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Education, Ocean University of China, Qingdao, China
Estivation is a widespread survival strategy for dealing with adverse

environmental conditions such as high temperature, low oxygen and lack of

water or food, which has been reported across multiple vertebrate and

invertebrate species. The sea cucumber Apostichopus japonicus is an

excellent model organism to investigate the adaptive mechanism of

estivation in marine invertebrates. In this study, a metabolomics approach

based on ultraperformance liquid chromatography coupled with electrospray

ionization time-of-flight mass spectrometry (UPLC-ESI-Q-TOF/MS) was

performed to reveal the metabolic response of intestines from adult A.

japonicus over the annual estivation-arousal cycle: nonestivation (NA), deep-

estivation (DA) and arousal from estivation (AA). A total of 424 metabolites were

identified, and among them, 243, 238 and 37 significant differentially

metabolites (DMs) were further screened in the comparisons of DA vs. NA,

AA vs. DA, and AA vs. NA. Specifically, the levels of metabolites involved in

glycolysis and the tricarboxylic acid cycle were significantly decreased, while

higher amounts of long-chain fatty acids, phospholipids and free amino acids

were found in A. japonicus during estivation, implying that sea cucumbers

might reorganize metabolic priorities for ATP production by depressing

carbohydrate metabolism and promoting lipid and amino acid catabolism.

Interestingly, elevated relative carbon flow entry into the pentose phosphate

pathway and accumulation of various nonenzymatic antioxidant molecules

(e.g., tocotrienols, folic acid, catechin, genistein and resveratrol) were observed

in estivating sea cucumbers, which suggested that enhancement of the

reactive oxygen species defense system might promote long-term viability in

the hypometabolic state in an energy-efficient manner. Thus, this research

provides new insights into the adaptation mechanisms of marine invertebrates

to estivation at the metabolic level.
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Abbreviations: NA, nonestivation; DA, deep-estivati

estivation; DMs, differentially metabolites.
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1 Introduction

Changing environmental conditions are always a major

challenge to living creatures, yet global environmental change

in recent years has made it even more intractable. Entering a

hypometabolic state (e.g., hibernation, estivation, diapause and

anaerobiosis) is an important survival strategy for many species

when challenged by environmental stress (Storey and Storey,

2007). Interestingly, a number of previous studies have revealed

that these environment-induced hypometabolism phenomena

coincidentally shared several common metabolic regulation

strategies highly conserved across phylogenic lines, including

global metabolic rate depression, altered energy use strategies of

fuel sources and metabolic priorities, transcriptional changes,

enhancement of defense systems and cellular homeostasis

(Heldmaier et al., 2004; Storey and Storey, 2012).

Estivation, as a state of aerobic hypometabolism, is a

widespread survival strategy dealing with adverse environmental

conditions such as high temperature, low oxygen and lack of water

or food, which has been reported across multiple terrestrial and

freshwater vertebrate and invertebrate species (Storey and Storey,

2012). However, estivation also occurs in marine organisms,

which have not been well studied thus far. The sea cucumber

Apostichopus japonicus, as an excellent model organism of marine

invertebrate estivator, retreats into dormancy in summer annually

when the ambient water temperature is above approximately 25 °

C without feeding or locomotion in a period that lasts up to 100

days (Li et al., 1996). During this torpor period, sea cucumbers

endure profound metabolic rate suppression, immune system

modification and severe atrophy of the digestive tract, along

with a loss of over one-third of their initial body mass. Since A.

japonicus is one of the most important economic species that is

widely cultured in Asia, mainly due to its high nutritional and

pharmaceutical value, estivation obviously shortens the growth

cycle and drives down the production efficiency in the sea

cucumber aquaculture industry (Yuan et al., 2007a). Recently,

accumulating studies have focused on the physiological and

biochemical strategies of sea cucumber in dealing with

estivation, including metabolic rate depression (Yang et al.,

2006; Xiang et al., 2016), energetic reorganization (Yuan et al.,

2007b), and degeneration of intestinal structure and function

(Gao et al., 2008). With the rapid development of omics
on; AA, arousal from
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technology, the molecular regulation mechanisms underpinning

estivation have been further elucidated, mainly focusing on global

transcriptional and translational regulation (Zhao et al., 2014;

Chen et al., 2016a; Li et al., 2018), miRNA-targeted

posttranscriptional modifications (Chen et al., 2013; Chen et al.,

2018), reversible protein phosphorylation (Chen et al., 2016b) and

epigenetic modifications (Zhao et al., 2015; Yang et al., 2020).

Metabolites drive essential cellular functions in interactions

between organisms and the environment. Metabolomics, as an

important omics technique in systems biology, permits the

identification and quantification of multiple metabolic

compounds, which could provide deep insight into the

adaptive regulatory mechanisms of biochemical pathways in

response to environmental changes and autophysiological state

shifts (Weckwerth, 2003; Johnson et al., 2016). Currently, the

main methodologies that are widely applied in metabolomics

analysis include high-performance liquid chromatography

(HPLC) , nuc lear magnet ic resonance (NMR), gas

chromatography–mass spectrometry (GC–MS) and liquid

chromatography–mass spectrometry (LC–MS). Among these

analytical techniques, ultraperformance liquid chromatography

coupled with electrospray ionization time-of-flight mass

spectrometry (UPLC-ESI-Q-TOF/MS) has become an

important means for metabolomics studies in multiple areas of

sea cucumber research because of its high sensitivity, high

separation efficiency, good repeatability and high universality

(Li et al., 2019; Zhao et al., 2020; Xing et al., 2021; Guo et al.,

2022). However, little is known about the metabolic response in

adult A. japonicus across complete natural torpor-arousal cycles.

