
Citation: Guo, R.; Huang, K.; Yu, K.;

Li, J.; Huang, J.; Wang, D.; Li, Y.

Effects of Fat and Carnitine on the

Expression of Carnitine

Acetyltransferase and Enoyl-CoA

Hydratase Short-Chain 1 in the Liver

of Juvenile GIFT (Oreochromis

niloticus). Genes 2024, 15, 480.

https://doi.org/10.3390/

genes15040480

Received: 10 March 2024

Revised: 6 April 2024

Accepted: 8 April 2024

Published: 10 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

genes
G C A T

T A C G

G C A T

Article

Effects of Fat and Carnitine on the Expression of Carnitine
Acetyltransferase and Enoyl-CoA Hydratase Short-Chain 1 in
the Liver of Juvenile GIFT (Oreochromis niloticus)
Ruijie Guo 1 , Kai Huang 1,*, Kai Yu 1 , Jinghua Li 2, Jiao Huang 1, Dandan Wang 1 and Yuda Li 1

1 College of Animal Science and Technology, Guangxi University, Nanning 530004, China;
2118401008@st.gxu.edu.cn (R.G.); yukai@st.gxu.edu.cn (K.Y.); 13152642320@163.com (J.H.);
18282584155@163.com (D.W.); 17508925370@163.com (Y.L.)

2 Fisheries Research and Technology Extension Center of Shaanxi, Xi’an 710086, China;
derogbarepublic@163.com

* Correspondence: kaihuang@gxu.edu.cn

Abstract: Carnitine acetyltransferase (CAT) and Enoyl-CoA hydratase short-chain 1 (ECHS1) are
considered key enzymes that regulate the β-oxidation of fatty acids. However, very few studies
have investigated their full length and expression in genetically improved farmed tilapia (GIFT,
Oreochromis niloticus), an important aquaculture species in China. Here, we cloned CAT and ECHS1
full-length cDNA via the rapid amplification of cDNA ends, and the expressions of CAT and ECHS1
in the liver of juvenile GIFT were detected in different fat and carnitine diets, as were the changes in
the lipometabolic enzymes and serum biochemical indexes of juvenile GIFT in diets with different
fat and carnitine levels. CAT cDNA possesses an open reading frame (ORF) of 2167 bp and encodes
461 amino acids, and the ECHS1 cDNA sequence is 1354 bp in full length, the ORF of which encodes
a peptide of 391 amino acids. We found that juvenile GIFT had higher lipometabolic enzyme activity
and lower blood CHOL, TG, HDL-C, and LDL-C contents when the dietary fat level was 2% or 6%
and when the carnitine level was 500 mg/kg. We also found that the expression of ECHS1 and CAT
genes in the liver of juvenile GIFT can be promoted by a 500 mg/kg carnitine level and 6% fat level
feeding. These results suggested that CAT and ECHS1 may participate in regulating lipid metabolism,
and when 2% or 6% fat and 500 mg/kg carnitine are added to the feed, it is the most beneficial to
the liver and lipid metabolism of juvenile GIFT. Our results may provide a theoretical basis for GIFT
feeding and treating fatty liver disease.
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1. Introduction

With the rapid development of intensive fish farming in recent years, various diseases
caused by diet and environmental factors have become increasingly problematic [1]. A
high-fat diet is a current trend in aquaculture, which might help to improve growth and
reduce the increasing cost of protein ingredients and the limited supply of fish meals
worldwide [2,3]. However, overfeeding and dietary nutrient imbalance often induce lipid
deposition and lead to a significant accumulation of fatty acids in the liver of fish, which may
induce fatty liver disease, one of the most common diseases in farmed fish [4–6]. Genetically
improved farmed tilapia (GIFT, O. niloticus) is an excellent growth and adaptable species
in southern China, such as Hainan, Guangxi, Guangdong, and Fujian [7,8]. Tilapia with
hepatic steatosis grow slowly and are susceptible to other liver diseases, which may cause
metabolic dysregulation, reduce growth performance, and impair both bone development
and the oxidative response [9,10]. This disease has resulted in severe economic losses and
become a serious risk to the GIFT aquaculture industry. A reduction in lipid deposition,
increase in metabolites associated with β-oxidation, and reduction in fatty acid levels in
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the liver have been shown to improve the fatty liver condition. The molecular mechanism
underlying the development of hepatic steatosis in GIFT with various diets remains largely
unknown.

Carnitine acetyltransferase (CAT) as a key enzyme in energy metabolism transfers ac-
tivated acyl CoA and carnitine on the outer membrane of mitochondria into acyl-carnitine
and then into the mitochondrial matrix [11,12]. It mainly catalyzes the conversion of
acyl groups between carnitine and coenzyme A [13] and is essential for the intracellular
trafficking of fatty acids and fatty acid oxidation [14]. CAT localized in mitochondria, endo-
plasmic reticulum, and peroxisome [14,15] can modulate mitochondrial acetyl-CoA/CoA
(coenzyme A) ratios, thus regulating pyruvate dehydrogenase activity and glucose oxida-
tion [16,17]. To date, more studies have been conducted on the CAT gene in yeast, mice,
and pigeons, but fewer studies have been conducted on the fish gene. The full-length
cDNA encoding CPT I has been cloned and sequenced in several organisms, such as large
yellow croaker (Larimichthys crocea) [18], yellow catfish (Pelteobagrus fulvidraco) [19], and
Blunt snout bream (Megalobrama amblycephala) [20]. However, there is no report on the CAT
gene of GIFT.

Mitochondrial fatty acid β-oxidation (FAO) is the primary pathway for fatty acid
metabolism in humans, performing a key role in liver, heart, and skeletal muscle energy
homeostasis. FAO is particularly important during times of fasting when glucose supply
is limited, providing energy for many organs and tissues, including the heart, liver, and
brain [21]. Short-chain enoyl-CoA hydratase (ECHS1), a mitochondrial matrix enzyme
that catalyzes the second step of FAO [22,23], involves the hydration of chain-shortened
α,β-unsaturated enoyl-CoA thioesters to produce β-hydroxyacyl-CoA [23], and release
one acetyl-CoA molecule, which is utilized for either the formation of the TCA cycle, or
to provide energy for the body’s metabolism [24,25]. ECHS1 deficiency can lead to fat
deposition and disease [26,27]. Research on the expression and biochemical function of
ECHS1 in GIFT is an important and urgent problem to solve. Carnitine and lipid diet
were reported to play an important role in lipid metabolism [28,29]; however, there are no
reports on the expression of CAT and ECHS1 in GIFT with different carnitine and fat levels.

