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Highlights

e First multiomics analysis of mMRNA, miRNA, protein, and metabolite in fishes.

e Liver and muscle were tissue-specific induced by hypoxia.

e About 70 genes and 16 miRNAs related to hypoxia adaptation were detected.

e Hypoxia affects muscle function by mediating energy metabolism via HIF pathway.
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Provides Insights Into the Environmental
Hypoxia Response in Pelteobagrus

vachelli Muscle

Jie Li', Guosong Zhang®, Danqing Yin>*°, Yao Li', Yiran Zhang', Jinghao Cheng’,
Kai Zhang', Jie Ji', Tao Wang', Yongyi Jia®, and Shaowu Yin"

Increasing pressures on aquatic ecosystems because of
pollutants, nutrient enrichment, and global warming have
severely depleted oxygen concentrations. This sudden and
significant lack of oxygen has resulted in persistent in-
creases in fish mortality rates. Revealing the molecular
mechanism of fish hypoxia adaptation will help researchers
to find markers for hypoxia induced by environmental
stress. Here, we used a multiomics approach to identify
several hypoxia-associated miRNAs, mRNAs, proteins, and
metabolites involved in diverse biological pathways in the
muscles of Pelteobagrus vachelli. Our findings revealed
significant hypoxia-associated changes in muscles over4 h
of hypoxia exposure and discrete tissue-specific patterns.
We have previously reported that P. vachelli livers exhibit
increased anaerobic glycolysis, heme synthesis, erythro-
poiesis, and inhibit apoptosis when exposed to hypoxia for
4 h. However, the opposite was observed in muscles. Ac-
cording to our comprehensive analysis, fishes show an
acute response to hypoxia, including activation of catabolic
pathways to generate more energy, reduction of biosyn-
thesis to decrease energy consumption, and shifting from
aerobic to anaerobic metabolic contributions. Also, we
found that hypoxia induced muscle dysfunction by impair-
ing mitochondrial function, activating inflammasomes, and
apoptosis. The hypoxia-induced mitochondrial dysfunction
enhanced oxidative stress, apoptosis, and further triggered
interleukin-1p production via inflammasome activation. In
turn, interleukin-1g further impaired mitochondrial function
or apoptosis by suppressing downstream mitochondrial
biosynthesis-related proteins, thus resulting in a vicious
cycle of inflammasome activation and mitochondrial
dysfunction. Our findings contribute meaningful insights
into the molecular mechanisms of hypoxia, and the
methods and study design can be utilized across different
fish species.

Aerobic animals use oxygen to generate energy through
oxidative phosphorylation within mitochondria. Currently,
aquatic ecosystems are increasingly under pressure from
pollutants, nutrient enrichment, and global warming, all of
which increase the risk of hypoxia in water (1). Aquatic or-
ganisms are usually exposed to different concentrations of
dissolved oxygen. Severe and sudden hypoxia can be fatal for
hypoxia-sensitive fish. Revealing the molecular mechanism of
fish hypoxia adaptation will help us find the hypoxic markers
caused by environmental stress (2).

To maintain organism function and homeostasis in a hyp-
oxic environment, aquatic organisms, including fishes,
respond by various behavioral and physiological adjustments,
for example, decreasing swimming rate, increasing respiration
rate, increasing oxygen supply, and reducing oxygen con-
sumption (3, 4). These processes depend on the division and
cooperation among tissues in fishes, such as the liver, muscle,
brain, heart, and gill. Relevant research results show that fish
have the tissue-specific expression pattern under hypoxic
stimulation, which reflects the different metabolic effects of
tissues during hypoxia (5). For example, the expression
pattern of muscle tissue at the transcription level or the protein
level is different from that of brain and liver tissue in response
to hypoxia, and there are more downregulated genes in
muscle tissue (6, 7). The different patterns may also be related
to the extent of the hypoxic insult that each tissue experi-
ences. For example, the fish heart receives blood directly from
the gills and thus will have a better oxygen supply than other
tissues (8, 9).

Recently, various methods in fish were applied for studies
of the hypoxia molecular mechanisms, for example, in-
vestigations for transcriptional changes using quantitative
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RT-PCR (gqRT-PCR) (10, 11), transcriptome (12-14), and
changes in protein using 2D-difference gel electrophoresis
(15-17). Biological phenomena induced by environmental
stress are changeable and complex, which is also accom-
panied by complicated regulation of miRNA/gene/protein
expression. Multiple omics are a combination of two or more
omics methods and can avoid the incomprehensive conclu-
sions of single omics (18). Unfortunately, the study of the
responding mechanism in fish undergoing hypoxia using
multiomics is negligible, which vastly hinders the compre-
hensive understanding of this biological phenomenon.

Pelteobagrus vachelli (Darkbarbel catfish) has become a
popular commercial fish species in Asia because of its rela-
tively high yield and affordable price for consumers (19).
However, because of its high oxygen threshold and high ox-
ygen consumption rate, this species is only found in the rivers,
such as the Liaohe, Huaihe, Yangtze, Xiangjiang, Minjiang,
and Pearl. These properties indicate that P. vachelli is not only
an important aquaculture variety but also a potential model
fish for studying the molecular mechanisms of hypoxia.
Recently, the miRNA-mRNA regulatory network has been
shown to respond to hypoxia in livers of Megalobrama
amblycephala (20) and P. vachelli (21). This suggests that the
hypoxia-inducible factor 1 (HIF-1) signaling is well known to be
involved in response to hypoxia, which is often regulated and
controlled by physiological changes. Also, we conducted
isobaric tag for relative and absolute quantitation proteomic
analysis in P. vachelli livers to uncover hypoxic responsive
proteins involved in diverse biological pathways, for example,
peroxisome, glycolysis, peroxisome proliferator-activated re-
ceptor signaling, and lipid and amino acid metabolism (22).

At present, relative to other tissues, studies of hypoxia on
muscle tissue are relatively scarce. Therefore, we characterize
transcriptomic, miRNAomic, proteomic, and metabolomic
changes of P. vachelli muscles under environmental hypoxia
simultaneously (Fig. 1). Our findings aim to offer deeper in-
sights into tissue-specific patterns of expression induced by
environmental hypoxia.