In the present study, UPLC-ESI-Q-TOF/MS was performed to

reveal the metabolic profile of the sea cucumber A. japonicus

across the estivation period. This work aimed to (1) investigate

the physiological metabolic transition during the estivation

cycle, (2) identify the key differential metabolites and pathways

during estivation, and (3) provide new insight into the potential

molecular mechanisms of estivation and assist in guiding the

aquaculture management of sea cucumbers.
2 Materials and methods

2.1 Animals

Adult A. japonicus (80-120 g body wet weight) were obtained

from the coast of Yantai (Yantai, China) in May, August and
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October 2021. These three phases of sea cucumbers were sampled

across the active-estivation-arousal cycle: (1) nonestivating sea

cucumbers (NA) as the control group from seawater

temperature approximately 17°C with normal feeding and

activity; (2) deep-estivation sea cucumbers (DA) from seawater

at a temperature of approximately 26°C, as indicated by no signs of

feeding or locomotion and the degeneration and atrophy of the

intestine into a very tiny string; and (3) arousal from estivation sea

cucumbers (AA) from seawater at a temperature of approximately

20°C with obvious feeding and movement and recovery of the

intestinal structure and contents, the pictures of the intestinal

tissues in three stages of the active-estivation-arousal cycle were

shown in Figure S1. A total of 17 individuals were sacrificed and

the intestinal tissue and contents were rapidly dissected out and

frozen in liquid nitrogen for later analysis.
2.2 Metabolite extraction

Six individuals for NA group, six individuals for AA group

and five individuals for DA group were used for metabolomics

analysis. Each sample (~100 mg) was accurately weighed, and 0.6

mL precooled 2-chlorophenylalanine (4 ppm) methanol ( ± 1%)

was added to a 2 mL EP tube. After vortexing for 30 seconds, 100

mg glass beads were added to the samples and ground for 90 s at

55 Hz by a tissue grinder. Then, the samples were ultrasonicated at

room temperature for 10 minutes and centrifuged at 12000 rpm at

4 °C for 10 min to obtain 200 µL supernatant, which was then

filtered through a 0.22 µm membrane for LC–MS analysis. Of

note, 20 µL filtrates from each sample were pooled as the quality

control (QC) to monitor deviations of the analytical results.
2.3 LC–MS analysis

The metabolic profiling analysis was conducted on a Thermo

Vanquish system equipped with an ACQUITY UPLC® HSS T3

(150×2.1 mm, 1.8 µm, Waters) column maintained at 40°C. The

temperature of the auto sampler was 8 °C. Gradient elution of

analytes was carried out with 0.1% formic acid in water (A2) and

0.1% formic acid in acetonitrile (B2) in positive mode or 5 mM

ammonium formate in water (A3) and acetonitrile (B3) in negative

mode at a flow rate of 0.25 mL/min. Injection of 2 mL of each

sample was performed after equilibration. An increasing linear

gradient of solvent B2/B3 (v/v) was used as follows: 0~1 min, 2%

B2/B3; 1~9 min, 2%~50% B2/B3; 9~12 min, 50%~98% B2/B3;

12~13.5 min, 98% B2/B3; 13.5~14 min, 98%~2% B2/B3; 14~20

min, 2% B2-positive model (or 14~17 min, 2% B3-negative model).

The ESI-MSn experiments were executed on a Thermo Q

Exactive HF-X mass spectrometer with spray voltages of 3.5 kV

and -2.5 kV in positive and negativemodes, respectively. The sheath

gas and auxiliary gas were set at 30 and 10 arbitrary units,

respectively. The capillary temperature was 325 °C. The analyzer
Frontiers in Marine Science 03
scanned over a mass range of m/z 81-1 000 for full scan at a mass

resolution of 60000. Data-dependent acquisition (DDA) MS/MS

experiments were performed with an HCD scan. The normalized

collision energy was 30 eV. Dynamic exclusion was implemented to

remove some unnecessary information from the MS/MS spectra.
2.4 Data processing

The raw MS data were converted into extensible markup

language (mzXML) format by using the software ProteoWizard,

and then the cryptographic message syntax (XCMS) program of the

R language package was used for peak alignment, retention time

correction, and peak area extraction to obtain the data matrix,

including mass to charge ratio (m/z), retention time and intensity.

The structure of metabolites was further identified by accurate mass

matching (molecular weight error ≤30 ppm) and MS/MS data

matching based on the online Human Metabolome Database

(HMDB) (http://www.hmdb.ca), METLIN (http://metlin.scripps.

edu), Massbank (http://www.massbank.jp/), LipidMaps (http://

www.lipidmaps.org) and mzClound (https://www.mzcloud.org).