In this study, the cDNAs of CAT and ECHS1 genes were cloned and analyzed via
bioinformatics, and the expressions of CAT and ECHS1 in the liver of juvenile GIFT were
detected in different fat and carnitine diets, as were the changes in lipometabolic enzymes
and serum biochemical indexes of juvenile GIFT in different fat and carnitine diets. We
aimed to clarify the sequence and expression of two enzymes in GIFT liver with different
fat and carnitine feeds, as well as the optimal dietary fat and carnitine supplemental levels,
so as to provide a theoretical basis for GIFT feeding and the treatment of fatty liver disease.

2. Materials and Methods
2.1. Experimental Fish

In total, 1350 GIFT tilapia fries were obtained from the Guangxi Academy of Fishery
Sciences. The total initial average weight of fish was 2.9 ± 0.3 g, and the initial average
body length was 2.96 ± 0.03 cm. The experimental fish were domesticated with basic feed,
adding different fats and different carnitines (Table 1). In accordance with to the feeding
conditions, fish were randomly assigned into 9 groups, each group containing 3 duplicate
groups with 50 fish per group (tank size: 1 m × 1 m × 1 m). During the feeding trial
(70 d), fish were fed twice a day (9 a.m. and 6 p.m.), and satiated feeding was ensured.
Fish wastes and half of the water were exchanged daily and replaced with well-aerated tap
water. The experimental water was of a temperature of 26.9 ± 1.2 ◦C, at pH 6.8 ± 0.1, and
had a dissolved oxygen level of 7.13 ± 0.15 mg/L. All the experiments were conducted
using a protocol approved by Guangxi University (GXU-2022-249).
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Table 1. Nutrient level and composition of experimental diet (%).

Material
Group

1 2 3 4 5 6 7 8 9

Fish meal 5 5 5 5 5 5 5 5 5
Soybean meal 43 43 43 43 43 43 43 43 43
Corn 15 15 15 15 15 15 15 15 15
Soybean 9 9 9 9 9 9 9 9 9
Rape meal 12 12 12 12 12 12 12 12 12
Calcium phosphate 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
NaCl 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Choline Chloride 1 1 1 1 1 1 1 1 1
Vitamins premix 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Mineral premix 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Soybean oil 2 2 2 6 6 6 10 10 10
Carnitine 0.01 0.05 0.1 0.01 0.05 0.1 0.01 0.05 0.1
Carboxymethyl cellulose 2 2 2 2 2 2 2 2 2
Microcrystalline cellulose 8.24 8.2 8.15 4.24 4.2 4.15 0.24 0.2 0.15
Total 100 100 100 100 100 100 100 100 100
Main nutrients
Crude protein 35.61 35.54 36.17 35.59 35.39 35.43 35.58 34.96 35.50
Crude fat 5.16 5.42 5.23 9.07 8.93 9.34 12.98 12.47 12.76
Moisture 7.00 7.25 7.02 7.15 7.17 7.43 7.22 7.39 7.45

2.2. Sample Collection

All the fish were fasted for 24 h and then sampled. In total, 15 fish were randomly
selected from each parallel group, placed in water containing 80 mg/L MS-222, and
anesthetized. Blood was drawn from the caudal vein of the fish, left to stand at 4 ◦C for
4 h, and centrifuged at 4000 r for 10 min; the supernatant was serum, which was stored
at −80 ◦C. After blood sampling, the fish were placed on ice for rapid dissection, and the
liver tissue was removed, quick-frozen in liquid nitrogen, and stored at −80 ◦C.

2.3. Determination of Serum Biochemical Indexes and Metabolic Enzymes

The serum obtained was used for the determination of ALT (alanine aminotransferase)
(U/L), AST (aspartate aminotransferase) (U/L), LDH (lactate dehydrogenase) (U/L), CHOL
(cholesterol) (mmol/L), TG (triglycerides) (mmol/L), HDL-C (high density lipoprotein
cholesterol) (mmol/L), and LDL-C (low density lipoprotein cholesterol) (mmol/L) levels.
Experimental methods were performed in accordance with the kit’s instructions (Nanjing
Jiancheng, Nanjing, China). Frozen liver tissue was taken for tissue homogenization, and
the supernatant was taken and centrifuged at 4 ◦C, 2500 r, for 20 min and stored at −80 ◦C
for a metabolic enzyme activity assay. The activities of CACT (carnitine acyl transferase)
(U/L), ACC (Acetyl coenzyme A carboxylase) (U/L), FAS (fatty acid synthetase) (nmol/L),
HL (hepatic lipase) (µmol/L). and LPL (lipoprotein lipase) (U/L) were determined using
ELISA Kit (Ze Yu, Yancheng, China).

2.4. RNA Isolation and cDNA Cloning

Total RNA from the liver of fish was determined using the Total RNA Extraction
Kit (TaKaRa Code No: 9767). RNA integrity was verified via 1% (w/v) agarose gel elec-
trophoresis, while the concentrations and purities were examined with a micro-ultraviolet
spectrophotometer. Fast Quant First-Strand cDNA Synthesis Kit (TIANGEN, Beijing, China)
was used to reverse-transcribe the first-strand cDNA, in accordance with the manufac-
turer’s instructions. The specific primers were designed using Primer Premier 5 and Oligo
6.0 software based on the sequences of the CAT gene and ECHS1 gene of Nile tilapia in the
National Center for Biotechnology and Information (NCBI) (Table 2). Based on the interme-
diate fragments, 5′RACE- and 3′RACE-nested PCR-specific primers for CAT and ECHS1
genes were designed (Table 3). The purified DNA was cloned into the pMD18-T Vector
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(TaKaRa, Shiga, Japan), and then transformed into Escherichia coli DH5α-competent cells
(TaKaRa, Shiga, Japan). Positive clones were selected and sent to biotechnology company
(Lifei Biotechnology Co., Shanghai, China) for full-length sequencing.

Table 2. Primer sequences for cloning the middle segment of the CAT and ECHS1 gene in the liver
of GIFT.

Primer Sequences Product Expected
Length/bp Tm/◦C

CAT1-F CTGATAGCAGCCGTTCTGGACTT
751

62.7
CAT1-R CCTCTTGATTTCTCGGTCTATGTGA 61.9
CAT2-F GGACATAGAGCACGCCAAGC

1297
60.6

CAT2-R TGCAGAACAAGATCCTCCAAATA 59.3
ECHS1-F CCAACAAATAAGAACCGACAGGA

863
61.1

ECHS1-R TTTCCAAGCGATTTCCCTCA 60.6

Table 3. Primer sequences for the 5′RACE and 3′RACE cloning of the CAT and ECHS1 gene in the
liver of GIFT.