EXPERIMENTAL PROCEDURES
Experimental Design

Our experiments were performed following the Guidelines for the
Care and Use of Laboratory Animals in China. This study was
approved by the Nanjing Normal University Animal Ethics Committee
(approval no.: SYXK [Jiangsu] 2015-0028). First, 240 P. vachelli (14 +
1.25 cm in length and 22 + 1.78 g in weight) were obtained from
Nanjing Fisheries Research Institute. They were acclimated for
3 weeks in aquaria with biofiltered water recirculation system
(equipped with cooling and heating functions, the volume of 600 I;
flow rate of 5 I/min; 26 + 1 °C) and fed with artificial compound feed
containing more than 42.0% protein (Zhenjiang Jiaji Feed Co Ltd).
After stopping feeding for 2 days, these fish were used for challenge
experiments. All the experimental methods were the same as the
description in our previous article (21). In brief, the control fish were
dissected, and muscle tissue was taken from the same location,

Muscle

5 individuals per
pooled sample

Hypoxia group (10 samples, 0.7 mg/L)
vs Control group (10 samples, 6.8 mg/L)
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Fic. 1. General workflow of bioinformatics analysis. This was
conducted to investigate the molecular mechanism of hypoxia adap-
tation in Pelteobagrus vachelli in terms of four main aspects (changes
in post-transcriptional, transcriptional, protein, and metabolite levels).

which was 2 cm behind the trailing edge of the gill cover. Each
control sample (nos.: MOa, MOb, MOc, M0d, M0Oe, MOf, MOg, MOh,
MO0i, and MOj; 6.8 mg/l) was made up of five different individual
muscles from a total of 50 control fish. Afterward, the dissolved
oxygen in the water was reduced from 6.8 to 0.7 mg/I by bubbling in
pure nitrogen for 30 to 35 min. After dissolved oxygen was main-
tained for 4 h at 0.7 mg/I, 50 treated fish (nos.: M4a, M4b, M4c, M4d,
M4e, M4f, M4g, M4h, M4i, and M4j; 0.7 mg/l) were rapidly acquired
for muscle dissection. Both the control and treatment had 10 bio-
logical replicates, respectively, which were used to conduct metab-
olome analysis. Meanwhile, six of the same harvested samples (nos.:
MOa, M0b, MOc, M4a, M4b, and M4c) were used to conduct analyses
of the transcriptome, miRNAome, proteome, and gRT-PCR. All
samples were stored at —80 °C until use.

Differentially Expressed Gene Analysis

The mRNA-Seq method was the same as the description in our
previous article (23), including RNA extraction, construction of six
complementary DNA libraries, lllumina HiSeq 4000 sequencing, de
novo assembly, unigene annotation, and functional classification
(accession code: SUB7765255) (24). The expression level for unigenes
was calculated by transcripts per million (TPMs) using Salmon (25).
Differentially expressed genes (DEGs) were selected with p < 0.05 and
fold change >2 using R package edgeR (26). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of DEG
was the same as the description in our previous article, and so as
differentially expressed protein (DEP) and differentially expressed
metabolite (DEM) (23).

Pathway enrichment analysis using the corrected p < 0.05 as a
threshold to find significantly enriched KEGG terms in the input list of
DEGs, comparing them to the whole genome background. The
calculation formula of p value was as follows:

_ 1 & EOCED
p=1- N

=0 n

N represented the number of KEGG annotated genes in P. vachelli;
n represented the number of DEGs in N; M represented the number of
particular KEGG annotated genes in a genome; and m represented the
number of particular KEGG annotated genes expressed differentially
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in M. After correction for multiple testing, we chose pathways with a
p < 0.05 to represent those significantly enriched in DEGs.

Differentially Expressed miRNA Analysis

The miRNA-Seq method was the same as the description in our
previous article, including construction of six small RNA libraries,
lllumina HiSeq 4000 sequencing, miRNA identification, and prediction
of target genes of mMiRNAs (23). Differentially expressed miRNA (DEMI)
based on standardized deep-sequencing counts was analyzed by
Student's t test (p < 0.05) (27, 28).

DEP Analysis

Tandem mass tag (TMT)-based quantitative proteomic analysis was
the same as the description in our previous article, including protein
extraction and digestion, protein digestion, TMT labeling, low-pH
nano-HPLC-tandem mass spectrometry (MS/MS) analysis, database
searching, and protein quantitation (23).

Protein Extraction and Digestion—Muscle samples (MOa, MOb,
MOc, M4a, M4b, and M4c) were first frozen to a dry powder using a
vacuum freeze drier. The freeze-dried powder was dissolved with
200 pl triethylammonium bicarbonate (TEAB) dissolution buffer (8 M
urea/100 mM TEAB) and centrifuged at 16,000g (centrifugal radius,
0.1 m) for 20 min. The obtained supernatant was subsided by adding
four volumes of cold acetone containing 10 mM DTT, and the mixture
was kept undisturbed for about 2 h. The resuspended powder was
incubated at -20 °C for approximately 2 h. After centrifugation at
16,0009 for 20 min at 15 °C, the precipitate was collected and mixed
with 800 pl cold acetone containing a solution of 10 mM DTT for 1 h at
56 °C to break the protein disulfide bonds. Following a second round
of centrifugation at 16,000g for 20 min at 15 °C, the precipitate was
collected, dried, and then stored at —80 °C for later use.

Total protein concentrations were measured using the Bradford
method. For each sample, 100 pg of protein was dissolved to 500 pl in
a dissolution buffer and then diluted with 500 pl 50 mM NH4HCO;3. The
samples were reduced by mixing with 10 mM DTT at 56 °C for 30 min,
alkylated by mixing with 50 mM iodoacetamide for 30 min in the dark,
and diluted fourfold using 10 mM TEAB.

Protein Digestion and TMT Labeling—Next, 100 pg of proteins was
digested with 1 pg/pl trypsin (Promega), and the resultant peptide
mixture was labeled using chemicals from the TMT10plex reagent set
(Fisher Scientific). The proteins from M0a, MOb, M0Oc, M4a, M4b, and
M4c were labeled using TMT reagents 126, 127, 128, 129, 130, and
131, respectively. The labeled samples were combined, desalted us-
ing the C18 SPE column (Sep-Pak C18; Waters), and dried in vacuo.

The peptide mixture was dissolved in buffer A (A: 10 mM ammo-
nium formate in water, pH 10.0, adjusted with ammonium hydroxide)
and then fractionated by high pH separation using an Aquity UPLC
system (Waters Corporation) connected to a reverse-phase column
(BEH C18 column, 2.1 x 150 mm, 1.7 pm, 300 A; Waters Corpora-
tion). The high pH separation was performed using a linear gradient
from 0% B to 45% B over a course of 35 min (B: 10 mM ammonium
formate in 90% acetonitrile, pH 10.0, adjusted with ammonium hy-
droxide). The column flow rate was maintained at 250 pl/min, and
column temperature was maintained at 45 °C. About 12 fractions
were collected, and each fraction was dried in a vacuum concen-
trator for the next step.