To clarify the relationships of the identified metabolites of

sea cucumbers among different groups, principal component

analysis (PCA) was applied using the R language package

Phyloseq to reduce the data dimensionality. Supervised

orthogonal projections for latent structures-discriminant

analysis (OPLS-DA) were further performed by the R language

package MetaboAnalystR (v1.0.1), and 200 permutation tests

were performed to verify the reliability of the model.
2.5 Statistical analysis

For the metabolomics analysis, differential metabolites (DMs)

between groups were determined by Student’s t test based on p

value ≤0.05, combined with absolute Log2FC (fold change) ≥1 and

variable importance in projection (VIP) values ≥1 from the OPLS-

DA model. Venn plot was further constructed by jvenn online tool

(http://jvenn.toulouse.inra.fr/app/example.html). The DMs were

further annotated and mapped to the KEGG compound and

pathway databases (http://www.kegg.jp/kegg/compound/ and

http://www.kegg.jp/kegg/pathway.html) using a hypergeometric

distribution test using the R language package MetaboAnalystR to

identify the significantly enriched pathways, where p < 0.05 was

considered to be significant.
3 Results and discussion

3.1 LC–MS metabolomic profiles

In this study, we employed UPLC-ESI-Q-TOF/MS-based

metabolomics analysis to explore the potential biochemical
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http://www.hmdb.ca
http://metlin.scripps.edu
http://metlin.scripps.edu
http://www.massbank.jp/
http://www.lipidmaps.org
http://www.lipidmaps.org
https://www.mzcloud.org
http://jvenn.toulouse.inra.fr/app/example.html
http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/pathway.html
https://doi.org/10.3389/fmars.2022.980221
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhao et al. 10.3389/fmars.2022.980221
regulatory mechanism of estivation. Quality control samples

were used to evaluate the signal drift of the entire mass

spectrometry data during the acquisition process. In the

present study, five QC samples showed dense distribution,

suggesting the good correction effectiveness of the PCA model,

and no obvious outliers were found in the two-dimensional PCA

score plot (Figure S2). A total of 424 metabolites were identified

in the intestines of A. japonicus. Figure 1A represents the relative

abundances of the top 20 metabolites in each sample between the

different groups. Since some metabolites play specific roles in an

organism, the identified metabolites were further classified into

eight categories based on KEGG analysis, including peptides,

lipids, organic acids, carbohydrates, nucleic acids, vitamins and

cofactors, steroids, and hormones and transmitters (Figure 1B).

The results indicated that higher amounts of peptides, steroids,

vitamins and cofactors were identified at the DA stage in

comparison with the NA and AA stages, while lipids,

carbohydrates and organic acids all showed smaller

percentages at the DA stage than at the other stages. The

increases in vitamins and cofactors might be helpful for the

regulation of substance and energy metabolism since many

vitamins act as critical cofactors for enzymatic reactions in

metabolic processes (Huskisson et al., 2007). As reported

previously, strong depression of the metabolic rate is a vital

adaptive strategy targeting the energy budget during

hypometabolism; hence, a decline in catabolism usually occurs

during estivation (Storey and Storey, 1990; Storey and Storey,

2010). In this study, obvious decreases in the contents of

carbohydrates and lipids were found in the DA group,

consistent with previous results in A. japonicus during

estivation (Xiang et al., 2016; Yang et al., 2021), suggesting
Frontiers in Marine Science 04
that some necessary controls might be implemented for energy

reorganization during dormancy.

PCA was applied to determine the metabolic variations in all

groups (NA, DA, and AA), and the score plot is shown in

Figure 2A. As indicated in the figure, the metabolites in each

group had relatively good aggregation. Furthermore, the first

principal axis (PC1) showed 53.7% variability, and the

metabolites of A. japonicus in the dormant physiological state

(DA) showed clear separation from those in the normal

phys iological s tate (NA and AA), suggest ing that

hypometabolism, such as estivation, could cause obvious

metabolic phenotype alterations in the intestine of A.

japonicus. Since PCA is an unsupervised algorithm without

eliminating random and intragroup errors (Saccenti et al.,

2014), a supervised model of OPLS-DA was further conducted

to analyze the differences in metabolites between the three

groups. As shown in Figure 2B, the OPLS-DA score plot

revealed that the three groups (NA, DA, and AA) each

clustered according to their physiological state with no

overlap, indicating that sea cucumbers showed diverse

metabolomic profiles under their various physiological

conditions. The permutation tests have provided good model

validation and accuracy of OPLS-DA analysis (Figure S3).
3.2 Differential metabolite analysis

In this study, significant differential metabolites (DMs) were

screened by thresholds with VIP ≥1 (from the OPLS-DAmodel),

Log2FC ≥1 (fold change) and p value ≤0.05 (based on Student’s t

test). As shown in Figure 3A, 243 DMs (129 upregulated DMs
A B

FIGURE 1

The annotated metabolites in A. japonicus during estivation cycles. (A) the relative abundance of top 20 metabolites in each group, (B) the
relative abundance of the annotated metabolites in KEGG database in distribution of eight categories.
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and 114 downregulated DMs) were identified in DA vs. NA, 238

DMs (100 upregulated DMs and 138 downregulated DMs) were

identified in AA vs. DA, and 37 DMs (21 upregulated DMs and

16 downregulated DMs) were identified in AA vs. NA. These

differential metabolites are listed in Supplementary Tables S1-S3.

Among these differentially abundant metabolites, there were 13

overlapping DMs in three pairwise comparisons, while 63

(25.93%), 54 (22.69%), and 10 (27.03%) DMs were exclusively

screened in DA vs. NA, AA vs. DA, and AA vs. NA, respectively

(Figure 3B). To reveal the physiological response and

metabolomic adaptation mechanisms during estivation-arousal

cycles of A. japonicus, we listed the important differential

metabolites in DA vs. NA and AA vs. DA in Table 1,

including a wide range of carbohydrates, lipids, amino acids,
Frontiers in Marine Science 05
nucleic acids and vitamins. To illustrate the possible

metabolomic adaptation mechanism of A. japonicus during

estivation, the relationships among the important DMs are

summarized in Figure 4.