Primer Sequences Product Expected Length/bp

5′RACE Outer Primer CATGGCTACATGCTGACAGCCTA 23
5′RACE Inner Primer CGCGGATCCACAGCCTACTGATGATCAGTCGATG 34

5′CAT-GSP1 CCCCAAACACGACTACATTGCTCAT 25
5′CAT-GSP2 ACACGACTACATTGCTCATTACGGC 25

5′ECHS1-GSP1 AGCCCATCGCACAGAGCATTGAG 23
5′ECHS1-GSP2 TCCCACCTCCTTCATCAGCCCAT 23

3′RACE Outer Primer TACCGTCGTTCCACTAGTGATTT 23
3′RACE Inner Primer CGCGGATCCTCCACTAGTGATTTCACTATAGG 32

3′CAT-GSP1 AGGTGAAAAAGGGGTTTGAATGG 23
3′CAT-GSP2 AGGGTGATGTGGTGTTTTTGTGT 23

3′ECHS1-GSP1 CAAATCCCTGGCGATGGAAATGG 23
3′ECHS1-GSP2 GGTGTCTGAAGCCGTAAAATGTGG 24

The DNA copy number was calculated using the following formula:

No. of copies =
6.02·1023(copies·mol−1)·DNA amount(ng)

DNA length(bp)·660(daltons·bp− 1)

2.5. Sequence and Phylogenetic Analyses of CAT and ECHS1

Sequence splicing using SeqMan in DNASTAR 7.1 software, and the open reading
frame (ORF), was analyzed with the ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.
html (10 March 2023)). BioEdit was used to deduce the encoded amino acid sequence, and
the BLAST software of the NCBI was used to search the homologous genes and analyze
their homology (NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi (10 March 2023)). Multiple
sequence alignments were performed using DNAman. The composition of amino acids
was analyzed using the ExPASy—Prot Param tool. The online software of SignalP 4.1 Server
(http://www.cbs.dtu.dk/services/SignalP/ (10 March 2023)) was used to detect the signal
peptide of tilapia CAT and ECHS1 protein. Transmembrane structure was predicted using
the online software TMHMM Server 2.0 (http://www.cbs.dtu.dk/services/TMHMM/
(10 March 2023)), and the SMART (http://smart.emblheidelberg.de/ (10 March 2023))
software was used to predict the protein domain features. The online software PSORT II
was used for subcellular localization prediction. The secondary structure of protein was
predicted using the online software of ORG (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_
automat.pl?page=npsa_gor4.html (10 March 2023)).

http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/TMHMM/
http://smart.emblheidelberg.de/
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_gor4.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_gor4.html
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2.6. Real-Time Fluorescent Quantitative PCR (qRT-PCR)

The mRNA expression levels of CAT and ECHS1 were determined via qRT-PCR. In
accordance with the full-length cDNA sequences of CAT and ECHS1 of the cloned GIFT,
primers were designed for qRT-PCR using Primer Premier 5.0 (Table 4).

Table 4. Primers for qRT-PCR.

Primer Sequences Tm/◦C

QT-CAT-F CGCCTGCTGAGAGATAAACTGAA 63.05
QT-CAT-R CGCCCACCACAAACTGAA 61.72

QT-ECHS1-F AGGGGACAGGATTGGTGCT 61.87
QT-ECHS1-R TTCTCTCCACATTTTACGGCTTC 61.77

qRT-PCR analysis for genes was performed by mixing 1 µL of cDNA template
(100 µg/µL), 0.8 µL (10 µM) of each primer specific to genes, 10 µL of 2 × SYBR Pre-
mix Ex TaqII, and 7.4 µL of RNase-free ddH2O. PCR reaction conditions were as follows:
95 ◦C for 30 s, ramp rate 4.4 ◦C/s; 40 cycles of 95 ◦C for 5 s, ramp rate 4.4 ◦C/s, 60 ◦C for
30 s, ramp rate 2.2 ◦C/s, and 60 ◦C~95 ◦C dissolution, increasing by 1 ◦C per 5 s. The melt
curve was plotted at the end of the reaction to verify the specificity of the reaction system.
The mRNA levels of target genes were calculated of based on the quantification cycle (Cq)
value through the standard curve.

For the establishment of the standard curve, the concentrations of the standard plas-
mids of CAT and ECHS1 were 317.51 ng/uL and 203.06 ng/uL, respectively, as determined
using an ultraviolet spectrophotometer. CAT and ECHS1 standard plasmids were serially
diluted 10-fold into 5 concentration gradients, and blank controls were set for each con-
centration standard, with three replications per sample. qRT-PCR was performed using
LightCycler®480. After the reaction is completed, the system automatically generates a
standard curve with Lg (the copy number) as the X axis and the Ct cycle value for the Y
axis, and each concentration of the plasmid standard falls on the corresponding position of
the curve. The linear regression equations for the standard curves of CAT and ECSH1 are
as follows: y = −3.4183x + 32.694, R2 = 0.9994; y = −3.6671x + 33.64, R2 = 0.9991. R2 > 0.99
of regression equations indicated that the linear relationship is extremely strong, and this
standard curve can be used to quantify genes.

2.7. Statistical Analysis

A two-way ANOVA and Tukey’s multiple comparisons test were performed with
Statistics Package for Social Science 24.0 software (SPSS, Inc., Chicago, IL, USA), and data
are expressed as mean ± standard deviation (SD). p < 0.05 indicates a significant difference.

3. Results
3.1. Analysis of CAT and ECHS1 Gene Sequence and Deduced Protein

The full-length sequence of CAT cDNA in GIFT was 2167 bp, and the ORF was
1383 bp; it encoded 461 amino acids. The 5′ noncoding region and 3′ noncoding re-
gion were 152 bp and 632 bp, respectively, and in the 3′ noncoding region existed the
polyadenylation signal (AATAAA), demonstrating that the obtained fragment included a
full-length mRNA 3′ non-coding region (Figure 1A). The molecular weight of CAT protein
was estimated to be 52.6 kDa. The area -MSPNSFIQVALQLAYYR-DAIQRMFRGGRTE-
RS-GHGIDRHLLGLKLQAI in the CAT sequence contains the Arg, His, Tyr, Thr, and
other active amino acid residues, and CAT proteins have an Arg conserved domain with
a ligand-binding domain for carnitine and acyl-CoA [13,30], and at least three different
active domains [31,32]. The domain prediction demonstrated that CAT protein contains
carnitine acyl transferase activity domains, consistent with the findings of Holden et al. [32].
Bioinformatics analysis also showed that CAT was free of the signal peptide, and subcel-
lular localization in the cytoplasm suggested that CAT is a non-secreted protein. Protein
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secondary structure analysis showed that CAT consists of an α helix, extended strand, and
random coil with a ratio of 37.53%, 15.62%, and 46.85%, respectively.

