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Abstract: Examination of the molecular mechanism of taurine regulation of lipid metabolism in fish is limited. In this study,
an oleic acid (OA)-induced hepatocyte steatosis model of orange-spotted grouper (Epinephelus coioides) was established for
the first time. The model was used to test the effect of taurine on steatosis hepatocytes in Control, High-fat (0.4 mM OA)
and Taurine (0.4 mM OA + 2 mM taurine) experimental groups of fish. Hepatocyte samples were subjected to transcriptome
analysis. A total of 99634 unigenes was assembled, 69982 unigenes were annotated and 1831 differentially expressed genes
(DEGs) in Control vs High-fat group, and 526 DEGs in the High-fat vs Taurine group were identified, of which 824 DEGs
(Control vs High-fat) and 237 DEGs (High-fat vs Taurine) were observed to be upregulated, and 1007 DEGs (Control vs
High-fat) and 289 DEGs (High-fat vs Taurine) were downregulated after taurine intervention. These genes are involved in
peroxisome proliferator-activated receptor (PPAR) and 5> AMP-activated protein kinase (AMPK) signaling pathways, fatty
acid elongation, primary bile acid biosynthesis, glycerophospholipid and glycerolipid metabolism. The findings provide new
clues in understanding the regulatory role of taurine in lipid and fatty acid metabolism of fish. It is hoped that the obtained
results will help in the design of feed formulations to improve grouper growth from the perspective of aquaculture nutrition.
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INTRODUCTION

Lipid is an indispensable macronutrient for the growth
of fish, with essential fatty acids metabolized in fish
to maintain their essential physiological functions [1].
The use of lipid in aquafeeds, as a non-protein energy
source, can save protein for energy consumption to a
certain extent [2,3]. Use of high-lipid feeds is widely
accepted in intensive and large-scale aquaculture to
reduce the use of high-quality proteins and the feed
conversion ratio [4]. Despite these benefits, excessive
lipid intake in fish can cause undesirable effects, such
as visceral fat accumulation and fatty liver [5,6], ac-
companied by apoptosis and decreased immune func-
tion [7-10]. Fatty liver induced by high dietary lipid
has become an important chronic liver disease closely
associated with nutritional metabolic syndrome in fish
cultivation. It is necessary to understand the mecha-
nism of fatty liver in fish caused by high-lipid feed.
Therefore, there is an urgent need to find a suitable
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way to solve the problem of fatty liver, which has be-
come a threat to aquaculture production.

Taurine (2-aminoethanesulfonic acid), a sulfur-
containing amino acid, is the most abundant free ami-
no acid in animal tissues, including fish, comprising
30-50% of the total free amino acid pool [11]. Taurine
plays many important physiological roles such as bile
salt synthesis, osmoregulation, lipid metabolism, an-
tioxidation, immunoregulation [12,13]. Taurine is
abundant in marine and terrestrial animals [14], and
is synthesized by many vertebrates [12,15]. However,
unlike most terrestrial animals, fish (especially carniv-
orous fish and larvae), have little ability to synthesize
taurine. Because endogenous taurine synthesis in fish
is insufficient to meet the needs of normal growth and
is usually dependent on external (food) supply, it is
regarded as a conditional essential amino acid in fish
[15]. Taurine deficiency in feed causes growth retarda-
tion of fish [12], accompanied by the accumulation of
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liver and body lipid [16]. Dietary taurine intervention
could reduce blood cholesterol and insulin levels and
body lipid [17,18], suggesting that taurine possesses a
preventive effect on fatty liver by relieving abnormal
lipid metabolism in animals, including fish [19-21].

Transcriptomics focuses on gene expression at
the RNA level and offers genome-wide information
of gene structure and gene function that can reveal the
molecular mechanisms involved in specific biological
processes. With the development of next-generation
high-throughput sequencing technology, transcrip-
tome analysis has progressively improved our under-
standing of RNA-based gene regulatory networks [22].
RNA-Seq-based transcriptomics have been widely ap-
plied in various aspects of aquatic animals such as
growth, nutrition, immunity, metabolism, disease, and
in genetic studies [23-26].