3.2.1 Glycolysis, TCA cycle and pentose
phosphate pathway

For estivators, dormancy is characterized by metabolic rates

lowered to at least 30% compared with those in active animals

(Pedler et al., 1996), which requires a complex metabolic

ordination of reactions involving both ATP-utilizing and ATP-

generating pathways. Since glycolysis is an essential energy-

yielding pathway by all cells in animals, regulation of

glycolysis is an important part of metabolic depression during
A B

FIGURE 3

Differential metabolites identified in A. japonicus during estivation cycles. (A) The numbers of differential metabolites in the comparisons of DA
vs. NA, AA vs. DA, and AA vs. NA, (B) Venn diagram of differential metabolites pairwise comparison.
A B

FIGURE 2

PCA and OPLS-DA score plot from the LC–MS intestinal metabolite profiles in A. japonicus during estivation cycles. (A) PCA score plot, (B) OPLS-DA
score plot.
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estivation (Brooks and Storey, 1997). A previous study of the

estivating land snail Otala lactea showed the reduced activity

levels of key enzymes in glycolysis pathways, including

hexokinase, phosphofructokinase, phosphoglycerate kinase and

lactate dehydrogenase (Brooks and Storey, 1990). For A.

japonicus, similar depression of glycolytic rates also occurs in

the hypometabolic state. Xiang et al. (2016) found significant

decreases in glucose and pyruvic acid concentrations in the

intestines of estivating A. japonicus, along with reduced

enzymatic activity and transcription levels of the rate-limiting
Frontiers in Marine Science 06
enzyme hexokinase. In our study, the levels of the glycolysis

precursor or the intermediate metabolites D-galactose, fructose

1,6-bisphosphate, and D-glyceraldehyde 3-phosphate were all

significantly decreased in the DA group in comparison with the

NA and AA groups, verifying that profound glycolytic

suppression occurred in estivating A. japonicus. In addition,

the current study showed that the levels of characteristic

intermediate metabolites in the citric acid cycle (TCA cycle),

such as succinic acid and malate, were also decreased in the DA

group in comparison with the other groups, which was
TABLE 1 Important differential metabolites in A. japonicus during estivation cycles.