The ECHS1 cDNA sequence was 1354 bp in full length, the ORF of which encoded a
peptide of 391 amino acids with a molecul0ar weight of 31.08 kDa (Figure 1B). The length of
the 5′ noncoding region and 3′ noncoding was 80 bp and 101 bp, respectively. ECHS1 amino
acid sequence contains conserved amino acid sequences, such as -GGGCEFAMMCDIIYAG
EKAQFGQPEILLGTIPGAGGTQRLTTRAVGKSLAMEMVLTGDRI, in which Gly and Glu
are included, and this is consistent with the views of Agnihotri et al. [33] and He et al. [34].
The enoyl coenzyme A hydratase active domain was found in the ECHS1 sequence. Bioin-
formatics analysis also showed that ECHS1 is a non-secreted protein and is free of a signal
peptide, and the transmembrane domain was found in the 129–149 amino acid sequence of
the ECHS1 transmembrane region. Similar to CAT, the secondary structure of ECHS1 was
made up of 48.45% α helix, 19.17% extended strand, and 34.36% random coil.
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3.2. Multiple-Sequence Alignment and Phylogenetic Analysis of CAT and ECHS1 Gene

BLAST analysis showed that the deduced amino acid sequence of CAT in GIFT was
aligned (54~99%) with other previously reported CAT proteins. According to the sequence
alignment results, the amino acid sequence of CAT in GIFT shared high similarity (above
98%) with its homologs from other teleosts including Nile tilapia (O. niloticus) and Burton’s
mouthbrooder (Haplochromis burtoni) (Figure 2).

To investigate the genetic characteristics and phylogenetic relationships, we further
analyzed the phylogenetic trees of CATs in different species. An NJ phylogenetic tree was
constructed, within the fish CAT cluster, and GIFT shared a closer relationship with Nile
tilapia and Burton’s mouthbrooder (Figure 3).

The similarity of ECHS1 of the GIFT amino acid sequence between different species
was consistent (66~99%) with other similarities observed using BLAST analysis. According
to the sequence alignment results, the ECHS1 protein sequence shared high similarity
(above 85%) with its homologs from other teleosts including Nile tilapia (O. niloticus), large
yellow croaker (L. crocea), and zebrafish (Danio rerio) (Figure 4). Phylogenetic analysis based
on ECHS1 sequences showed that GIFT ECHS1 was closest to Nile tilapia ECHS1, with
99% similarity, and had the highest similarity to ECHS1 of large yellow croaker in the fish
species (Figure 5).
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Figure 3. The phylogenetic tree based on the amino acid sequences of the CAT gene of GIFT and
other species. This is a neighbor-joining phylogenetic tree of the CAT mature peptide from GIFT and
other vertebrates. The evolutionary tree was constructed using MEGA 11.0 software. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates)
is shown next to the branches. The accession numbers of O. niloticus (XM_005457163.4), H. burtoni
(XM_042222673.1), Homo_sapiens (NM_001752.4), Notothenia_coriiceps (XM_010780775.1), Gavia_stellata
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Figure 5. The phylogenetic tree (NJ) based on the amino acid sequences of the ECHS1 gene of
GIFT and other species. This is a neighbor-joining phylogenetic tree of the ECHS1 mature peptide
from GIFT and other vertebrates. The tree was constructed using MEGA 11.0 software. Aligned
sequences were bootstrapped 1000 times. The accession numbers of O. niloticus (XM_003441181.5),
L. crocea (XM_019259592.2), H. sapiens (NM_004092.4), Drosophila melanogaster (NM_137066.4), Rat-
tus norvegicus (NM_078623.2), M. musculus (XM_011249839.4), D. rerio (NM_001004529.2), B. taurus
(NM_001389968.1), Canis lupus familiaris (XM_038441020.1), G. gallus (XM_046942973.1), Pan troglodytes
(XM_016919678.4), Sus scrofa (NM_001190175.1), Macaca mulatta (XM_015148517.2), Salmo salar
(NM_001139656.1), Ictalurus punctatus (NM_001201117.1), and Tachysurus fulvidraco (XM_027134599.2)
are shown. Numbers in the phylogenetic tree represent branching confidence and scales represent
genetic variability.

3.3. Expression Level of CAT Gene in Juvenile GIFT Liver within Different Fat and Carnitine Diets

After feeding juvenile GIFT with different carnitine and fat diets, we found that the
expression of CAT in the juveniles was different. As shown in Figure 6A, when the carnitine
level was 100 mg/kg, the expression of the CAT gene decreased significantly with the
increase in feed fat (p < 0.05). When the carnitine concentration was 500 mg/kg, the
expression level of the CAT gene was not significantly affected by the feed’s low levels of
fat (2% and 6%) (p > 0.05). Interestingly, when the carnitine concentration was 1000 mg/kg,
the expression of the CAT gene increased significantly with increasing fat levels (p < 0.05).

When the fat level was 2%, the expression of the CAT gene decreased significantly with
the increase in carnitine levels (p < 0.05); when the fat level was 6% and 10%, the expression
of the CAT gene increased with the increase in carnitine levels (p < 0.05) (Figure 6B).



Genes 2024, 15, 480 11 of 18

Genes 2024, 15, 480 11 of 19 
 

 

were bootstrapped 1000 times. The accession numbers of O. niloticus (XM_003441181.5), L. Crocea 
(XM_019259592.2), H. sapiens (NM_004092.4), Drosophila melanogaster (NM_137066.4), Rattus norvegi-
cus (NM_078623.2), M. musculus (XM_011249839.4), D. rerio (NM_001004529.2), B. taurus 
(NM_001389968.1), Canis lupus familiaris (XM_038441020.1), G. gallus (XM_046942973.1), Pan troglo-
dytes (XM_016919678.4), Sus scrofa (NM_001190175.1), Macaca mulatta (XM_015148517.2), Salmo salar 
(NM_001139656.1), Ictalurus punctatus (NM_001201117.1), and Tachysurus fulvidraco 
(XM_027134599.2) are shown. Numbers in the phylogenetic tree represent branching confidence and 
scales represent genetic variability. 

3.3. Expression Level of CAT Gene in Juvenile GIFT Liver within Different Fat and Carnitine 
Diets 

After feeding juvenile GIFT with different carnitine and fat diets, we found that the 
expression of CAT in the juveniles was different. As shown in Figure 6A, when the car-
nitine level was 100 mg/kg, the expression of the CAT gene decreased significantly with 
the increase in feed fat (p < 0.05). When the carnitine concentration was 500 mg/kg, the 
expression level of the CAT gene was not significantly affected by the feed’s low levels of 
fat (2% and 6%) (p > 0.05). Interestingly, when the carnitine concentration was 1000 mg/kg, 
the expression of the CAT gene increased significantly with increasing fat levels (p < 0.05).  