The orange-spotted grouper (Epinephelus coioi-
des) has become an economically important marine
carnivorous fish species that is reared in Southeast
Asian countries, including China. Increasing attention
has been devoted to research in nutrition and feed for
groupers in the past decades [27,28]. Dietary taurine
supplementation could improve the growth of grouper
[29,30], and its abundance and deficiency are closely
related to lipid deposition and lipid metabolism in fish
[31]; however, the underlying metabolic mechanism of
taurine intervention on the development of fatty liver
in fish is not wholly understood. To further clarify the
effect of taurine on fatty liver in fish, grouper liver
was selected as the target material and a primary he-
patocyte steatosis model induced by oleic acid (OA)
was exposed to taurine; cell samples were assessed
using transcriptome analysis to obtain differentially
expressed genes. The objective of the present study
was to construct a metabolic network of taurine in-
volvement in lipid metabolism to clarify its regulatory
role in liver lipid metabolism of grouper in vitro.

MATERIALS AND METHODS

Fish maintenance

Juvenile groupers with an average weight of 50 g were
obtained from a commercial fish farm in Zhaoan
County, Fujian province, China, and transported
to the Aquaculture Experimental Center of Jimei
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University. The fish were stocked in a closed recircu-
lating system consisting of two 1000-L fiberglass tanks
with a PolyGeyser bead filter (Aquaculture Systems
Technologies, LLC., USA) and were maintained on
commercial grouper feed with one meal a day (17:00).
Uneaten feed and feces were removed via siphoning
30 min after a meal. During the holding period of fish,
the water temperature was maintained at 28+0.5°C,
dissolved oxygen >6.0 mg/L and ammonia nitrogen
was <0.02 mg/L.

Isolation and primary culture of hepatocytes

The isolation and primary culture of hepatocytes was
performed according to the method described [32].
Briefly, fish sampled from the rearing tanks were
kept in seawater containing 10000 units/mL of peni-
cillin and 10000 pg/mL of streptomycin (Pen Strep,
Thermo Fisher Scientific, Shanghai, China) for 24 h,
followed by anesthesia with a 100-mg/L solution of
tricaine methane sulfonate (MS-222, Sigma-Aldrich
Shanghai Trading Co. Ltd., Shanghai, China). After
disinfection with 75% (v/v) alcohol, the fish were bled
by cutting the gill arches. The liver was aseptically
removed and washed three times using ice-cold sterile
phosphate-buffered saline (PBS) containing 1% (10
mg/mL) Pen-Strep (PBS, Thermo Fisher Scientific,
Shanghai, China). After removal of PBS, the liver
was cut into small pieces (about 1 mm?) and washed
with PBS three times to remove any red blood cells.
The pieces were digested with 0.25% trypsin-EDTA
(Thermo Fisher Scientific, Shanghai, China) at room
temperature for 10 min. The digestion was terminated
by adding fresh medium containing 1% Pen-Strep and
15% (v/v) fetal bovine serum (FBS, Thermo Fisher
Scientific, Shanghai, China). The cell suspension was
collected after centrifugation (500 x g, 4°C, 5 min).
The harvested cells were treated with 1 mL of red cell
lysis solution (Biosharp Life Sciences, Hefei, China)
for 5 min. After centrifugation (500 x g, 4°C, 5 min),
the cells were collected and resuspended in Leibowitz’s
L-15 medium (L-15, Thermo Fisher Scientific,
Shanghai, China) with 1% Pen-Strep and 15% FBS.

Hepatocyte steatosis treated with taurine

The isolated hepatocytes were seeded into a 6-well
culture plate at a density of 5x10° cells/mL. After
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incubation for 24 h at 25°C, the supernatant was dis-
carded. A 100-uL aliquot of the L-15 medium was
added into each well. The experiment was divided into
three groups: normal hepatocyte group (Control), he-
patocyte steatosis group (control+0.4 mM OA; High-
fat group), taurine intervention group (control+0.4
mM OA+2 mM taurine; Taurine group). Oleic acid
and taurine were purchased from Sigma-Aldrich
Trading Co., Ltd., Shanghai, China. After incuba-
tion for 48 h, the cells were collected for subsequent
analysis. The viability of cells was assessed prior to
each experiment using a Cell Counting Kit-8 (CCK-
8, Dojindo Chemical Technology Co., Ltd., Shanghai,
China). A 10-pL aliquot of CCK-8 was added, incu-
bated for 4 h, and the OD450 was measured using
a microplate reader (Thermo Fisher Scientific, MA,
USA). The cell viability rate (%) was determined as
follows: (experiment well-blank well)/(control well-
blank well)x100%. The activities of glutamic-pyruvic
transaminase (GPT) and glutamic oxaloacetic trans-
aminase (GOT), triglyceride (TG) and total choles-
terol (TC) in hepatocytes were determined accord-
ing to the manufacturer’s instructions (Jiancheng
Bioengineering Institute, Nanjing, China). Oil red
O staining was performed using Oil Red O stain-
ing kits according to the manufacturer’s instructions
(Jiancheng Bioengineering Institute, Nanjing, China).
Slides were examined under a light microscope (Leica
DM5500B, Germany) to visualize and capture images.