Low-pH Nano-HPLC-MS/MS Analysis—The specific steps of low-
pH nano-HPLC-MS/MS analysis are as follows: The fractions were
resuspended with 32 pl solvent C, respectively (C: water with 0.1%
formic acid; D: acetonitrile with 0.1% formic acid), separated by
nanoLC, and analyzed by online electrospray MS/MS. The experi-
ments were performed on an EASY-nLC 1000 system (Thermo Fisher
Scientific) connected to an Orbitrap Fusion mass spectrometer

(Thermo Fisher Scientific) equipped with an online nanoelectrospray
ion source. About 4 pl of the peptide sample was loaded onto the trap
column (Thermo Scientific Acclaim PepMap C18 column; 100 pm X
2 cm), with a flow of 10 pl/min for 3 min and subsequently separated
on the analytical column (Acclaim PepMap C18; 75 um x 25 cm) with a
linear gradient, from 5% D to 30% D in 95 min. The column was re-
equilibrated at initial conditions for 15 min. The column flow rate
was maintained at 300 nl/min, and column temperature was main-
tained at 45 °C. The electrospray voltage of 2.0 kV versus the inlet of
the mass spectrometer was used. The Orbitrap Fusion mass spec-
trometer was operated in the data-dependent mode to switch auto-
matically between MS and MS/MS acquisition. Survey full-scan MS
spectra (m/z 400-1600) were acquired in Orbitrap with a mass reso-
lution of 60,000 at m/z 200. The automatic gain control target was set
to 500,000, and the maximum injection time was 50 ms. MS/MS
acquisition was performed in Orbitrap with 3 s cycle time, and the
resolution was 15,000 at m/z 200. The intensity threshold was 50,000,
and the maximum injection time was 150 ms. The automatic gain
control target was set to 150,000, and the isolation window was m/z 2.
lons with charge states 2+, 3+, and 4+ were sequentially fragmented
by higher energy collisional dissociation with a normalized collision
energy of 37%. In all cases, one microscan was recorded using dy-
namic exclusion of 30 s. MS/MS fixed first mass was set at 110.

Database Searching—Database searching was conducted using
the present RNA-Seq results (accession code: SUB7765255) by
Mascot (version 2.3; Matrix Science). Tandem mass spectra were
extracted by Proteome Discoverer software (version 1.4.0.288;
Thermo Fisher Scientific). The parameters are set as follows: the mass
range of the precursor ion is 350 to 5000 Da; the minimum number of
peaks in MS/MS is 10; and the signal-to-noise ratio threshold is 1.5.
Charge state deconvolution and deisotoping were not performed. All
MS/MS samples were analyzed using Mascot. Mascot was set up to
search the UniProt database (taxonomy: Siluroidei, 18,581 entries)
assuming the digestion enzyme trypsin (Promega). Maximum missed
cleavage is set to 2. Mascot was searched with a fragment ion mass
tolerance of 0.050 Da and a parent ion tolerance of 10.0 ppm. Car-
bamidomethyl of cysteine and TMT6plex of lysine and the N terminus
were specified in Mascot as fixed modifications. Oxidation of methi-
onine was specified in Mascot as a variable modification.

Quantitative Data Analysis—Use the percolator algorithm to control
peptide level false discovery rate lower than 1%. Only unique peptides
were used for protein quantification, the method of normalization on
protein median was used to correct experimental bias, and the mini-
mum number of proteins that must be observed to allow was set to
1000. A protein was required to contain at least two unique peptides.
Nine protein ratios were produced by comparing three M4 and three
MO (i.e., M4a/M0Oa, M4a/M0b, M4a/MOc, M4b/M0a, M4b/MOb, M4b/
MOc, M4c/M0a, M4c/MOb, M4c/MQOc). Then the p values were deter-
mined using ANOVA and the nine ratios. The mean comparisons of
pairs among the nine protein ratios calculated fold changes. Finally,
proteins with p < 0.05 and fold change >1.2 were considered to be
DEPs (23, 29).

DEM Analysis

Metabolome method was the same as the description in a previous
study, including 20 metabolite extracts (no.: MOa, MOb, MOc, M0Od,
MO0e, MOf, MOg, MOh, MO0i, MQj, M4a, M4b, M4c, M4d, M4e, M4f, M4g,
M4h, M4i, and M4j), LC-MS conditions for analysis, and metab-
olomics data processing method (30). Data analysis methods include
partial least-squares discriminant analysis (PLS-DA) and principal
component analysis (PCA). Quantitative identification of metabolite
screening and supervised PLS-DA was evaluated by MetaX software
(BGl; http://metax.genomics.cn) (30). The specific steps are as follows:

SASBMB

Mol Cell Proteomics (2022) 21(3) 100196 3


http://metax.genomics.cn

Integrated Application of Multiomics Strategies

the quantitative information of metabolites comes from the peak area
of the first chromatogram of the substance. We use XCMS software
(Scripps Research Institute) to extract the intensity information of each
substance in each sample and then use MetaX software for quality
control (QC) of the extracted data. First, remove low-quality peaks
(more than 50% of the QC sample is missing, or the actual sample is
missing, and more than 80% of the ions are removed) and then use
the K-nearest neighbors method to fill in the missing values and then
use probabilistic quotient normalization. Filter the corrected data, that
is, filter out ions with a coefficient of variation (CV) >50% in all QC
samples (the ions with a CV >50% fluctuate greatly during the
experiment, and quantitative analysis of differences is not performed).
The variable importance in projection (VIP) was calculated, and me-
tabolites with VIP >1 for both multidimensional statistical analysis and
p < 0.05 (Student's t test) were selected as metabolites with significant
differences (31).

Multiomics Analysis of Transcriptome, miRNAome, Proteome, and
Metabolome

ACGT101-CORR 1.1 (LC Sciences) was used to construct the
negative miRNA-mRNA regulatory network (up-down and down-
up). In brief, the transcriptome and miRNAome were integrated by
combining the expression profiles of DEG and DEMI with miRNA-
targeting information. Afterward, the protein information added
miRNA-mRNA pairs to the miRNA-mRNA-protein pairs (up—down—
down and down-up-up) directly. Second, 145 miRNA-mRNA-pro-
tein pairs and 33 DEMs were combined to find mutual KEGG
pathways. Finally, Cytoscape software (Institute for Systems
Biology) was used to generate an interaction network among the
relationships of DEMI, DEG/DEP, and DEM (31).

gRT-PCR

The expression profiles of all 16 DEMIs among the multiomics
interaction network and the selected 70 DEGs representing biological
processes induced by hypoxia were further analyzed using gRT-PCR.
gRT-PCR methods were the same as the description in our previous
article (23). All primers are shown in supplemental Table S1. 2-AACT
method was used to calculate the expression levels, and the data
were subjected to statistical significant analysis (o < 0.05) using SPSS
22.0 (IBM Corp) (Student's t test).

RESULTS
Transcriptome Summary

A total of 28,696 unique genes were identified from six
complementary DNA libraries (MOa, MOb, MOc, M4a, M4b,
and Md4c) representing P. vachelli muscles (supplemental
Table S2). The QC analysis of the transcriptome is shown in
supplemental Table S3, including sequencing QC overview,
trinity assembly results overview, gene/transcript length
overview, and gene function checklist. We found that 3511
genes were significantly upregulated, whereas 1033 genes
were significantly downregulated in response to hypoxia (p <
0.05 and fold change >2). By performing the KEGG pathway
analyses for 4544 DEGs, a total of 22 pathways were identified
that showed significant changes after hypoxia (p < 0.05)
(Fig. 2A).