 
Figure 6. (A) The expression levels of CAT in different carnitine feeds in GIFT livers with increasing 
fat levels were validated via qRT-PCR. The X axis represents the fat level and the Y axis represents 
the expression of CAT genes. (B) The expression levels of CAT in different fat feeds for GIFT livers 
with increasing carnitine levels were validated via qRT-PCR. The X axis represents carnitine level 
and Y axis represents expression of CAT genes. The expression of CAT genes was valued via the 
CAT standard curve. Data are expressed as mean ± SD (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 

Figure 6. (A) The expression levels of CAT in different carnitine feeds in GIFT livers with increasing
fat levels were validated via qRT-PCR. The X axis represents the fat level and the Y axis represents
the expression of CAT genes. (B) The expression levels of CAT in different fat feeds for GIFT livers
with increasing carnitine levels were validated via qRT-PCR. The X axis represents carnitine level and
Y axis represents expression of CAT genes. The expression of CAT genes was valued via the CAT
standard curve. Data are expressed as mean ± SD (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

3.4. Expression Level of ECHS1 in Juvenile GIFT Liver within Different Fat and Carnitine Diets

With different fat and carnitine diets, the transcript levels of ECHS1 in the liver of
GIFT were different. We found that the 6% fat level group was significantly different from
the 2% and 10% fat level groups (Figure 7A); ECHS1 in the 2% and 10% fat level groups
was higher than ECHS1 in the 6% fat level group when the concentration of carnitine was
100 mg/kg and 1000 mg/kg, and the opposite trend was found for 500 mg/kg feeds.

There was no significant difference in ECHS1 levels when the fat level was 10%
(p > 0.05), and the expression of ECHS1 was significantly affected by the 2% and 6% fat
levels. When the feed fat level was 2%, the expression level of the ECHS1 gene decreased
significantly with 500 mg/kg carnitine feeding (p < 0.05) and then increased significantly
with 1000 mg/kg carnitine feeding (p < 0.01); the amount of carnitine of 500 mg/kg had
the lowest CAT level. At the 6% fat level, the expression level of the ECHS1 gene increased
significantly with the increasing carnitine level (p < 0.001), then decreased significantly
(p < 0.001), and reached the peak when the amount of carnitine was 500 mg/kg (Figure 7B).
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Figure 7. (A) The expression levels of ECHS1 in different carnitine feeds for GIFT livers with
increasing fat levels were validated via qRT-PCR. The X axis represents the fat level and the Y axis
represents the expression of ECHS1 genes. (B) The expression levels of ECHS1 in different-level
fat feeds for GIFT livers with increasing carnitine levels were validated via qRT-PCR. The X axis
represents the carnitine level and the Y axis represents the expression of ECHS1 genes. The expression
of CAT genes was valued based on the ECHS1 standard curve. Data are expressed as mean ± SD
(*, p < 0.05; **, p < 0.01; ***, p < 0.001).

3.5. Effects of Dietary Fat and Carnitine Levels on Blood Biochemical Indicators and Metabolic
Enzyme Activities of GIFT

As can be seen from Table 5, the activities of CACT, ACC, FAS, HL, and LPL of tilapia
were significantly affected by the fat level and carnitine level (p < 0.05). The interaction
of fat and carnitine with CACT, ACC, FAS, HL, and LPL and the differences between
groups were extremely significant (p < 0.01). CACT activity increased and then decreased
with increasing carnitine levels at 2% and 10% fat levels. The lowest ACC activity of
175.08 ± 8.30 was observed at a 10% fat level and 1000 mg/kg carnitine level. The activity
of FAS showed a decreasing trend under the influence of fat and carnitine. HL activity was
higher at a 10% fat level and at 500 mg/kg and 1000 mg/kg carnitine levels. The highest
LPL activity of 175.08 ± 8.30 was observed at a 2% fat level and 100 mg/kg carnitine level.

As can be seen from Table 6, under the different fat level and carnitine level conditions,
ALT, AST, and LDH of GIFT tilapia were significantly different (p < 0.05). The interactions
of ALT, AST, and LDH and the differences between groups were significantly affected by fat
and carnitine levels (p < 0.01). When the fat level was the same, the activities of ALT, AST,
and LDH showed a trend of decreasing first and then increasing slowly with the increase
in carnitine levels. The group with 6% fat and 500 mg/kg carnitine had the lowest ALT
activity (15.67± 3.79). AST and LDH activities were lowest at a 2% fat level and 100 mg/kg
carnitine level, with values of 98.33 ± 13.61 and 488.67 ± 8.74, respectively.
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Table 5. Effects of fat and carnitine levels on lipid metabolism enzymes in GIFT.

Fat Level
(%BW/d)

Carnitine
Level

(mg·kg−1)

CACT
(U/L)

ACC
(U/L)

FAS
(nmol/L)

HL
(µmol/L)

LPL
(U/L)

2% 100 74.27 ± 0.93 c 185.83 ± 8.77 ab 6.64 ± 0.17 f 89.81 ± 1.97 c 56.50 ± 1.26 d

2% 500 77.03 ± 3.18 c 218.74 ± 8.56 c 5.28 ± 0.20 bcd 61.97 ± 4.50 a 47.31 ± 2.00 bc

2% 1000 63.21 ± 0.93 b 198.28 ± 6.08 b 4.38 ± 0.10 a 85.73 ± 4.74 c 40.87 ± 1.99 a

6% 100 98.54 ± 1.62 e 180.56 ± 13.19 a 6.50 ± 0.10 f 106.24 ± 2.70 de 55.13 ± 1.62 de

6% 500 48.57 ± 1.69 a 260.29 ± 6.24 d 4.99 ± 0.26 c 104.75 ± 1.28 d 43.61 ± 1.66 ab

6% 1000 65.38 ± 1.57 b 308.59 ± 1.67 e 5.66 ± 0.27 e 76.17 ± 2.09 b 48.57 ± 2.49 c

10% 100 91.37 ± 2.54 d 304.79 ± 4.56 e 5.40 ± 0.12 de 61.23 ± 2.75 a 46.78 ± 2.56 bc

10% 500 100.18 ± 3.60 e 175.08 ± 8.30 a 4.80 ± 0.14 b 111.90 ± 2.70 f 41.90 ± 2.84 a

10% 1000 91.14 ± 3.18 d 326.72 ± 4.31 f 5.02 ± 0.23 bc 110.60 ± 3.42 ef 44.07 ± 4.24 abc

p-values
Fat level 0.000 0.000 0.000 0.000 0.002

Carnitine level 0.000 0.000 0.000 0.000 0.000
Fat level
×

Carnitine level
0.000 0.000 0.000 0.000 0.001

Note: Different letters in the superscript represent significant differences.