cDNA library construction and high throughput
sequencing

Total RNA was extracted from the hepatocytes of the
control, hepatocyte steatosis and taurine intervention
groups using the E.Z.N.A.” total RNA kit IT (Omega
Bio-Tek Inc., Norcross, GA, USA) according to the
manufacturer’s protocol. A Nano Drop 2000 spectro-
photometer (Thermo Fisher Scientific, Wilmington,
DE, USA) and 1% agarose-gel electrophoresis were
used for the determination of RNA integrity and qual-
ity. Four biological replicates for each treatment were
subjected to cDNA library construction. The cDNA
was synthesized using the Prime Script RT reagent
kit (Thermo Fisher Scientific, Wilmington, DE, USA)
according to the manufacturer’s protocol. The cDNA
libraries were constructed using the TruSeq RNA
Sample Preparation Kit (Illumina, San Diego, CA, USA)
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according to the manufacturer’s protocol. The complete
library was sequenced by Haiyi Genomic Technology
Co., LTD (Shenzhen, China) using the Illumina HiSeq™
2000 system (Illumina, San Diego, CA, USA).

Sequence data processing and analysis

Raw reads were filtered to remove low-quality sequenc-
es using the method from the program written by Haiyi
Genomic Technology Co., LTD. RNA-Seq de novo as-
sembly was carried out using Trinity software (https://
github.com/trinityrnaseq/trinityrnaseq/wiki, trinity-
rnaseq_r20140717) and the Tgicl software (https://
help.rc.ufl.edu/doc/Tgicl, version 2.1). The longest
transcripts were regarded as unigenes after removing
repetitive assemblies. BLAST software (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) was used to align unigene
sequences with the Cluster of Orthologous Groups of
Protein Database (COG, http://www.ncbi.nlm.nih.gov/
COG/), NCBI Non-redundant Nucleotide Sequence
Database (NR, ftp://ftp.ncbi.nih.gov/blast/db), NCBI
Non-redundant Protein Sequence Database (NT,
ftp://ftp.ncbi.nih.gov/blast/db), Swiss-Prot Protein
Database (Swiss-Prot, http://www.uniprot.org/), Gene
Ontology Database (GO, http://geneontology.org), and
Kyoto Encyclopedia of Gene and Genomes Database
(KEGG, http://www.kegg.jp/).

Analysis of differentially expressed genes

The Python toolkit HTseq (http://htseq.readthedocs.
io/en/master) was used to accurately map the sequenc-
ing reads to reference genomes. The expression level of
each gene was calculated from the fragment per kilo-
base of exon model per million mapped read (FPKM)
values [33]. DESeq2 software was used to analyze and
filter DEGs among different groups [34], and unigenes
with |log2 (Fold Change) | >1.2 and false discovery
rate (FDR)< 0.05 were defined as DEGs. Functional
annotations of DEGs by GO were performed using
the Blast2GO software (http://www.blast2go.com/),
followed by GO functional classifications using
WEGO (Web Gene Ontology Annotation Plot) soft-
ware (http://wego.genomics.org.cn/document) to view
the distribution of gene functions in fish at the macro
level by visualizing, comparing, and plotting GO an-
notation results [35]. GO terms with a P value<0.05
were considered as significantly enriched in DEGs.
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Pathway enrichment analysis was carried
out using KEGG that is available from the
NCBI Short Read Archive. Pathways with
P<0.05 were designated as significantly
enriched pathways for DEGs.