Among these pathways (Fig. 2A), the “vascular endothelial
growth factor (VEGF) signaling pathway” involved in mediating
vasopermeability, angiogenesis, and vascular tone was

significantly enriched (p < 0.05). However, DEG of “African
trypanosomiasis” reflected the biological process of anemia
(hemoglobin synthesis, downregulated). Afterward, catabo-
lism and anabolism were the two most represented sub-
classes. Besides, other enriched subclasses include human
immune response and inflammation. Finally, we found that
dilated cardiomyopathy and hypertrophic cardiomyopathy
represented the impaired muscle function, which was also
significantly enriched (p < 0.05). Interestingly, the number of
upregulated genes was greater than the number of down-
regulated genes in the biological processes of vessel gener-
ation, catabolism, immune response, inflammation, and
muscle dysfunction, whereas the number of downregulated
genes exceeded the number of upregulated genes in the
processes of anemia and anabolism.

Proteome Summary

All MS/MS spectra were processed using Mascot from six
protein samples (MOa, MOb, MOc, M4a, M4b, and M4c). TMT
analysis of P. vachelli muscle proteome showed 14,943 unique
peptides from 41,278 unique spectra in this database (334,625
total spectra) and resulted in 1551 unique proteins. All peptide/
protein identifications and quantifications are shown in
supplemental Table S2. The QC analysis of the proteome is
shown in supplemental Table S3, including mass delta, the
distribution diagram of peptide number, peptide length, protein
cleavages, and protein mass. All distributions of CV for prote-
ome showed that a total of 97.36% of the identified proteins
displayed a ratio percent CV <20%, and the proteome project
has good repeatability (supplemental Table S3).

A total of 584 DEPs (fold change >1.2 and p < 0.05) were
reliably quantified using TMT analysis, including nine upre-
gulated and 575 downregulated proteins. KEGG enrichment
analysis (p < 0.05) displayed a total of 14 significantly enriched
pathways under hypoxia (Fig. 2B). Muscle function, amino
acid metabolism, and carbohydrate metabolism were the
three most represented subclasses. Also “Alzheimer's dis-
ease,” “Huntington's disease,” and “Parkinson's disease”
containing mitochondrial-related proteins were significantly
enriched by down DEP. Of note, DEP of carbohydrate meta-
bolism referred to aerobic metabolism mainly centered on
“pyruvate metabolism” (e.g., citrate synthase, isocitrate de-
hydrogenase, dihydrolipoyl dehydrogenase, 2-oxoglutarate
dehydrogenase [OGDH], succinate dehydrogenase a/b
[SDHa/b], malate dehydrogenase 1 [MDH1], downregulated)
and the DEP of amino acid metabolism and human disease
involved in the amino acid synthesis and muscle dysfunction.

Correlation of miRNA-mRNA-Protein Regulatory Network

About 348 conserved miRNAs belonging to 292 miRNA
seed-based families were identified in the six small RNA li-
braries (M0Oa, MOb, MOc, M4a, M4b, and M4c). The QC anal-
ysis of the miRNAome is shown in supplemental Table S3,
including an overview of reads from raw data to cleaned
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sequences, a summary of known and predicted miRNA, the
length distribution of sequences, and conservation of the
identified miRNA with other species. A total of 39 DEMIs were
found (p < 0.05), with 17 upregulated and 22 downregulated
miRNAs (supplemental Table S2).

In our results, according to the DEMI, DEG, and DEP
datasets and miRNA-targeting information, 1809 negative
miRNA-mRNA regulatory networks with the expression
pattern of up-down and down-up were detected
(supplemental Table S4). Furthermore, 12 of 20 significant
enriched KEGG pathways for 1809 pairs were found to be
overlapping for those of transcriptome, also involved in vessel
formation, metabolism, immune response, and muscle
dysfunction. In addition, similar to the DEG, the numbers of
upregulated genes were greater than that of downregulated
ones involved in vessel formation, catabolism, immune
response, muscle dysfunction, and vice versa for anabolism
(Fig. 3A). Finally, we identified 145 negatively correlated
miRNA-mRNA-protein triplets (up—down-down and down-
up-up) as the key components for our data analysis, including
21 DEMIs and 60 co-DEGs/DEPs in total (Fig. 4A). Moreover,
five of 11 significant enriched KEGG pathways for 145 pairs
were found to be overlapping for those of the proteome, such
as “citrate cycle (tricarboxylic acid [TCA] cycle),” “oxidative
phosphorylation,” “tryptophan metabolism,” “glyoxylate and
dicarboxylate metabolism,” and “galactose metabolism,” with

carbohydrate metabolism as the most commonly represented
subclasses. Also, biosynthesis related to “butirosin and
neomycin biosynthesis” and “protein export” was significantly
enriched by down co-DEG/DEP (Fig. 3B).

Metabolome Summary

A total of 9433 metabolic ion peaks were extracted from
P. vachelli muscles in the control group (MOa, MOb, MOc, M0d,
MOe, MOf, MOg, MOh, MO0i, and MQj) and those in the experi-
mental group (M4a, M4b, M4c, M4d, M4e, M4f, M4g, M4h,
M4i, and M4j), including 5152 positive and 4281 negative ion
peaks (supplemental Table S2). In addition, we found that 33
unique DEMs (with MS2; 14 upregulated and 19 down-
regulated) were among the 18 positive and 24 negative DEMs
(VIP >1 and p < 0.05; supplemental Table S2).

The PCA model showed that the positive and negative ion
modes were closely clustered. The PLS-DA model of the
example set was also established. The model evaluation pa-
rameters were positive ion mode (R2 = 0.99 cum, Q2 = 0.78
cum) and negative ion mode (R2 = 0.99 cum, Q2 = 0.87 cum).
Aforementioned PCA and PLS-DA results indicated that the
model was reliable and stable (supplemental Table S3). Similar
to the KEGG analysis of DEG, 14 significant pathways for the
biological process of catabolism, anabolism, and muscle
dysfunction were enriched by 33 DEMs (p < 0.05). Significant
decreases in intermediate metabolites were found in
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Fic. 3. KEGG pathway enrichment analyses. Analyses of 1809 negative miRNA-mRNA pairs (A) and 145 negative miRNA-mRNA-protein
pairs (B) (20 and 12 pathways; p < 0.05). KEGG, Kyoto Encylopedia of Genes and Genomes.

catabolism; however, the upregulated intermediate metabo-
lites were big part of anabolic pathways (Fig. 2C).

Multiomics Identification of Key miRNAs, Genes, Proteins,
and Metabolites

The hierarchical clusterings of the DEP, DEMI, DEG, and
DEM based on the fold-change Z score of M4a/(M4b, M4c,
MOa, MOb, MOQc), six samples' log10 (norm), six samples' Z
score of TPM, and 20 samples' Z score of norm were showed
in supplemental Fig. S1. These clusterings indicated that all
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samples (M4 versus MQ) can be divided into two different
groups according to control and hypoxia treatment. In general,
environmental hypoxia had a significant effect on the overall
gene/miRNA/protein/metabolite  expression  profile  of
P. vachelli muscle.