Metabolites NA DA AA DA vs NA AA vs DA

Change VIP p Change VIP p

Carbohydrates

Glycolysis and TCA cycle

Maltol 65.12 13.26 83.02 -2.30↓ 1.11 0.00 2.65 0.77 0.05

D-Galactose 2.14 0.29 2.21 -2.88↓ 1.07 0.00 2.92↑ 1.10 0.00

6-Phosphogluconic acid 2.14 0.15 0.92 -3.87↓ 1.20 0.00 2.66↑ 1.23 0.00

D-Glyceraldehyde 3-phosphate 4.97 0.38 7.24 -3.70↓ 1.23 0.00 4.24↑ 1.22 0.00

Fructose 1,6-bisphosphate 32.39 5.72 24.32 -2.50↓ 1.25 0.00 2.09↑ 1.21 0.00

Succinic acid 11.65 3.91 2.49 -2.97 0.81 0.04 -0.65 0.71 0.08

Lactate 5.63 1.28 5.07 -2.13↓ 1.19 0.00 1.98 0.91 0.01

Malate 1.50 0.42 1.80 -1.83↓ 1.08 0.01 2.09↑ 1.01 0.01

Pentose phosphate pathway

D-Ribulose -5-phosphate 0.00 0.08 0.00 7.77↑ 1.25 0.00 -7.96↓ 1.28 0.00

Ribose 1-phosphate 0.01 1.23 0.01 7.76↑ 1.28 0.00 -6.79↓ 1.28 0.00

Sedoheptulose 7-phosphate 0.01 0.43 0.02 6.27↑ 1.13 0.00 -4.58↓ 1.11 0.00

meso-2,6-Diaminoheptanedioate 0.83 34.67 1.63 5.38↑ 1.25 0.00 -4.41↓ 1.22 0.00

Lipids

long chain fatty acid

Arachidic acid 18.12 4.38 10.90 -2.05↓ 1.24 0.00 1.31 0.20 0.67

Eicosadienoic acid 0.37 0.10 0.49 -1.84↓ 1.17 0.00 2.22↑ 1.15 0.00

8,11,14-Eicosatrienoic acid 2.54 0.50 3.83 -2.34↓ 1.15 0.00 2.93↑ 1.20 0.00

16-Hydroxy hexadecanoic acid 1.01 0.04 0.28 -4.71↓ 1.14 0.00 2.84↑ 1.01 0.01

Oleic acid 615.25 91.44 536.22 -2.75↓ 1.26 0.00 2.55↑ 1.24 0.00

(6Z)-Octadecenoic acid 14.05 2.68 12.53 -2.39↓ 1.24 0.00 2.23↑ 1.22 0.00

Alpha-dimorphecolic acid 3.63 0.72 5.22 -2.34↓ 1.23 0.00 2.86↑ 1.21 0.00

13-L-Hydroperoxylinoleic acid 0.61 0.13 0.44 -2.23↓ 1.15 0.00 1.75↑ 1.12 0.00

Linoleic acid 0.31 0.10 0.41 -1.64↓ 1.07 0.01 2.03↑ 1.06 0.00

8(S)-HETE 1.36 0.64 1.38 -1.09↓ 1.03 0.01 1.12↑ 1.04 0.01

Stearidonic acid 0.60 0.05 0.18 -3.59↓ 1.04 0.00 1.90 0.90 0.04

Hexadecanedioate 1.18 0.11 0.36 -3.41↓ 1.03 0.00 1.69↑ 1.01 0.01

Palmitoyl-L-carnitine 0.11 20.07 0.16 7.53↑ 1.28 0.00 -6.98↓ 1.28 0.00

Propionylcarnitine 0.35 30.56 1.16 6.43↑ 1.26 0.00 -4.72↓ 1.19 0.00

Butyryl-L-carnitine 0.08 2.83 0.16 5.09↑ 1.11 0.00 -4.12↓ 1.06 0.00

Oxidized lipids

5(S)-HpETE 0.06 0.56 0.09 3.27↑ 1.09 0.00 -2.72↓ 1.08 0.00

(Continued)
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TABLE 1 Continued

Metabolites NA DA AA DA vs NA AA vs DA

Change VIP p Change VIP p

Docosahexaenoic acid 0.03 1.71 0.02 5.94↑ 1.23 0.00 -6.42↓ 1.20 0.00

12-Keto-tetrahydro-leukotriene B4 2.62 15.09 3.31 2.53↑ 1.14 0.00 -2.19↓ 1.05 0.00