Validation of DEGs by quantitative
reverse transcription PCR

Fig. 1. Representative images of Oil Red O staining of primary cultured he-

patocytes of E. coioides after three different treatments of oleic acid (OA) and

To validate the gene expression data ob-
tained by RNA-Seq, the relative expression
levels of eight selected genes (PPAR-a,
SORBS1, HSD17B12, DGK, ACOTS,
CAMKK2, PIASI and MKP) were con-
tirmed by quantitative reverse transcription PCR
(qQRT-PCR). The primers were designed with Primer
v. 5.0, with the B-actin gene of the fish used as the in-
ternal reference for the qPCR analysis (Table S1). qRT-
PCR reactions were prepared with ChamQ Universal
SYBR qPCR Master Mix (Vazyme, Nanjing, China).
Quantitative reactions were performed on a Real-Time
PCR Detection System (ABI 7500, Applied Biosystems,
USA). The PCR cycling conditions were as follows:
95°C for 30 s, followed by 40 cycles of 95°C for 15 s and
60°C for 15 s, and then cycles at 95°C for 15 s, 60°C
for 60 s, and 95°C for 15 s. To check reproducibility,
the qQRT-PCR reaction for each sample was performed
in four biological replicates. The relative expression
of genes was calculated using the 274 method [36].

Statistical analysis

Data are presented as mean and standard errors of
the mean (SEM). Data were subjected to one-way
ANOVA and Student-Neuman-Keuls multiple com-
parison tests in SPSS Statistics 22.0 (SPSS, Michigan
Avenue, Chicago, IL, USA). P<0.05 was considered
statistically significant.

RESULTS

Effect of taurine on OA-induced hepatocyte
steatosis

To confirm that taurine could mitigate the OA-
induced cell steatosis, we pre-incubated cells with
0.4 mM OA for 48 h and then treated them with 2
mM taurine for another 48 h. The viability of cells

taurine. A - Control group: hepatocytes without treatment with OA or taurine
for 48 h; B - High-fat group: hepatocytes treated with 0.4 mM OA alone for
48 h; C - Taurine group: hepatocytes treated with both 0.4 mM OA and 2 mM
taurine for 48 h.

was higher in the Taurine than in the High-fat group
(Supplementary Fig. S1). There was a reduction of
TG and TC levels in the Taurine vs the High-fat
group, and the values were comparable to that of the
Control group. Similarly, the activities of GOT and
GPT were lower in the Taurine than in the High-fat
group (Supplementary Fig. S2). The results of Oil Red
O staining showed that lipid droplets of the cells in the
Taurine group were reduced compared with those in
the High-fat group (Fig. 1).

Illumina sequencing and de novo assembly

According to the sequencing results of the tran-
scriptome assay, we obtained 87057383400 clean
bases and 580382556 clean reads, with Q30>90%
(Supplementary Table S2). From the assembly results,
99634 unigenes were obtained with the N50 of unige-
nes being 4033 bp (Table 1). The length distribution of
all unigenes is shown in Supplementary Fig. S3. After
short and low-quality sequences were excluded, 69982
unigenes were identified and annotated by matching
them against the COG, GO, KEGG, NT, Swiss-Prot
and NR databases (Table 2).

Table 1. Summary statistics of the de novo transcriptome assembly
of primary cultured hepatocytes of E. coioides.

Unigene | Min length Max Mean N50 | N90
number (bp) length (bp) | length (bp) | (bp) | (bp)
99634 200 50752 1890 4033 | 878

Min length - the minimum sequence length in a unigene set; Max
length - the maximum sequence length in a unigene set; Mean length -
average sequence length of a unigene set; N50/N90 - the unigenes were
calculated by ordering all sequences, the length of unigenes was then
collected one by one from the longest to the shortest until 50%/90% of
the total length was attained.
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Table 2. Summary of functional annotations of assembled unige-
nes of primary cultured hepatocytes of E. coioides.

Unigene | v | NR | GO | coG |KEGG | WSS
number Port
69982 | 18326 | 65773 | 43082 | 16393 | 46273 | 48342
100% | 18.39% | 66.01% | 43.24% | 16.45% | 46.44% | 48.52%

COG - cluster of orthologous groups of protein database; GO - gene
ontology database; KEGG - Kyoto encyclopedia of genes and genome
database; NR/NT - NCBI non-redundant protein/nucleotide sequence
database; Swiss-Prot — protein sequence database.