In this study, the transcriptome, miRNAome, proteome, and
metabolome of P. vachelli muscle under hypoxia stress were
integrated by investigating whether changes in “gene/protein”
levels correlated with changes in the corresponding “negative
miRNAs” and coupled with mutual KEGG pathways for DEM.
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This was based on 145 negative miRNA-mRNA-protein pairs,
and 33 unique DEMs, 16 DEMls, 23 co-DEGs/DEPs, and 17
DEMs were involved in the 19 mutual KEGG pathways
(Fig. 4B).

These mutual pathways contained carbohydrate meta-
bolism (i.e., TCA cycle, pentose phosphate pathway, starch,
sucrose, pyruvate, butanoate, glyoxylate, and dicarboxylate
metabolism), amino acid metabolism (i.e., valine, leucine,
isoleucine, cysteine, methionine, alanine, aspartate, gluta-
mate, b-glutamine, and b-glutamate metabolism), other
metabolic processes (i.e., purine and nitrogen metabolism,
biosynthesis of aminoacyl-tRNA, unsaturated fatty acids,
butirosin, and neomycin), membrane transport (.e., ABC
transporters), signal transduction (i.e., mammalian target of
rapamycin signaling pathway), and cellular community (i.e.,
gap junction). In our case, downregulated miR-193b/457a/
15b-OGDH, miR-210/338-SDHb, and miR-457a/214-MDH1
led to suppression of aerobic metabolism (e.g., “pyruvate
metabolism” and “TCA cycle”), thus making intermediate
products rise (e.g., citric acid and S-lactoylglutathione).
“Aminoacyl-tRNA biosynthesis” was regulated by down-
regulated miR-15b/338/457a-Aars/mars and miR-133b/18a/
PC-7236-hars to accumulate intermediates (proline, isoleu-
cine, and methionine).

gRT-PCR Analysis

To further analyze the hypoxia-induced biological pro-
cesses in P. vachelli muscles, we performed gRT-PCR

H qRT-PCR — miRNA-seq

analysis on 16 selected DEMIs and 70 DEGs. These repre-
sentative miRNAs/genes were artificially selected to deter-
mine their potential role in environmental hypoxia for
P. vachelli muscles. For example, all 16 DEMIs (miR-15b/c,
133b, 181a, 193b, 338, 4573, 1-2, 18a, 30a/d, 210, 214, PC-
7236, and let-7b) were from the multiomics identification
(Fig. 5), and some DEGs were related to important biological
processes (i.e., oxygen sensor, angiogenesis, heme and
erythropoiesis, glycolysis, TCA cycle, lipolysis, oxidative
stress, mitochondrial dysfunction, nucleotide oligomerization
domain [NOD]-like receptor, NF-kB, mitogen-associated
protein kinase [MAPK] signaling pathway, cell cycle, and
apoptosis). The results of gqRT-PCR revealed similar
expression patterns between most of these mMRNAs/miRNAs
and those from transcriptome/miRNAome data (TPM/reads-
based expression values) (Table 1 and Figs. 5 and 6). Of
these, miR-15¢c showed minimal expression in control groups
(M0Oa, MOb, and MOc) in the gRT-PCR analysis and was
induced by hypoxia stress, which was consistent with the
present miRNA-Seq data. Although there were some quan-
titative differences between the two analysis platforms, our
results showed similar trends between the gqRT-PCR and
RNA-Seq data.

DISCUSSION

We constructed 145 negative miRNA-mRNA-protein pairs
in P. vachelli muscle induced by hypoxia (supplemental
Table S4) and later discovered that 16 DEMIs, 23 DEGs/
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Fic. 5. Relative miRNA expression of all 16 DEMIs among the multiomics identification for comparison of the M4 versus MO0 groups,
with respect to quantitative RT (QRT)-PCR and miRNA-Seq. Relative miRNA level (QRT-PCR) is on the left, and relative miRNA level (norm) is

on the right of each bar chart. DEMI, differentially expressed miRNA.
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TaABLE 1
Relative mRNA expression of 48 selected DEGs for comparison of the M4 versus MO groups, with respect to mRNA-Seq and gqRT-PCR

Annotation nzllzg; FSCe)q Regulation (?ISgZPF%? Annotation TIESZA FSCe)q Regulation (?IZ‘;ZPF%F){
Oxygen sensor Mitochondrial dysfunction
FIH 2.26 Up 1.53% PPRC1 -1.22 Down -0.98%
PHD2 217 Up 2,132 mt-co1 -3.87 Down -4.41%
PHD3 3.45 Up 3.11° mt-co2 -3.99 Down -3.20°
Angiogenesis UQCRC2 -1.35 Down -1.712
VEGF 2.49 Up 2.76% CYC1 -1.24 Down -1.98%
ANGPTL4 1.12 Up 2.00% mt-Cyb -4.21 Down -4.04%
Heme and erythropoiesis Atp5a1 -1.27 Down -1.14%
ALAS2 -1.99 Down -2.46°% NLR signaling pathway
TF -4.79 Down -3.07¢ NLRC3 1.36 Up 2.60°
TFRC -1.14 Down -1.56% NLRP3 1.80 Up 1.68%
CA -1.51 Down -1.10% NLRP12 1.05 Up 1.45%
HB«x -1.56 Down -2.23% IL-1p 3.86 Up 3.40°
HBp -1.53 Down -2.80% NF-xB signaling pathway
Glycolysis IFNGR1 1.25 Up 1.327
GLUT1 1.32 Up 1.24% IKBKG 1.53 Up 2.16°
PK -1.05 Down -1.76% NFKBIB 1.25 Up 1.86%
HK1 -1.29 Down -1.37° CHUK/IKK 1.33 Up 2.14%
TCA cycle MAPK signaling pathway
PDK 1.88 Up 1.07¢ MAPKAPK5 1.43 Up 2.23°
PDHA -1.03 Down -1.36% Map4k2 1.82 Up 1.24%
OGDH -1.27 Down -0.97¢ Map2k4 1.17 Up 1.75%
SDHb -1.16 Down -1.97% Cell cycle
SDHa -1.28 Down -1.56% CDK10 -1.12 Down -0.99%
MDH1 -1.06 Down -1.50% CCNI -1.23 Down -2.192
Lipolysis CCNG2 1.89 Up 1.21#
PPAR« 1.21 Up 1.512 DIDO1 1.94 Up 1.90°
PPARB 2.38 Up 2.97% MDCA1 1.87 Up 1.02¢
Oxidative stress CDKN1B 2.50 Up 2.31°
Mn-SOD 1.33 Up 1.01% GADD45A 2.53 Up 1.25%

Abbreviations: CCNG2, cyclin G2; CCNI, cyclin I; CDK10, cyclin-dependent kinase 10; CDKN1B, cyclin-dependent kinase inhibitor 1B; CHUK,
inhibitor of nuclear factor kappa-B kinase subunit alpha; DIDO1, death-inducer obliterator 1; FC, fold change; GLUT1, solute carrier family 2,
facilitated glucose transporter member 1; IFNGR1, interferon gamma receptor 1; IKBKG, NF-kB essential modulator; Map2k4, mitogen-activated
protein kinase kinase 4; Map4k2, mitogen-activated protein kinase kinase kinase kinase 2; MAPKAPKS5, MAP kinase-activated protein kinase 5;
Mn-SOD, manganese superoxide dismutase; NFKBIB, NF-«xB inhibitor beta; NLRC3, NLR family CARD domain-containing protein 3; PDHA,
pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase isoform; PK, pyruvate kinase; PPAR, peroxisome proliferator-activated re-
ceptor; PPRC1, peroxisome proliferator-activated receptor gamma coactivator-related protein 1; TF, transferrin.