Table 6. Effects of fat and carnitine levels on serum biochemical index in GIFT.

Fat Level
(%BW/d)

Carnitine
Level

(mg·kg−1)

ALT
(U/L)

AST
(U/L)

LDH
(U/L)

CHOL
(mmol/L)

TG
(mmol/L)

HDL-C
(mmol/L)

LDL-C
(mmol/L)

2% 100 23.33 ± 3.06 ab 189 ± 11.27 e 1102.33 ± 70.00 d 2.09 ± 0.49 b 0.51 ± 0.20 a 1.58 ± 0.27 c 0.31 ± 0.13 bc

2% 500 16.33 ± 3.06 a 98.33 ± 13.61 a 488.67 ± 8.74 a 1.08 ± 0.09 a 0.31 ± 0.08 a 0.98 ± 0.09 a 0.11 ± 0.01 a

2% 1000 21.67 ± 7.02 ab 105.33 ± 17.03 ab 533 ± 31.10 a 1.30 ± 0.50 a 0.52 ± 0.20 a 1.11 ± 0.34 ab 0.15 ± 0.06 ab

6% 100 53.67 ± 9.07 d 283.33 ± 28.68 f 2142.33 ± 165.67 e 2.29 ± 0.44 b 0.55 ± 0.09 a 1.56 ± 0.29 c 0.26 ± 0.09 abc

6% 500 15.67 ± 3.79 a 116.67 ± 10.07 abc 871 ± 89.37 bc 1.24 ± 0.27 a 0.31 ± 0.02 a 1.07 ± 0.22 ab 0.15 ± 0.03 ab

6% 1000 18.67 ± 3.79 ab 135.67 ± 27.10 abcd 939.67 ± 54.41 cd 1.66 ± 0.57 ab 0.38 ± 0.08 a 1.35 ± 0.36 abc 0.23 ± 0.13 abc

10% 100 28.33 ± 7.37 b 165.67 ± 29.00 de 792.67 ± 196.29 bc 1.73 ± 0.15 ab 0.45 ± 0.03 a 1.41 ± 0.08 bc 0.2 ± 0.02 abc

10% 500 23.67 ± 6.80 ab 144.33 ± 21.73 bcd 665.67 ± 114.41 ab 1.64 ± 0.10 ab 0.38 ± 0.08 a 1.33 ± 0.04 abc 0.18 ± 0.03 ab

10% 1000 30.0 ± 7.21 b 154 ± 28.35 cde 854.67 ± 137.57 bc 2.20 ± 0.46 b 0.90 ± 0.25 b 1.47 ± 0.15 bc 0.35 ± 0.15 c

p-values
Fat level 0.015 0.001 0 0.152 0.051 0.291 0.435

Carnitine level 0 0 0 0.004 0.002 0.008 0.034
Fat level
×

Carnitine level
0 0 0 0.065 0.013 0.266 0.095

Note: Different letters in the superscript represent significant differences.

As can be seen from Table 6, there were no significant differences in the effects of the
fat level on CHOL, TG, HDL-C, and LDL-C of GIFT tilapia (p > 0.05). The effects of carnitine
on CHOL, TG, HDL-C, and LDL-C were significantly different (p < 0.01). The interaction
of fat and carnitine levels with TG was significant (p < 0.05), but the interaction of CHOL,
HDL-C, and LDL-C was not significant (p > 0.05). Fat and carnitine had significant effects
on CHOL, TG, and HDL-C among groups (p < 0.05), but had no significant effects on
LDL-C among groups (p > 0.05). When the fat level was the same, the content of CHOL
firstly decreased and then increased with the increase in carnitine levels. The group with a
6% fat level and 100 mg/kg carnitine level had the highest value (2.29 ± 0.44). With the
increase in fat and carnitine contents, TG content, on the whole, showed a tendency of slow
decrease first and then increase, and the group with a 6% fat and 500 mg/kg carnitine level
had the lowest value (0.31 ± 0.02). With the increase in fat and carnitine levels, the content
of HDL-C showed a trend of slow decrease at first and then increase, and the group with
higher fat levels had higher HDL-C levels overall. LDL-C content was lower in the group
with a carnitine level of 500 mg/kg.
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4. Discussion

Hepatic steatosis, a common disease in humans and animals, is characterized by
imbalanced lipid metabolism and the accumulation of triglycerides in hepatocytes, and
has become one of the serious concerns to the aquaculture industry [35,36]. However,
little information is available about the underlying molecular mechanisms of hepatic lipid
metabolism in tilapia. CAT and ECHS1 were reported to be important enzymes in the
fat metabolism of fatty liver disease. To investigate the whole length and expression of
CAT and ECHS1 in different lipid and carnitine levels, we obtained the cDNA of CAT and
ECHS1 and analyzed the genetic information and conducted protein property judgment
and prediction via sequencing. We confirmed that the full-length sequence of CAT cDNA
was 2167 bp, and the ORF was 1383 bpl it encoded a total of 461 amino acids. The ECHS1
cDNA sequence was 1354 bp in full length, and the ORF encoded a peptide of 391 amino
acids. When different carnitine and fat diets were given to juvenile GIFT, the effect on the
expression between CAT and ECHS1 was different as well.

Increasing fat levels will inhibit the expression of fatty acid synthase in the liver of
fish [37]. Oxidized oil feeding may inhibit fat metabolism enzymes and affect the synthesis
and homeostasis of cholesterol and fatty acids [38]. Conversely, feeding mice with a high-
fat diet increased the cardiac CAT protein level and its activity, which is associated with
a reduced acetyl-CoA/CoA ratio and glucose oxidation [39]. In this experiment, when
the carnitine content was 100 mg/kg, the expression of the CAT gene decreased with
the increasing levels of fat in the feed, and when the carnitine level was 1000 mg/kg,
the expression level of the CAT gene increased significantly with the increasing fat level.
This may be related to the acceleration of the metabolic reaction of fat when the body’s
intake of fat is increased, and may also be related to the reduction in body fat deposition
by carnitine. L-carnitine can also affect the digestion and absorption of fatty acids [40].
However, L-carnitine has no significant effect on reducing fat deposition in carp [41]. We
found that when the fat level was 6% and 10%, the expression of the CAT gene increased
significantly with the increasing carnitine levels, which was consistent with the research
view for Karlic Hon rats [42]. This may be related to the conversion of CAT, primarily
catalyzing the conversion of acyl groups between carnitine and CoA. When the fat levels
were 2%, the expression of the CAT gene decreased with the increase in carnitine levels,
which may be related to the promotion of LPL and PPAR gene expression at low energy
levels. It may also be related to the low level of fatty acid metabolism at low energy levels,
and high fat levels inhibit the antioxidant capacity of tilapia [43].