Identification of DEGs

To identify DEGs in hepatocyte steatosis after taurine
intervention, three digital gene expression libraries
from the Control, High-fat and Taurine groups were
constructed. There were 1831 DEGs identified in the
comparison of the Control vs the High-fat group, of
which 824 were upregulated and 1007 were down-
regulated (Fig. 2A). In the comparison of the High-
fat and Taurine groups, 526 DEGs were identified, of
which 237 were upregulated and 289 were downregu-
lated (Fig. 2A). There were 108 DEGs shared between
the two pairwise comparisons (Fig. 2B).

Unigene function annotation and analysis

Unigene sequences were annotated by searching the
nonredundant NCBI protein database using BLAST.
A total of 69982 distinct sequences (70.23% of the to-
tal unigenes) matched known genes (Table 2). Based
on gene ontology (GO) classification, 43082 (43.24%)
unigenes were mapped and clustered into biological
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Fig. 2. Statistics and Venn diagram of differentially expressed
genes (DEGs) of primary cultured hepatocytes of E. coioides of
the Control vs the High-fat group, and of the High-fat vs the
Taurine group. A - the statistics of DEGs; B - Venn diagram of
DEGs. Control group: hepatocytes without treatment with OA or
taurine for 48 h for 48 h; High-fat group: hepatocytes treated with
0.4 mM OA alone for 48 h; Taurine group: hepatocytes treated
with both 0.4 mM OA and 2 mM taurine for 48 h.

processes, cellular components and molecular function
categories. In biological processes, 18408, 15058 and
8406 unigenes were classified into cellular processes,
metabolic processes and biological regulation catego-
ries, respectively. In the cellular component, 9513,
9513, and 6367 unigenes were, respectively, classified
into cell, cell part and organelle GO. Regarding molec-
ular function, 26298, 13719, and 1928 unigenes were
clustered into binding, catalytic activity and transport-
er activity categories, respectively (Supplementary Fig.
S4). The results of two pairwise comparisons showed
that DEGs were consistent with their molecular func-
tions (Fig. 3); in the comparison of the Control with
the High-fat, and the High-fat with the Taurine group,
214 and 62 DEGs were involved in the protein binding.
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Fig. 3. Gene ontology (GO) classi-
fication of differentially expressed

genes (DEGs) of primary cultured
hepatocytes of E. coioides between
the Control vs the High-fat group,
and between the High-fat vs the
: Taurine group. A - GO significant
enrichment analysis for DEGs of the

w» Control vs the High-fat group; B -
ICC GO significant enrichment analy-
sis for DEGs of the High-fat vs the
Taurine group. Control group: hepa-
tocytes without treatment with OA
or taurine for 48 h; High-fat group:
hepatocytes treated with 0.4 mM OA
alone for 48 h; Taurine group: he-
@ patocytes treated with both 0.4 mM
OA and 2 mM taurine for 48 h.
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Fig. 4. Bubble chart of significantly enriched KEGG pathways in the differentially expressed genes
(DEGs) of primary cultured hepatocytes of E. coioides between the Control vs the High-fat group,
and between the High-fat vs the Taurine group. A - pathway enrichment of DEGs of the Control
vs the High-fat group; B - pathway enrichment of DEGs of the High-fat vs the Taurine group.
The vertical axis represents the pathway categories, the horizontal axis shows the enrichment
factor. The point size shows the number of DEGs enriched in the KEGG pathway. The point color
shows different Q values as indicated on the right. Control group: hepatocytes without treatment
with OA or taurine for 48 h; High-fat group: hepatocytes treated with 0.4 mM OA alone for 48 h;
Taurine group: hepatocytes treated with both 0.4 mM OA and 2 mM taurine for 48 h.

In the biological processes category, 72 DEGs were in-
volved in translation after comparison of the Control
vs the High-fat group, 18 DEGs were involved in pro-
tein phosphorylation in after comparison of the High-
fat vs the Taurine group. KEGG analysis showed that
the matched 46273 (46.44%) unigenes were assigned
to 410 pathways, of which the top 20 are depicted in
Fig. 4. We established that the PPAR signaling pathway
was enriched after comparison of the Control vs the
High-fat group and the ribosome was enriched in the
High-fat vs the Taurine group.