%Indicates the statistical significance of differential gene expression with p < 0.05 (t test). FC = M4 group (mean)/MO group (mean).

DEPs, and 17 DEMs were involved in 19 mutual KEGG path-
ways (supplemental Table S5). The predicted miRNA-mRNA-
protein-metabolite regulatory networks were more complex
than previously thought. A single miRNA could regulate mul-
titarget mMRNAs/proteins/metabolites and vice versa (Fig. 4). In
performing KEGG pathway analyses for DEG/DEP and mul-
tiomics pairs, “signal transduction,” “metabolism,” and
“muscle function” were found to be the three most frequently
represented subclasses (Figs. 2 and 3). With regard to the fish
hypoxia adaptation strategy, we highlighted our particular
research using pathway analysis related to the functional
clusters, including HIF-1 signaling pathway, energy meta-
bolism, and muscle function. Some DEGs and their regulating
miRNAs among the aforementioned clusters representing

hypoxic markers were further analyzed using gRT-PCR
(Table 1 and Figs. 5 and 6).

HIF-1 Signaling Pathway

“HIF-1 signaling” is a major regulator of the hypoxia
signaling pathway, leading to similar biochemical and physical
reactions, including oxygen sensing, increasing oxygen de-
livery, and reducing oxygen consumption (5).

Oxygen Sensor—In recent years, the relationship between
several oxygen sensors and hypoxia in some fishes has been
elucidated (11, 32). We found that the transcriptional expres-
sions of the oxygen sensors (HIF 1-alpha inhibitor [FIH-1], egl
nine homolog 1 [PHD2], and egl nine homolog 3 [PHD3]) were
significantly upregulated, and their regulating miRNAs were
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Annotation Annotation

mRNA-seq Regulat qRT-PCR

Annotatio mRNA-seq Regulati QRT-PCR

(log2 FC)  tion (log2 FC) (log2 FC) ion (log2 FC) n (log2 FC) on (log2 FC)
C-fos 1.78 up 2.46* Mitochondrial apoptotic pathway Endoplasmic reticulum stress

HMGBI 1.02 up 1.40* Hsp60 -1.25 down -2.28* atp2al -1.25 down -1.98*

Extrinsic apoptotic pathway BAD 1.96 up 2.29* CHERP -1.19 down -1.30*

FAS 1.47 up 1.57% HSP70 -1.17 down -1.20% CALM 2.15 up 1.84*

Tnfr-1 1.85 up 2.80% BAX 1.78 up 1.95* GRP78 -1.10 down -1.21%

TNFRSF10B 1.80 up 2.71* BNIP1 1.96 up 2.58% NFE2L1 1.74 up 2/53%

FADD 1.55 up 2.20% TP53INP1 1.55 up 2.03* DDIT3 2.01 up 1.04%
Casp8 3.47 up 3.22% BCL2 -1.01 down -1.21%
Casp3 1.38 up 2.05* diablo 1.51 up 1:23*

Fic. 6. DEG/DEP enrichment of apoptotic pathways including extrinsic, mitochondrial, endoplasmic reticulum stress, and relative
mRNA expression of 22 selected DEGs for apoptosis, with respect to mMRNA-Seq and quantitative RT-PCR. For abbreviations and ex-
planations, please see the text. DEG, differentially expressed gene; DEP, differentially expressed protein.

significantly downregulated (Table 1), which indicates that
oxygen sensors and their regulation of miRNAs play a vital role
in response to hypoxia. Similar results were found in
P. vachelli liver and brain (19).

Increased Oxygen Delivery—The pattern of gene upregula-
tion (19 of 23) in the “VEGF signaling pathway” may be
involved in promoting their vasopermeability, angiogenesis
(VEGF, kinase insert domain receptor 1 [KDR1], angiopoietin-
related protein 4 [ANGPTL4], upregulated), and mediating the
vascular tone nitric oxide synthase, inducible [NOS2],
endothelin-converting enzyme 1 [ECE1], upregulated)
(Table 1). Similar activation of the VEGF or angiopoietin-
related protein 4 has been shown in P. vachelli liver and
Astronotus ocellatus (21, 33).

It has been widely accepted that oxygen regulation in fish
involves improving oxygen uptake and transport to tissues
in a hypoxic environment. In P. vachelli, similarly raised
blood indices (red blood cell, hemoglobin [HB], and SI/TIBC)

and liver mRNA levels (transferrin receptor protein 1 [TFRC],
carbonic anhydrase [CA], and erythropoietin) have been re-
ported (19). However, in this study, “African trypanosomi-
asis” was enriched by a downregulated anemia-related
gene. We found that the genes or proteins involved in heme
synthesis (5-aminolevulinate synthase 2 [ALAS2], heme
transporter hrg1-A [HRG-1A], uroporphyrinogen decarbox-
ylase [urod], biliverdin reductase A [Blvra], UDP-
glucuronosyltransferase 2A1 [UGT2A1], protoporphyrinogen
oxidase [PPOX], and heme oxygenase 2 [HMOX2]) and
erythropoiesis (transferrin, TFRC, CA, HBa, and PC-7236-
HBp) were significantly reduced (Table 1 and Fig. 5). This
may be because the muscle tissue is not the hematopoietic
organ of the fish. However, among the more highly upre-
gulated proteins in the Danio rerio muscle during hypoxia
were two variants of HBa, which may be due to different
period and level of hypoxia or various regulatory mecha-
nisms in different fish muscle (34).
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Reduce Oxygen Consumption—In this study, upregulation
of solute carrier family 2, facilitated glucose transporter
member 1 (HIF-1a target gene) suggested a promotion in
anaerobic metabolism in muscle, similar to previously re-
ported results in P. vachelli liver (21). Furthermore, upregulated
pyruvate dehydrogenase kinase isoform 1, which is a member
of the HIF-1a target gene, acts to suppress pyruvate dehy-
drogenase, involved in inhibiting the initiation of the “TCA
cycle.” The downregulation of all rate-limiting enzymes of the
“TCA cycle” (citrate synthase, isocitrate dehydrogenase,
dihydrolipoyl dehydrogenase, miR-193b/457a/15b-OGDH,
miR-210/338-SDHb, SDHa, and miR-457a/214-MDH1) in-
dicates inhibition of aerobic metabolism (Table 1 and Fig. 5)
(35).