Mitochondrial fatty acid β-oxidation is an essential pathway in providing energy [44].
ECHS1 is a mitochondrial enzyme involved in the oxidation of fatty acids and the catabolic
pathway of valine [24]. The passage of medium-chain fatty acyl-CoA esters through the
mitochondrial membrane is facilitated by the L-carnitine system [45]. Research on ECHS1
expression related to different fat and carnitine diets is still unclear. This study found that
the expression of ECHS1 was not significantly different with the increase in carnitine levels
in feed at a 10% fat level, which may be related to the decrease in fatty acid metabolism
enzyme activity at high fat levels, and ECHS1 expression was closely associated with fat
and carnitine feeding.

CACT is a family of enzymes that selectively catalyze substrates of different carbon
chain lengths and play an indispensable role in the decomposition of fatty acids [46]. ACC
requires seven enzymatic reactions before it can be synthesized into palmitic acid. The
above steps are important for the synthesis of fatty acids. FAS is a complex enzyme that
controls the amount of fat synthesis in the body through its activity. Previous studies have
found that the higher the dietary fat content of grouper (Epinephelus coioides), the higher the
lipase activity. In this experiment, when the fat level increased from 2% to 6%, the CACT
and HL activities of tilapia increased with the increase of in fat level. Barahi et al. [47]
studied the lipometabolic enzymes of Morone Saxatilis, and Pedersen et al. [48] studied
the lipometabolic enzymes of Clupea pallasi juvenile fish; they found that the activity of
lipase in fish was affected by the different natures of food intake. When fat levels were
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consistent, the activities of FAS and LPL decreased with the increase in carnitine levels.
The lipoprotein’s rough endoplasmic reticulum is synthesized in liver cells, combined
with liver lipids to be secreted into the cytoplasm through the Golgi apparatus, and then
combined with the blood in the liver to balance the metabolism of fat and blood lipids in
the liver. When the amount of lipoprotein is synthesized, the liver fat in the cell cannot be
transported in time, which will cause the fat to accumulate in the liver. When the dietary
fat level was 10%, the HL activity of tilapia showed a trend of firstly increasing and then
slowly decreasing.

ALT and AST are important aminotransferases, and protein metabolism is mainly
controlled by them. The intensity of amino acid metabolism and the degree of liver
damage can be reflected by the activity of ALT and AST in the liver and pancreas. In
this experiment, when the level of carnitine was the same, the activity of ALT and AST
decreased first and then slowly increased with the increase in fat levels. This may have been
because the increased amount of fat fed caused liver tissue lesions. Intracellular ALT and
AST are released into the blood, but because of the presence of carnitine, the two form an
antagonistic effect, which leads to a slow increase in the ALT and AST activities in the serum
biochemical indicators. When the amount of LDH is appropriate, it shows an upward trend
with the increase in fat levels. In this test, when the fat level was increased from 2% to
6%, the LDH of GIFT increased with the increase in the fat level, but when it was 10%, the
vitality of GIFT’s LDH decreased, and the difference was extremely significant (p < 0.01).
The researchers administered L-carnitine to mice, and the results showed that carnitine can
significantly extend the weight-bearing swimming time of mice. After swimming fatigue,
the lactic acid levels in mice do not increase, which is in accordance with the results shown
in this experiment.

TG and CHOL are the main lipids in the blood. They operate between various tissues
and can reflect the lipid metabolism in the body [49]. Fish cholesterol mainly comes from
the synthesis of the liver, and the rest comes from the digestive tract. If liver disease occurs,
the level of CHOL in the blood will increase. In this experiment, as the feed fat level
increased, the CHOL concentration also increased. When the fat level was 10%, the CHOL
concentration increased significantly, and the increase in CHOL was not conducive to the
growth of fish. When the amount of feed carnitine was 500 mg/kg, the concentration of
CHOL increased significantly with the increase in fat levels; when the fat level reached 10%,
it had already caused damage to the animal liver, so high levels of carnitine cannot reverse
the damage that high levels of fat cause to the liver. Due to the physiological functions
of carnitine, it can remove free acyl groups in the body. The main raw material for the
liver to synthesize CHOL with is acetyl CoA, so the added free L-carnitine is absorbed and
combined with the acyl group in the body, which reduces the amount of raw materials for
the liver to synthesize CHOL with, thereby reducing the synthesis of CHOL in the body. A
decrease in the synthesis of CHOL in the body will reduce the CHOL in the blood, which
shows that L-carnitine plays a certain role in the metabolism of CHOL.

Lin et al. [50] showed that the fat content of grass carp suffering from fatty liver disease
is negatively correlated with the serum TG content. In the experiment, as the fat content in
the feed increased, the TG content first decreased, and the change trend showed a negative
correlation. When the carnitine level was increased to 500 mg/kg, as the fat level increased,
the tissue in the liver was destroyed, and the HDL-C content in the blood increased. This
situation should be related to the addition of carnitine to the feed, indicating that carnitine
can effectively eliminate the fat accumulated in the liver. Previous studies have shown
that if LDL-C transport has a reduced ability to remove exogenous fats, it can lead to a
decrease in TG levels, which in turn leads to a decrease in LDL-C in the blood. In our study,
when the carnitine level was 100 mg/kg, the LDL-C content decreased as the fat levels
increased. When carnitine levels exceeded 500 mg/kg, the LDL-C content of GIFT showed
an inverse trend.
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5. Conclusions

In our present study, the full-length and ORF sequence of CAT and ECHS1 genes in
GIFT liver were obtained. We found that GIFT had higher lipometabolic enzyme activity
and lower blood CHOL, TG, HDL-C, and LDL-C contents when the dietary fat level was
2% or 6% and when the carnitine level was 500 mg/kg. We also found that the expression
of ECHS1 and CAT genes in the liver of GIFT can be promoted by 500 mg/kg carnitine level
and 6% fat level feeding. These results suggested that CAT and ECHS1 may participate in
the regulation of lipid metabolism, and when 2% or 6% fat and 500 mg/kg of carnitine are
added to the feed, it is most beneficial to the liver and lipid metabolism of GIFT.

Author Contributions: Conceptualization, K.H.; Methodology, K.Y.; software, R.G. and Y.L.; formal
analysis, R.G. and D.W.; data curation, J.H.; writing—original draft preparation, R.G. and J.L.;
writing—review and editing, R.G. and K.Y.; funding acquisition, K.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China grant
number 32160865.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Guangxi University (GXU-2022-249, 14 April 2022).