Change in gene expression related to lipid
metabolism

Based on the above analysis, several signaling path-
ways of taurine mediated lipid metabolism were clus-
tered in Supplementary Table S3 and mainly included
primary bile acid biosynthesis, glycerophospholipid
metabolism, glycerolipid metabolism, fatty acid
elongation, sphingolipid metabolism, steroid hor-
mone biosynthesis, biosynthesis of unsaturated fatty,
the PPAR signaling and AMPK signaling pathways.
Furthermore, the signaling pathway network related

PCR. As shown in Fig. 6,
the fold-changes obtained
by qRT-PCR were consis-
tent with the values ob-
tained by RNA-seq for the
selected genes, suggesting
our RNA-Seq data and the
results based on RNA-Seq
data analysis were reliable.

DISCUSSION

The technique of primary cell culture of fish hepato-
cytes has been used in many fields of biology, such
as nutrition, pharmacology, toxicology [37-41]. OA-
induced lipid accumulation is assumed to be an impor-
tant mechanism involved in lipotoxicity [42]. Taurine
is effective in alleviating fatty acid-induced hepatocyte
steatosis [20]. In this study, OA-induced hepatocyte
steatosis was used to investigate the effect of taurine
on fatty liver of fish. We established the OA-induced
hepatocyte steatosis experimental model using 0.4 mM
OA and a 48-h culture time window. Treatment with 2
mM taurine in the hepatocyte steatosis model resulted
in a reduction of TG and TC concentrations and GOT
and GPT enzyme levels. The results revealed an effect
of taurine on hepatocyte steatosis.

Herein we present the first transcriptomic analy-
sis of taurine intervention on hepatocyte steatosis in
grouper in vitro in an attempt to understand the regula-
tory mechanism of taurine on OA-induced hepatocyte
steatosis. The analysis of DEGs in normal hepatocytes,
hepatocytes exhibiting steatosis and taurine-treated
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Fig. 5. Signal pathway network diagram of taurine-mediated lipid metabolism of primary cul-
tured hepatocyte steatosis of E. coioides. Abbreviations: ACACB - acetyl-CoA carboxylase/biotin
carboxylase 2; ACOTS - acyl-CoA thioesterase 8; AMACR - alpha-methylacyl-CoA racemase;
AMPK - 5-AMP-activated protein kinase; BAAT - bile acid-CoA:amino acid N-acyltransferase;
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a; TBCID1 - TBC1 domain family member 1.

hepatocyte steatosis identified many genes and signal-
ing pathways related to lipid metabolism. A total of
1831 DEGs was obtained when comparing the Control
and High-fat groups, while 526 DEGs were obtained
when comparing the High-fat and Taurine groups.
GO annotation and KEGG pathway analysis of DEGs
showed that most DEGs were enriched in cell com-
ponent and biological process genes. The discovery of
these genes and signaling pathways should contribute
to an improved understanding of the molecular mecha-
nism of regulation of taurine in fish lipid metabolism.

PPARSs, as the key regulators of adipocyte differ-
entiation, accumulation and phenotypes, are consid-
ered as being primarily involved in regulating lipid
homeostasis [43-46]. In this study, the PPAR« gene was
found to be significantly upregulated in the High-fat vs
the Taurine group, which was similar to that of white

organelles [49]. Acyl-CoA
thioesterase 8 (ACOTS) is
a peroxisome protein that
with BA coenzyme A regu-
lates the process of bile acid
metabolism [50,51]. Alpha-
methylacyl-CoA racemase
(AMACR) is an enzyme
presumed to be essential
for BA synthesis and a par-
ticipant in the degradation
of methyl-branched fatty acids [52]. The significant
upregulation of these enzyme genes in the High-fat vs
the Taurine group suggests that taurine could alleviate
hepatocyte steatosis by promoting BA synthesis.