Surprisingly, both the rate-limiting enzymes (pyruvate ki-
nase, miR-181a/-338-hexokinase 1 [HK1], HK2, and phos-
phofructokinase 1) of “glycolysis/gluconeogenesis” and
L-lactate dehydrogenase were significantly downregulated
(Table 1 and Fig. 5), contrary to the accepted metabolic
model of hypoxic stress. Such a lower level for anaerobic
glycolysis was found at both transcriptional and protein levels
in P. vachelli muscle induced by hypoxia. However, these
results were different from that of other fishes. For example,
hypoxia increased glycolysis-related enzyme activities and L-
lactate dehydrogenase in the P. vachelli liver and D. rerio
muscle, respectively (34). It may be that the muscles in our
treatment undergo more severe hypoxia, resulting in a cellular
metabolic disorder.

Energy Metabolism

Mitochondrial Dysfunction—“Oxidative phosphorylation”
enables the generation of ATP in the mitochondrial inner
membrane and is the main source of energy in eukaryotes. It is
generally accepted that hypoxia or ischemia inhibits mito-
chondrial oxidative phosphorylation and reduces the overall
efficiency of energy metabolism (35). We found that all 34
DEPs of “oxidative phosphorylation” were downregulated
(Fig. 2), indicating that the coupling reaction of ADP and
inorganic phosphate to ATP through the respiratory chain was
inhibited to a certain extent. It also reflected that reduced
locomotion powered by skeletal muscle might pose a minimal
threat to survival under hypoxia when swimming activity will
be minimized.

Meanwhile, we found that downregulated expression of the
regulator of mitochondrial biogenesis (peroxisome proliferator—
activated receptor gamma coactivator-related protein 1;
elongation factor G, mitochondrial; lon protease homolog 1,
mitochondrial; protein SERAC1) and the downstream
mitochondrial-related functional gene/proteins (cytochrome ¢
oxidase 1/2/4 [COX1/2/4], Mt-cytochome b [Mt-Cyb], miR-
457a/15b-UQCRC2 [cytochrome b-c1 complex subunit 1/2,
mitochondrial], UQCRC1, CYC1 [cytochrome c1, heme pro-
tein, mitochondrial], Cyb561a3 [cytochrome b ascorbate-
dependent protein 3], miR-457a/338/15b/PC-7236-ATP5A1

[ATP synthase subunit alpha/beta, mitochondrial], and
ATP5B), which suggested that mitochondria may be
dysfunctional (Table 1 and Fig. 5). Such mitochondrial damage
induced by hypoxia may lead to the production of reactive
oxygen species (ROS) and the decline of the membrane po-
tential of mitochondria, causing a metabolic disorder and
apoptosis (36).

Catabolism and Anabolism—P. vachelli has been shown to
have an acute response to hypoxia, including activation of
catabolic capacity for more energy, and reduction of biosyn-
thetic capacity to reduce energy expenditure in the liver.
Similar results are found in P. vachelli muscles, for example,
upregulation of peroxisome proliferators—activated receptor
alpha/beta is involved in lipid metabolism and lipid oxidation
of skeletal muscle in low oxygen environments (37) (Table 1).
Also, hypoxia induces the activation of riboflavin catabolism
through upregulation of RFK as the key enzyme, which im-
proves carbohydrate, lipid, and amino acid metabolism in low
oxygen environments (38). In this study, we also found ample
evidence of significantly increased catabolism in P. vachelli
muscles. The transport-related enriched pathways (e.g.,
SNARE interactions in vesicular transport and ABC trans-
porters) and catabolic pathways (e.g., pyrimidine metabolism,
central carbon metabolism in cancer) contained a large pro-
portion of upregulated genes (Fig. 2, A and C). Furthermore,
we found a significant decrease in intermediate metabolites in
catabolism in metabolome KEGG analysis (e.g., metabolic
pathways, glutathione, purine and linoleic acid metabolism),
which indicated that the consumption of these intermediate
metabolites under hypoxia exceeds their synthesis (Fig. 2C).

Furthermore, the upregulated intermediate metabolites were
a big part of anabolic pathways (e.g., biosynthesis of
aminoacyl-tRNA, plant hormone, alkaloids derived from histi-
dine, purine, ornithine, lysine, and nicotinic acid) in this study
(Fig. 2C). This indicated that consumption of these interme-
diate metabolites was reduced and accumulated. In addition,
we identified a large portion of downregulated genes/proteins
enriched in amino acid biosynthesis pathways (e.g.,
aminoacyl-tRNA, ribosome, tryptophan, lysine, cysteine, and
methionine). These results confirmed the downregulation of
anabolism in fish muscle induced by hypoxia, especially in
amino acid synthesis (39) (Fig. 2, A and B).

Muscle Function

Our previous research found that in P. vachelli liver and
brain tissues, the oxidative stress indices and antioxidant
enzymatic activities were activated to varying degrees by
hypoxia (21). Similarly, we detected upregulated manganese
superoxide dismutase and glutathione-S-transferase Mu
3/theta-3 mRNAs in P. vachelli muscles (Table 1). These might
promote the inflammasome activation and trigger the ROS-
induced apoptotic pathway (40).

Inflammatory Response—Several of the KEGG pathways,
enriched by transcriptomes with a large proportion of
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upregulated genes, were associated with human immune
response (e.g., B-cell receptor signaling pathway and type I
diabetes mellitus) and inflammation (e.g., nonalcoholic fatty
liver disease, NOD-like receptor [NLR], and Fc epsilon RI
signaling pathway). Of note, the NLR signaling pathway with
27 upregulated genes may offer insight into the molecular
adaptations involved in hypoxia response (Fig. 2A). NLRs
(NLR family CARD domain-containing protein 3/P3/P12,
upregulated) detect the cytosolic presence of DAMP, mainly
from mitochondria (e.g., ROS and mtDNA). Then NLRs drove
the activation of NF-kB (interferon gamma receptor 1/IKBKG
[NF-xB essential modulator]/NF-xB inhibitor beta/CHUK [in-
hibitor of nuclear factor kappa-B kinase subunit alpha], upre-
gulated) and MAPK (MAP kinase-activated protein kinase
5/mitogen-activated protein kinase kinase kinase kinase
2/dual specificity mitogen-activated protein kinase kinase 4,
upregulated), cytokine production, and apoptosis (41, 42).
Alternatively, a different set of NLRs induced caspase-1 acti-
vation through the assembly of multiprotein complexes called
inflammasomes. The activation of caspase-1 regulates the
maturation of the proinflammatory cytokines interleukin 1 (IL-
1p) and drives mitochondrial dysfunction and apoptosis (43,
44) (Table 1).