Maslinic acid 0.00 0.24 0.00 8.78↑ 1.13 0.00 -11.43↓ 1.21 0.00

Ergothioneine 0.43 157.90 0.99 8.51↑ 1.27 0.00 -7.32↓ 1.25 0.00

Membrane homeostasis

LysoSM(d18:1) 0.03 3.68 0.01 7.07↑ 1.29 0.00 -8.47↓ 1.28 0.00

Phosphorylcholine 0.81 4.92 1.33 2.60↑ 1.17 0.00 -1.89↓ 1.08 0.01

Beta-Glycerophosphoric acid 0.03 2.46 0.01 6.57↑ 1.25 0.00 -7.91↓ 1.28 0.00

Galactosylsphingosine 0.01 8.60 0.01 9.67↑ 1.17 0.00 -9.61↓ 1.17 0.00

Sphinganine 3.73 59.82 1.89 4.00↑ 1.23 0.00 -4.99↓ 1.20 0.00

Sphingosine 1-phosphate 0.00 0.08 0.00 3.95↑ 1.03 0.01 -4.53↓ 1.09 0.00

N,N-Dimethylsphingosine 1.38 15.85 0.26 3.52↑ 1.13 0.00 -5.93↓ 1.27 0.00

Sphingosine 0.24 1.78 0.10 2.87↑ 1.16 0.00 -4.13↓ 1.27 0.00

3-Ketosphingosine 1.85 9.30 1.00 2.33↑ 1.13 0.00 -3.22↓ 1.12 0.00

Phytosphingosine 8.31 40.15 5.34 2.27↑ 1.23 0.00 -2.91↓ 1.22 0.00

3-Dehydrosphinganine 3.92 14.60 3.26 1.90↑ 1.03 0.01 -2.16↓ 1.16 0.00

Oleoylethanolamide 0.54 5.25 0.24 3.29↑ 1.14 0.00 -4.45↓ 1.25 0.00

24-Methylenecholesterol 0.96 392.59 1.60 8.68↑ 1.26 0.00 -7.94↓ 1.24 0.00

7-Dehydrocholesterol 0.22 67.53 0.34 8.26↑ 1.24 0.00 -7.62↓ 1.25 0.00

Amino acids and nucleic acids

L-Glutamic acid 3.81 195.97 7.86 5.68↑ 1.26 0.00 -4.64↓ 1.27 0.00

(5-L-Glutamyl)-L-glutamate 0.00 1.10 0.00 15.04↑ 1.29 0.00 -9.07↓ 1.22 0.00

N-Acetylglutamic acid 0.14 0.45 0.14 1.68↑ 1.26 0.00 -1.67↓ 1.23 0.00

Phenylacetylglutamine 0.02 0.33 0.00 3.77↑ 1.07 0.01 -5.22↓ 1.23 0.00

L-Cystine 0.00 0.27 0.00 13.00↑ 1.27 0.00 -10.88↓ 1.26 0.00

L-Histidine 0.06 4.92 0.08 6.48↑ 1.29 0.00 -5.86↓ 1.28 0.00

L-Lysine 0.23 18.90 0.22 6.38↑ 1.27 0.00 -6.44↓ 1.28 0.00

L-Arginine 1.60 16.74 2.54 3.38↑ 1.22 0.00 -2.72↓ 1.13 0.00

L-Methionine 11.13 110.15 11.52 3.31↑ 1.12 0.00 -3.26↓ 1.09 0.00

Beta-Tyrosine 0.70 4.12 1.70 2.55↑ 1.05 0.01 -1.28 0.71 0.09

L-Aspartic acid 0.29 1.87 0.38 2.70↑ 1.22 0.00 -2.29↓ 1.21 0.00

L-glycine 0.28 1.38 0.30 2.30↑ 1.27 0.00 -2.22↓ 1.24 0.00

Ectoine 29.00 385.01 135.31 3.73↑ 1.26 0.00 -1.51↓ 1.14 0.00

Hypoxanthine 1.31 10.09 0.85 2.95↑ 1.09 0.00 -3.57↓ 1.16 0.00

Thioguanine 0.15 1.14 0.24 2.93↑ 1.27 0.00 -2.26↓ 1.23 0.00

Uridine 0.76 4.68 1.17 2.62↑ 1.07 0.00 -2.00 0.94 0.01

Deoxyuridine 10.99 67.55 14.16 2.62↑ 1.24 0.00 -2.25↓ 1.22 0.00

GMP 0.00 0.08 0.00 11.20↑ 1.27 0.00 -9.75↓ 1.25 0.00

UMP 0.00 0.55 0.04 9.19↑ 1.24 0.00 -3.78↓ 1.14 0.00

dTMP 0.00 0.13 0.01 7.18↑ 1.18 0.00 -3.61↓ 1.05 0.01

CMP 0.01 0.52 0.00 6.35↑ 1.09 0.00 -7.70↓ 1.20 0.00

3-AMP 0.01 0.93 0.01 6.25↑ 1.10 0.00 -7.35↓ 1.21 0.00

Vitamins and other notable metabolites

epsilon-Tocopherol 0.34 11.67 0.23 5.10↑ 1.27 0.00 -5.69↓ 1.28 0.00

delta-Tocotrienol 0.00 12.83 0.01 11.44↑ 1.20 0.00 -11.12↓ 1.24 0.00

alpha-Tocotrienol 0.11 14.92 0.03 7.08↑ 1.29 0.00 -9.02↓ 1.27 0.00

Folic acid 0.00 0.37 0.00 10.35↑ 1.25 0.00 -7.94↓ 1.23 0.00

(Continued)
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consistent with previous results of Chen et al. (2016a) and Yang

et al. (2021), indicating decelerations in the rates of TCA cycle

t u rnove r and ox id a t i v e pho spho ry l a t i on in th e

hypometabolic state.

Interestingly, the content levels of several metabolites involved

in the pentose phosphate pathway (including ribulose-5-phosphate,

ribose 1-phosphate, sedoheptulose 7-phosphate and meso-2,6-

diaminoheptanedioate) were significantly increased in the

intestines of the DA group in comparison with the NA and AA

groups, indicating an elevated relative carbon flow entry into the
Frontiers in Marine Science 08
pentose phosphate pathway in estivating A. japonicus. Likewise,

Ramnanan and Storey (2006) reported that estivation could induce

a highly phosphorylated glucose-6-phosphate dehydrogenase with

greater structural enzymatic stability in O. lactea, which further

enhanced carbohydrate flow through the pentose phosphate cycle.

Indeed, the pentose phosphate pathway has an essential role in the

production of reducing power in the form of NADPH for various

antioxidant defense and detoxification reactions (DiGiulio et al.,

1989; Das and White, 2002). Hence, preferential carbohydrate flow

through the pentose phosphate cycle might favor NADPH
TABLE 1 Continued

Metabolites NA DA AA DA vs NA AA vs DA

Change VIP p Change VIP p

Niacinamide 1.53 84.21 11.17 5.79↑ 1.29 0.00 -2.91↓ 1.14 0.00

Dethiobiotin 0.42 4.12 0.32 3.29↑ 1.19 0.00 -3.70↓ 1.26 0.00

2-Hydroxybutyric acid 0.59 4.35 2.21 2.89↑ 1.19 0.00 -0.98↓ 0.82 0.03

Indolebutyric acid 0.20 1.19 0.21 2.55↑ 1.27 0.00 -2.53↓ 1.24 0.00

Resveratrol 0.08 2.01 0.15 4.70↑ 1.28 0.00 -3.73↓ 1.25 0.00

Genistein 0.03 0.19 0.04 2.89 1.20 0.00 -2.35↓ 1.17 0.00

Epicatechin 0.01 1.41 0.03 7.25↑ 1.28 0.00 -5.72↓ 1.12 0.00

Catechin 0.02 0.48 0.01 4.98↑ 1.26 0.00 -5.22↓ 1.22 0.00

Spermidine 0.00 6.96 0.00 14.65↑ 1.27 0.00 -14.32↓ 1.27 0.00

N1-Acetylspermidine 0.02 61.24 0.02 11.52↑ 1.28 0.00 -11.57↓ 1.28 0.00

Resolvin D2 0.00 0.29 0.03 6.33↑ 1.09 0.00 -3.19 0.98 0.01

Resolvin D1 0.02 0.53 0.03 4.72↑ 1.02 0.01 -4.01↓ 1.13 0.00
frontiersin
*The numeric values in “NA, DA and AA” represent the mean of normalized metabolite content value in each group. Change means Log2Fold Change, ↑represents up-regulated differential
metabolite, ↓represents down-regulated differential metabolite.
FIGURE 4

The hypothetical metabolic response map during estivation cycles. PPP pathway, EMP pathway and ROS respectively represent pentose-
phosphate pathway, embden meyerhof pathway and reactive oxide species.
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production, supplying reduction equivalents for the antioxidant

system in response to high oxidative stress induced by estivation

(Ramnanan and Storey, 2006).
3.2.2 Lipid metabolism
Many mammals typically rely on the oxidation of prestored

lipids for energy production during hibernation (Storey, 2002),

and there is accumulating evidence indicating that many

estivators also utilize lipids as an important fuel source during

dormancy Jones, 1980; Frick et al., 2008). For the sea cucumber

A. japonicus, a wide array of long-chain fatty acids (e.g.,

arachidic acid, eicosadienoic acid, oleic acid and linoleic acid)

showed decreased amounts, yet significant increases in some

acylcarnitines (e.g., palmitoyl-L-carnitine, propionylcarnitine

and butyryl-L-carnitine) during estivation, suggesting an

increased reliance on fatty acid oxidation to support the

energy need during hypometabolism, which is consistent with

the results of the estivating African lungfish Protopterus dolloi,

where both 3-hydroxyacyl CoA dehydrogenase (HOAD) and

carnitine palmitoyl CoA transferase (CPT) activities were still

sustained in the liver despite the 42% reduction in CCO activity

during estivation (Frick et al., 2008).