Glycerophospholipids are important structural
constituents of biological membranes in animals
that have important functions in signal transduc-
tion, regulation of membrane transport or control of
cell cycle progression [53,54]. Diacylglycerol kinases
(DGKs) are a family of enzymes that phosphorylate
diacylglycerol (DAG) to form phosphatidic acid (PA)
[55]. Both DAG and PA are important signaling mol-
ecules involved in many signal transduction pathways
[56,57]. The carnitine palmitoyltransferase (CTP) is
a rate-limiting enzyme that mediates the transport of
long-chain FAs into the mitochondria for subsequent
B-oxidation [58,59]. The role of DGKs in lipid me-
tabolism was investigated and it was shown that the
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R = oot E = oo stress [61]. The calcium/calmodulin-
g ) o = Teurne ; = Taleire dependent kinase kinase 2 (CaMKK2) is
g 5, one of the major upstream kinases in the
N L AMPK pathway, which is activated by in-

’ ’ o é{\ff‘ creases in intracellular Ca** levels, thereby

camc triggering transient activation of AMPK

2s . = coml [62]. The loss of CaMKK2 protects mice

é: > £ ' from high-fat diet-induced obesity, in-

20 . %0 sulin resistance and glucose intolerance

C L. [63]. We also observed significant down-

& & & & regulation of the AMPK gene in the High-

oo e fat vs Taurine group, indicating that tau-

5 - b = i R = i rine could activate the AMPXK signaling

s z o [ b pathway to protect hepatocytes from the
% os §° : influence of steatosis caused by OA.

&
R ) CONCLUSIONS
%.n ¢ 75'0 In this study, an OA-induced primary he-
%“" § patocyte steatosis model of orange-spot-

e

B
4
°

ted grouper was established to investigate
the regulatory role of taurine in liver lipid
metabolism of fish. Transcriptomics tech-

Fig. 6. Validation of RNA-seq data using qRT-PCR in primary cultured hepa-
tocytes of E. coioides in Control, High-fat and Taurine groups. To validate the
data from RNA-seq analysis, relative mRNA levels of eight selected differen-
tially expressed genes (PPAR-«, SORBS1, HSD17B12, DGK, ACOT8, CAMKK?2,
PIASI and MKP) from the primary cultured hepatocytes of Control, High-fat
and Taurine groups were examined by RT-qPCR. mRNA levels are presented as
fold changes when compared with the Control group after normalization against
B-actin. The relative mRNA levels from the RNA-seq analysis were calculated as
FPKM values. Control group: hepatocytes without treatment with OA or taurine
for 48 h; High-fat group: hepatocytes treated with 0.4 mM OA alone for 48 h;
Taurine group: hepatocytes treated with both 0.4 mM OA and 2 mM taurine for
48 h. Bars with different letters are significantly different (P<0.05).

DGK-knockout liver cancer cell line HepG2 exhibits
increased mRNA levels of lipid synthesis-related genes
(fatty acid synthase and PPARYy), and a decreased level
of lipolytic gene CPT1a mRNA [60]. In the present
study, significant upregulation of the DGK in the
High-fat vs the Taurine group suggested that the DGK
gene plays a key role in the control of lipid metabolism
and signal transduction pathways.

The AMP-activated protein kinase (AMPK) is
highly conserved in eukaryotic cells, acting as a met-
abolic sensor that monitors cellular AMP and ATP
levels to respond to environmental and/or nutritional

nique was applied to analyze the DEGs
in two pairwise comparisons: Control
vs High-fat and High-fat vs Taurine.
Reproducibility of the data was con-
tirmed by the close correlation between
the mRNA levels determined by RNA-
Seq and RT-qPCR. A number of genes
involved in hepatocyte steatosis displayed
significant changes in expression after
taurine treatment. A total of 2357 DEGs
were identified as being related to lipid
metabolism in the two pairwise compari-
sons. These genes belong to many signaling pathways
and mainly include PPARx, ACOTS8, AMACR, DGK,
CaMKK2, and the AMPK and PPAR signaling path-
ways — genes involved in primary bile acid biosyn-
thesis, glycerophospholipid metabolism, glycerolipid
metabolism and fatty acid elongation. Taurine inter-
vention in vitro significantly affected the expression
of the identified genes, indicating that taurine plays
a regulatory role in lipid metabolism and improves
the functioning of steatosis hepatocytes. The results
obtained may help in the design of feed formulations
to improve grouper growth from the perspective of
aquaculture nutrition.
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