Apoptosis—Studies have shown that the apoptosis of fish
brain and cardiac cells in the hypoxic state is one of the main
causes of “pond turnover” (45). Researchers have detected
caspase-3/9 or apoptotic index and found that hypoxia stress
can induce apoptosis of fish neural, liver, or cardiac cells, for
example, Acipenser shrenckii (46), Gymnocephalus cernua,
Platichthys flesus (47), and M. amblycephala (20). We first
found that there was a significant gene involved in cell cycle
arrest (cyclin-dependent kinase 10/12/13/cyclin 1/14-3-3 pro-
tein zeta/delta, DNA replication licensing factor MCM4/7
downregulated, cyclin G2/death-inducer obliterator 1/medi-
ator of DNA damage checkpoint protein 1/cyclin-dependent
kinase inhibitor 1B/growth arrest and DNA damage—-inducible
protein GADD45 alpha upregulated) in P. vachelli muscles
under hypoxia (Table 1), which may be due to the blocked
energy metabolism and inflammatory response (48). C-fos
(proto-oncogene c-Fos) and high mobility group protein B1/3
(HMGB1/3) were often the markers of cell apoptosis and play
a significant role in hypoxia or ischemia-induced apoptosis,
which were significantly upregulated in P. vachelli muscle
(Fig. 6) (49). “Apoptosis” was also significantly enriched in the
KEGG pathway enrichment analysis of miRNA-mRNA pairs
(Fig. 3A).

The three pathways of apoptosis (extrinsic, mitochondrial,
and endoplasmic reticulum stress) were enriched by abundant
DEG/DEP (Fig. 6). For instance, in 145 negatively correlated
mMiRNA-mRNA-protein pairs, HADHA (hydroxyacyl-CoA de-
hydrogenase subunit alpha) was downregulated and pro-
moted cell apoptosis by decreasing the acylation of
monolysocardiolipin into cardiolipin via raised miR-1-2 (50).
And that GRP78 is expressed in large quantities under low

oxygen to maintain the stability of the endoplasmic reticulum
and protect cells (51). Upregulation of miR-457a led to
endoplasmic reticulum stress and hypoxia-induced apoptosis
by targeting GRP78 in P. vachelli muscles (Table 1 and Fig. 5).

Muscle Dysfunction—Several of the KEGG enriched by
multiomics (o < 0.05) were associated with impaired
contraction or dilation of the heart muscle (dilated cardiomy-
opathy and hypertrophic cardiomyopathy) and dyskinesia
(Parkinson's and Huntington's disease), which suggested that
hypoxia induces muscle dysfunction (Figs. 2 and 3A). In
addition, “vascular smooth muscle contraction” and “calcium
signaling pathway” contained abnormal muscular and calcium
overload-related proteins that were significantly enriched by
down DEP. For example, Atp2al, a key regulator of muscle
performance, contributed to calcium sequestration involved in
muscular excitation/contraction (52). Krt8 helps to link the
contractile apparatus to dystrophin at the sarcomere of stri-
ated muscle (53). In our results (Table 1 and Fig. 5), let-7b was
upregulated, whereas its target genes/proteins Atp2al and
Krt8 were significantly downregulated. This supported the
idea that calcium overload and muscle dysfunction were
linked to hypoxia adaptation in P. vachelli.

To date, understanding of small RNAs in fishes is limited,
and information regarding hypoxic miRNA markers are espe-
cially rare. Compared with other animals or cell models, 24
miRNAs reported previously as hypoxia responsive were
identified (e.g., miR-15b, 133b, 143, 146b, 181a, 193b, 27b,
301b, 338, 152, 18a, 30a/d, 126, 1993, 210, 214, 29b, 25, let-
7b) from 39 DEMIs in our results. These are thought to exert
broad pleiotropic effects by targeting genes involved in cell
cycle arrest, metabolism, apoptosis, cell survival, and mito-
chondrial function (54-57). In addition, in fishes, the ten-
dencies of miR-210, miR-193b, miR-181a expression among
muscle were the same as the liver of P. vachelli (21) or
M. amblycephala (20). For example, in negative miRNA-
mRNA-protein pairs (supplemental Table S4), several key
enzymes of the “TCA cycle,” for example, miR-193b-OGDH
and miR-210-SDHb/SUCLA2, were detected in our conjoint
analysis. Moreover, the same result as D. rerio that raised let-
7b acts downstream of HIF-1a to repress cell proliferation
through blocking cell cycle progression (58). Interestingly,
several miRNA expressions in P. vachelli muscle were the
opposite to that of liver (e.g., miR-27b, miR-143, miR-338),
which could be due to different tissues or a metabolic disor-
der in muscle induced by hypoxia. For instance, data analysis
of predicted multiomics pairs in silico (supplemental Table S4)
suggested that the possible mechanism that GAPVD1, a
protein required for efficient endocytosis (59), promoted
catabolism in muscles under hypoxia by downregulating miR-
27b/143. Furthermore, upregulating miR-338 negatively tar-
geted key enzymes of glycolysis (HK1) and “oxidative phos-
phorylation” (SDH, Atp5ail, and NDUFV1/S1) under hypoxic
conditions in P. vachelli muscle (60). It is well known that many
fish suppress locomotion during hypoxia as an energy-saving
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strategy. The resulting suppression or disorder of energy
metabolism is probably beneficial.

CONCLUSIONS

We identified a large number of hypoxia-associated
markers in the muscles of P. vachelli that were involved in
diverse biological pathways such as HIF-1 signaling, energy
metabolism, and muscle function. Compared with the
P. vachelli livers, we found that muscles experienced signif-
icant hypoxia-associated changes, and this was evident in
discrete tissue-specific patterns present. For example,
P. vachelli livers have increased anaerobic glycolysis, heme
synthesis, erythropoiesis, and inhibited apoptosis when
exposed to under 4 h of hypoxia, whereas the opposite was
true for muscles.

To maintain normal physical activity, fishes react sponta-
neously to acute hypoxia, by activated catabolic pathways to
generate more energy, decreased biosynthesis to reduce
energy consumption, and shifted from aerobic to anaerobic
metabolic contributions. According to the results of omics
analysis, we infer that hypoxia induced muscle dysfunction
through impairing mitochondrial function, activating inflam-
masome, and apoptosis (61). The hypoxia-induced mito-
chondrial dysfunction enhanced ROS generation and
apoptosis, further triggering IL-18 production via the inflam-
masome activation (62). In turn, IL-1p further impaired mito-
chondrial function and apoptosis by suppressing downstream
mitochondrial biosynthesis—related proteins, resulting in a vi-
cious circle between inflammasome activation and mito-
chondrial dysfunction (44) (Fig. 7). We hope that this study
provides fundamental data on analytical methods as well as

biological and mechanical insights into future research for
environmental stress-induced hypoxia.
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