Phospholipids are an essential component of the cell

membrane and function in membrane dynamics, protein

regulation, signal transduction and secretion. Research

shows that phospholipids predominate in the composition

of lipids in sea cucumber, accounting for 90% percent of the

total fat content (Fan, 2001). In our present study, some kinds

of phospholipids and their derivatives (e.g., LysoSM(d18:1),

phosphorylcholine and beta-glycerophosphoric acid) were

significantly elevated in sea cucumber intestine during deep

estivation, which further confirms previous findings reported

by Chen et al. (2016a) and Zhao et al. (2014) that

upregulations in gene transcription and protein translation

were involved in phospholipid catabolic processes in A.

japonicus intestines during estivation (e.g., phospholipase,

proactivator polypeptide, glycerol kinase, and group XV

phosphol ipase A2) , implying that membrane l ipid

catabolism may also be a major fuel source of energy.

Moreover, the increases in phospholipids and cholesterols

might enhance the stability of the basic structure of the cell

membrane during the dormant period, which is an important

adaptive strategy for marine invertebrates in resilience to

environmental stress, such as high temperature and hypoxia

(Li et al., 2019; Hu et al., 2022).

Remarkably, increased levels of several sphingolipid derivatives

(e.g., sphingosine 1-phosphate, N,N-dimethylsphingosine,

sphingosine, 3-ketosphingosine and phytosphingosine) were

found in estivating sea cucumbers. Sphingolipids play integral
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roles in membrane domains and signaling, cell proliferation and

apoptosis, inflammation and central nervous system development

(Quinville et al., 2021). For instance, sphingosine 1-phosphate is a

well-known anti-apoptotic regulator that can suppress caspase-3

activity and prevent apoptosis (Rutherford et al., 2013), which

suggests that the increased level of sphingosine 1-phosphate

during estivation in our present study may perform a protective

function by reducing excessive tissue apoptosis. Indeed, inhibition

of apoptosis is a key strategy for maintaining long-term viability in a

low metabolic state, where the energy expenditure of cell

replacement processes must be minimized to prolong survival

(Biggar and Storey, 2010). Similar interactions have been

described by Chen et al. (2016a) at the protein level, in which

mediators of apoptosis were downregulated during deep estivation

in sea cucumber. There is growing evidence that sphingolipids also

play a role in the cellular response to oxidative stress (Van Brocklyn

and Williams, 2012). Other lipids, such as 12-keto-tetrahydro-

leukotriene B4 and docosahexaenoic acid, also showed elevated

levels in sea cucumbers during estivation. Since leukotriene is an

endogenous lipid mediator of inflammation (Le Bel et al., 2014) and

docosahexaenoic acid is an antioxidant that can reinforce the

antioxidative defense system (Hossain et al., 1999), higher

amounts of these metabolites indicate that sea cucumbers were

subjected to oxidative and inflammatory stress during estivation.

However, the precise roles of these estivation-specific metabolites

need to be explored further.
3.2.3 Amino acid and nucleic acid metabolism
Free amino acids are not only directly utilized as fuels by the

immune system and energy metabolism but can also be

converted to other amino acids or molecules that exert

protective effects in organisms under various stresses (Calder,

2006; Chen et al., 2016a; Xu et al., 2017; Huo et al., 2019). In our

study, higher amounts of amino acids, namely, L-glutamic acid,

beta-tyrosine, L-glycine, L-histidine, L-arginine, L-methionine,

L-cystine, L-lysine and L-aspartic acid, were observed at the DA

stage than at the NA stage. Among these amino acids, some can

also be converted into intermediate metabolites in the TCA cycle

and used by cells to produce energy (e.g., tyrosine into fumarate,

histidine, arginine and glutamic acid into alpha-ketoglutarate,

aspartic acid into oxaloacetic acid, and methionine into succinyl-

CoA). In addition, several amino acids are involved in the

antioxidant defense system to prevent and repair the

deleterious effects from free radicals; for example, tyrosine is

an excellent antioxidant inside lipid bilayers and protects cells

from oxidative destruction (Moosmann and Behl, 2000); glycine

and glutamic acid are integral components of glutathione, which

is the major antioxidant molecule of the cell and can effectively

scavenge free radicals and other reactive oxygen species and
frontiersin.org
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maintain the cellular redox balance (Hensley et al., 2000; Fang

et al., 2002); and methionine is easily oxidized to methionine

sulfoxide by many reactive species, thus serving to protect other

functionally essential residues from oxidative damage (Levine

et al., 2010). Furthermore, another investigation of estivating

Chilo partellus larvae reported increased amounts of glycine,

histidine, arginine, proline, tyrosine, and methionine, which may

be constituents of heat-shock proteins to enhance stress

tolerance and maintain development (Tanwar et al., 2021).

