolysis of proteins; D. Distribution of peptide coverage of the identified proteins.
Fig. 2 Identification and distribution of proteins and peptides in S. japonicus

KEGG pathway analysis

The KEGG annotation results of proteins of S. japonicus are
shown in Table 1 and Fig. 4, revealing the types of metabolic path-
ways of proteins in S. japonicus. KEGG pathway enrichment showed
that four identified proteins (COX1, ND4, hsc70, and rbbp4) were
mainly involved in oxidative phosphorylation, cardiac muscle con-
protein processing in the endoplasmic

traction, spliceosome,

reticulum, cellular senescence, endocytosis, metabolic pathways,
and MAPK signaling pathway (Table 1). As illustrated in Fig. 4,
the significantly enriched proteins COX1 and ND4 were involved in
the oxidative phosphorylation and metabolic pathways. In particular,
the expression levels of COX1 and ND4 were both up-regulated in
oxidative phosphorylation related to anti-oxidation, indicating that
S. Jjaponicus exerts a certain pharmacological action against aging.
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Fig. 3 GO analysis of all the identified and quantified proteins of S. japonicus
Table 1 KEGG pathway enrichment analysis of identified proteins of S. japonicus
1D Description GeneRatio BgRatio Genes Count
dre00190 Oxidative phosphorylation 2/4 140/5928 COX11IND4 2
dre04260 Cardiac muscle contraction 1/4 98/5928 COX1 1
dre03040 Spliceosome 1/4 134/5928 hsc70 1
dre04141 Protein processing in the endoplasmic reticulum 1/4 181/5928 hsc70 1
dre04218 Cellular senescence 1/4 187/5928 rbbp4 1
dre04144 Endocytosis 1/4 311/5928 hsc70 1
dre01100 Metabolic pathways 2/4 1364/5928 COX11IND4 2
dre04010 MAPK signaling pathway 1/4 373/5928 hsc70 1
Metabolic pathways ° Effects of S. japonicus peptide on the lifespan of C. elegans
[dre01100] To determine the influence of the S. japonicus peptide on
Oxidative DhOSprgrY(l)%'ltégil ® longevity, C. elegans at the L4 stage were treated with extracts at
re
MAPK Signaling pathway | o o adjust concentrations ranging from 0 to 0. 500 mg/ml in standard NGM.
[dre04010] I§ ?g The low dose (0.125 mg/ml) , medium dose (0.250 mg/ml) ,
Endocytosis [dre04144] | @ cOg:n?S and high dose (0.500 mg/ml) groups showed mean lifespans of
@ 100 + + + -
Celular senescence | o - (14.93 £0.21), (16.87 £0.25), and (18.40 £0.10) d, ac
[dre04218] :1. 50 counting for a percentage increased lifespan of 5.89, 19. 65 and
i i i L.75 . . . .
z;gégigsgggcf{if;gﬁlég °® @20 30.50, respectively (Table 2). Meanwhile, the maximum lifes-
[dre04141] pan of the three groups was increased by 4.63% , 14.70% , and
Spliceosoms [dre03040] | 20.46 % compared to the control group. As shown in Fig.5, the
Cardiac muscle lifespan-prolonging effect on C. elegans gradually increased as the
contraction[dre04260] | ® P p. &ing ) ) g & ) Y )
concentration of S. japonicus peptides was increased, showing a

0.25 0.30 0.35 0.40 0.45 0.50
Rich factor
Fig. 4 KEGG enrichment analyses of differentially expressed pro-
teins in S. japonicus

dose-response relationship. These results revealed that S. japoni-
cus peptides exhibited an anti-aging effect in the C. elegans

model.
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Table 2 Effects of S. japonicus peptide on the lifespans of worms

Group Mean lifespan = SD //d Increase of lifespan // % Maximum lifespan //d Increase of lifespan // %
Control 14.100. 56 - 18.570.40 -

Low dose (0.125 mg/ml) 14.930.21 5.89 19.430. 15 4.63

Medium dose (0.250 mg/ml) 16.870.25* 19.65 21.300.21 " 14.70

High dose (0.500 mg/ml) 18.400.10" * 30.50 22.370.31" 20. 46

Significant difference in lifespan between the treated group and the untreated control group ( * P <0.05, ** P <0.01).
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Fig.5 Survival curves of C. elegans treated with different concen-
trations of S. japonicus peptides

Effects of S. japonicus peptide on resistance to oxidative stress
by C. elegans

Hydrogen peroxide was used in the oxidative stress assay. As
illustrated in Table 3, 0.250 and 0. 500 mg/ml of S. japonicus
peptides significantly increased resistance to oxidative stress
(P<0.05), while the low dose (0. 125 mg/ml) group only
slightly increased the resistance to the stressor compared to the
control group. Moreover, when the nematodes were treated with
S. japonicus peptides at the concentrations used (0. 125 -0.500
mg/ml) , the lifespan was substantially extended in a dose-depend-
ent manner compared to that of the nematodes exposed to hydrogen
peroxide alone (Fig. 6), indicating that S. japonicus peptides
could improve nematodes capacity for stress tolerance. The mean
lifespans of low dose, medium dose, and high dose were increased
by 11.00 %, 16.24 % , and 44.28 % , respectively, compared to

the control group.
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Fig. 6 The survival curves of C. elegans exposed to oxidative stress

injury

Table 3 Lifespan-extension effects of S. japonicus peptide on the C. ele-
gans with oxidative stress injury

Group . Mean .Increase of Maximum
lifespan + SD //h  lifespan//% lifespan //h
Control 2.71 £0.45 - 6.0
Low dose (0.125 mg/ml) 3.01 £0.43 11.00 6.3
Medium dose (0.250 mg/ml) 3.15+0.37" 16.24 7.0%
High dose (0.500 mg/ml) 3.91+0.46" " 44.28 8.0""

Significant differences in lifespan between the treated group and the untreated
control group were denoted by “ P <0.05 and * * P <0.01.