Hence, the elevated levels of the above amino acids in

estivating A. japonicus intestines could meet the greater energy

requirements for dealing with oxidative stress and heat-shock

proteins during torpor.

Additionally, various metabolites associated with nucleotide

metabolism, such as pyrimidine ectoine, hypoxanthine,

thioguanine and uridine, were significantly changed at the DA

stage, as well as a series of mononucleotides (e.g., adenosine

monophosphate (AMP), guanosine monophosphate (GMP),

uridine monophosphate (UMP), cytidine monophosphate

(CMP) and deoxythymoadenylate (dTMP)), reflecting that A.

japonicus was facing a real energy crisis during estivation.
3.2.4 Vitamins and other
physiological responses

Vitamin E is an essential nutrient for organisms that exerts

an antioxidant response to reactive oxygen species (ROS)

-induced oxidative stress by inhibiting membrane lipid

peroxidation and damage to proteins and DNA (Miyazawa

et al., 2019). Folic acid is an important, potent antioxidant that

is involved in the trans-sulfuration pathway as a coenzyme,

increasing glutathione synthesis and acetaldehyde oxidation and

preventing glutathione inactivation (Ebaid et al., 2013).

Nicotinamide (NAM) is a form of vitamin B3 that can

suppress oxidative stress (Wei et al., 2018). In our study, the

significantly increased levels of three isomers of the vitamin E

family (alpha-tocotrienol, delta-tocotrienol and epsilon-

tocopherol), nicotinamide and folic acid in estivating sea

cucumbers implied their enhanced antioxidant effect to protect

the body from oxidative damage. In addition, several flavanol

and isoflavone antioxidants also increased during estivation,

such as catechin, genistein and resveratrol (Simioni et al.,

2018). In general, aerobic organisms develop antioxidant

systems consisting of antioxidant enzymes (e.g., SOD, CAT

and glutathione peroxidase) and low-molecular weight

compounds (e.g., glutathione, a-tocopherol, and ascorbic acid)

to maintain redox balance from ROS-induced oxidative stress.

Our unpublished data and previous studies revealed the reduced

activities of several antioxidant enzymes, such as catalase, in

estivating A. japonicus, the freshwater snail Biomphalaria

tenagophila and Helix pomatia (Ferreira et al., 2003;

Nowakowska et al., 2009; Liu et al., 2016; Chen et al., 2016a),

while the present study indicated that significantly elevated
Frontiers in Marine Science 10
levels of nonenzymatic antioxidant molecules were observed at

the DA stage compared to other stages, suggesting that an

adjustment strategy of antioxidant defense might be adapted

during hypometabolism in an energy-efficient manner.

Spermidine has a variety of effects, including anti-

inflammatory, antioxidant, enhanced mitochondrial

metabolic and respiration functions, and improved protein

stability and chaperone activity (Madeo et al., 2018).

Resolvins D1 and D2 are docosahexaenoic acid (DHA)-

derived lipoxygenase metabolites that can exhibit anti-

inflammatory effects by modulating the activation of T

lymphocytes (Chiurchiu et al., 2016). Hence, changes in the

contents of the above metabolites during estivation indicated

that anti-inflammatory biological protective effects might be

exerted in estivating sea cucumbers.
3.3 KEGG pathway enrichment analysis

To further assess the metabolic profiles of A. japonicus

intestines during estivation cycles, pathway enrichment

analysis was performed based on the identified metabolites

that were significantly differentially expressed. In our present

study, 58 and 61 pathways were enriched in the DA vs. NA and

AA vs. DA groups, respectively. The top 25 pathways are shown

in Figure 5. Furthermore, 6 (sphingolipid metabolism, linoleic

acid metabolism, pyrimidine metabolism, D-glutamine and D-

glutamate metabolism, lysine biosynthesis and pentose

phosphate pathway) and 4 (sphingolipid metabolism,

phenylalanine metabolism, pyrimidine metabolism, and lysine

biosynthesis) pathways were significantly enriched in the DA vs.

NA and AA vs. DA comparisons, respectively (p < 0.05). There

were 17 key common increased metabolites involved in these

significantly enriched pathways, including sphingosine-1-P,

sphingosine, phyto-sphingosine, psychosine, 3-dehydro-

sphingosine, L-aspartate, L-lysine, L-saccharopine, UMP,

CMP, dTMP, uridine, and deoxyuridine. As previously

mentioned, sphingolipid metabolism, D-glutamine and D-

glutamate metabolism and pentose phosphate pathway were

involved with anti-apoptosis and antioxidant defense, while

linoleic acid metabolism and pyrimidine metabolism were

involved with energy metabolism, suggesting that sea

cucumbers might reorganize metabolic priorities for ATP

production and enhance defense mechanisms by these key

pathways to promote long-term viability in a hypometabolic

state. However, further studies are required to elucidate the

specific functions of these pathways in echinoderms

during estivation.

In conclusion, our present metabolomics analysis demonstrated

that sea cucumbers maymeet the challenge of summer estivation by

reorganizing metabolic priorities for ATP production (e.g.,

depressing carbohydrate metabolism and promoting lipid and

amino acid catabolism) and enhancing antioxidant defenses in an
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energy-efficient manner to promote long-term viability. The

present study identified a series of key differential metabolites and

pathways and explored the potential metabolic strategies of A.

japonicus during estivation, which will provide new insights into the

adaptation mechanisms of estivation in marine invertebrates.
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