Discussion

The aging of the population has emerged as an increasingly
serious problem in modern society, and researching research anti-
aging health foods and medicines is of great social significance "’
Exploring the anti-aging effects of sea cucumber peptides has an
important academic significance and practical value for the devel-
opment of anti-aging drugs. The results could delay senility and
decrease the incidence of age-related diseases. S. japonicus is an
echinoderm and is a precious food product containing various nutri-
tional components and bioactive compounds, including saponins,
fatty acids, mucopolysaccharides, flavonoids, and bioactive pro-
teins ( collagen, peptides, amino acids) ",

In this work, a total of 3 478 proteins and 17 390 peptides
were identified from the results of the proteomics analysis ( Fig.
2). Meanwhile, the GO and KEGG analyses revealed that four
significantly enriched proteins (hsc70, COX1, ND4, and rbbp4)
were involved in eight metabolic pathways (Fig. 3 and Fig. 4). In
particular, the COX1 and ND4 proteins were closely associated
with oxidative phosphorylation. The current research shows that
most age-related illnesses may impair oxidative phosphorylation

within mitochondria® >

. Herein, the upregulated expression of
proteins COX1 and ND4 involved in the metabolism of oxidative
phosphorylation may be responsible for the anti-aging pharmacolog-
ical action of S. japonicas. Moreover, the proteomics results also
revealed that the S. japonicus extract obtained by protease hydroly-
sis was abundant in peptides with a length of 7 — 13 amino acids
(Fig. 2). Some researchers argue that many bioactive peptides

h'* 1. In the sea cu-

have a relatively short peptide residue lengt
cumber peptides studies, these peptides have demonstrated various
biological functions such as anti-inflammation, alleviating oxidative
. . . [26-27]
stress, neuro-protection, lifetime extension, and so on . For
instance, previous research has suggested that several oligopep-
tides from sea cucumber hydrolysates exhibit significant anti-Af
aggregation activity that may be applied in the treatment of

[28]

Alzheimer’s disease Another study revealed that peptides hy-

drolyzed from Holothuria nobilis exerted anti-diabetic effects in
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high-fat-diet-induced diabetic rats by regulating the PI3K/ Akt sig-
naling pathway ™.

In this study, C. elegans was used to demonstrate whether the
peptides derived from S. japonicas can prolong the lifespan of an
organism and improve its response to oxidative stress. C. elegans
is a commonly used model to investigate age-related diseases and

mechanisms due to its short lifespan, high amount of progeny, and
[30-31

availability of mutants ', Age-related diseases have been con-
sistently linked to increased oxidative stress, so anti-senility exper-
iments are usually performed in addition to anti-oxidative

2731 1n this study, the lifespan assay and oxidative stress

tests
test demonstrated that various concentrations of peptides released
by enzymatic hydrolysis of S. japonicas significantly increased the
lifespan of nematodes (Fig. 5), and improved their resistance to
oxidative stress (Fig. 6). The results are consistent with a previ-
ous study demonstrating the anti-oxidant and anti-aging effects of
peptides from A. japonicus™*'. Similarly, peptides derived from
the sea cucumber I. badionotus™' also exerted anti-aging effects
and increased the antioxidant capacity in a C. elegans model.
Moreover, S. wvariegates peptides also exerted anti-aging activity
and anti-oxidative stress effects in fruit flies and mice by up-regu-

%) So far, the mechanisms underlying

lating Klotho expression
the anti-aging effects of sea cucumber peptides have not been con-
clusively elucidated”™’. Previous studies indicate that peptides
from sea cucumbers show strong scavenging of harmful free radicals
(DPPH, superoxide anions, and hydroxyl radical ), thereby pro-
tecting cells and tissues against oxidative damage''" """ . Addition-
ally, peptides obtained by biological enzymatic hydrolysis from sea
cucumber have various positive characteristics, such as easy diges-
tion, excellent solubility, favorable emulsification, and good ab-
sorption ™. Nevertheless, further experiments and bioinformatics
analyses are warranted to investigate the underlying anti-aging

mechanism.

Conclusion

In summary, the proteins and peptides of S. japonicas were
preliminarily identified and quantified by using a combination of
bioinformatics and proteomics. The anti-aging protein-related sig-
nal pathway was also elucidated by bioinformatics. Further experi-
ments indicated that peptides obtained by enzymatic hydrolysis
could effectively promote longevity and attenuate hydroperoxide-in-
duced oxidative injury in the C. elegans model system, thereby
verifying the anti-aging effect of S. japonicas peptides which were
consistent with the predicted results obtained by bioinformatics.
These results provide insights into the development of bioactive
proteins and peptides derived from S. japonicas for applications in
functional foods and provide a basis for the research of anti-aging
drugs.
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fermented chestnut leaf feed, which was rich in nutritional value, and not only
provided palatability, but also improved the protein use efficiency of coarse
feed and the use efficiency of the feed. After feeding animals, the use efficien-
cy of the fermented chestnut leaf feed increased by a rate equal to greater than
2.11% and the economic profit increased by 22.51% . The animals showed
good growth indexes and obvious weight gain, and the economic benefit was
greatly improved. The yellow compressed fermented chestnut leaf feed is suit-

able for wide application and popularization.
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