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Acknowledgments: We thank the National Natural Science Foundation of China for financial support
and every member of the Laboratory of Molecular Nutrition and Metabolic Regulation of Aquatic
Animals at Guangxi University for their help.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Tao, Y.-F.; Qiang, J.; Yin, G.-J.; Xu, P.; Shi, Q.; Bao, J.-W. Identification and characterization of lipid metabolism-related microRNAs

in the liver of genetically improved farmed tilapia (GIFT, O.niloticus) by deep sequencing. Fish Shellfish Immunol. 2017, 69, 227–235.
[CrossRef]

2. Huang, L.; Cheng, Y.; Huang, K.; Zhou, Y.; Ma, Y.; Zhang, M. Ameliorative effect of Sedum sarmentosum Bunge extract on Tilapia
fatty liver via the PPAR and P53 signaling pathway. Sci. Rep. 2018, 8, 8456. [CrossRef] [PubMed]

3. Qiang, J.; Tao, Y.F.; He, J.; Sun, Y.L.; Xu, P. miR-29a modulates SCD expression and is regulated in response to a saturated fatty
acid diet in juvenile genetically improved farmed tilapia (O. niloticus). J. Exp. Biol. 2017, 220, 1481–1489. [CrossRef] [PubMed]

4. Dan, L.I.; Liu, L.T. Introduction to Diagnosis and Treatment of Fish Fatty Liver Disease. Prog. Vet. Med. 2016, 37, 114–117.
5. Li, C.P.; Li, J.H.; He, S.Y.; Li, P.; Zhong, X.L. Roles of Fas/Fasl, Bcl-2/Bax, and Caspase-8 in rat nonalcoholic fatty liver disease

pathogenesis. Genet. Mol. Res. 2014, 13, 3991–3999. [CrossRef]
6. Yan, J.; Liao, K.; Wang, T.; Mai, K.; Xu, W.; Ai, Q. Dietary Lipid Levels Influence Lipid Deposition in the Liver of Large Yellow

Croaker (L. crocea) by Regulating Lipoprotein Receptors, Fatty Acid Uptake and Triacylglycerol Synthesis and Catabolism at the
Transcriptional Level. PLoS ONE 2015, 10, e0129937. [CrossRef] [PubMed]

7. Qiang, J.; Yang, H.; Wang, H.; Kpundeh, M.D.; Xu, P. Interacting effects of water temperature and dietary protein level on
hematological parameters in Nile tilapia juveniles, O. niloticus (L.) and mortality under Streptococcus iniae infection. Fish Shellfish
Immunol. 2013, 34, 8–16. [CrossRef] [PubMed]

8. Qiang, J.; Yang, H.; Wang, H.; Kpundeh, M.D.; Xu, P. Interactive effects of temperature-dietary protein level on somatotropic
gene expression and its interrelationship with growth in juvenile GIFT tilapia O. niloticus. Aquaculture 2012, 364–365, 263–271.
[CrossRef]

9. Boren, J.; Taskinen, M.R.; Olofsson, S.O.; Levin, M. Ectopic lipid storage and insulin resistance: A harmful relationship. J. Intern.
Med. 2013, 274, 25–40. [CrossRef]

10. Tan, Q.S.; Wang, F.; Xie, S.Q.; Zhu, X.M.; Lei, W.; Shen, J.Z. Effect of high dietary starch levels on the growth performance, blood
chemistry and body composition of gibel carp (Carassius auratus var. gibelio). Aquac. Res. 2009, 40, 1011–1018. [CrossRef]

11. Liu, Y.; Xu, W.; Zhai, T.; You, J.; Chen, Y. Silibinin ameliorates hepatic lipid accumulation and oxidative stress in mice with
non-alcoholic steatohepatitis by regulating CFLAR-JNK pathway. Acta Pharm. Sin. B 2019, 9, 745–757. [CrossRef] [PubMed]

12. Gimeno-Mallench, L.; Mas-Bargues, C.; Ingles, M.; Olaso, G.; Borras, C.; Gambini, J.; Vina, J. Resveratrol shifts energy metabolism
to increase lipid oxidation in healthy old mice. Biomed. Pharmacother. 2019, 118, 109130. [CrossRef] [PubMed]

https://doi.org/10.1016/j.fsi.2017.08.023
https://doi.org/10.1038/s41598-018-26084-2
https://www.ncbi.nlm.nih.gov/pubmed/29855491
https://doi.org/10.1242/jeb.151506
https://www.ncbi.nlm.nih.gov/pubmed/28167804
https://doi.org/10.4238/2014.May.23.10
https://doi.org/10.1371/journal.pone.0129937
https://www.ncbi.nlm.nih.gov/pubmed/26114429
https://doi.org/10.1016/j.fsi.2012.09.003
https://www.ncbi.nlm.nih.gov/pubmed/23041506
https://doi.org/10.1016/j.aquaculture.2012.08.021
https://doi.org/10.1111/joim.12071
https://doi.org/10.1111/j.1365-2109.2009.02184.x
https://doi.org/10.1016/j.apsb.2019.02.006
https://www.ncbi.nlm.nih.gov/pubmed/31384535
https://doi.org/10.1016/j.biopha.2019.109130
https://www.ncbi.nlm.nih.gov/pubmed/31306969


Genes 2024, 15, 480 17 of 18

13. Govindasamy, L.; Kukar, T.; Lian, W.; Pedersen, B.; Gu, Y.; Agbandje-McKenna, M.; Jin, S.; McKenna, R.; Wu, D. Structural
and mutational characterization of L-carnitine binding to human carnitine acetyltransferase. J. Struct. Biol. 2004, 146, 416–424.
[CrossRef] [PubMed]

14. Alberdi, G.; Rodriguez, V.M.; Macarulla, M.T.; Miranda, J.; Churruca, I.; Portillo, M.P. Hepatic lipid metabolic pathways modified
by resveratrol in rats fed an obesogenic diet. Nutrition 2013, 29, 562–567. [CrossRef] [PubMed]

15. Price, N.L.; Gomes, A.P.; Ling, A.J.; Duarte, F.V.; Martin-Montalvo, A.; North, B.J.; Agarwal, B.; Ye, L.; Ramadori, G.;
Teodoro, J.S.; et al. SIRT1 is required for AMPK activation and the beneficial effects of resveratrol on mitochondrial function. Cell
Metab. 2012, 15, 675–690. [CrossRef] [PubMed]

16. Park, S.H.; Gammon, S.R.; Knippers, J.D.; Paulsen, S.R.; Rubink, D.S.; Winder, W.W. Phosphorylation-activity relationships of
AMPK and acetyl-CoA carboxylase in muscle. J. Appl. Physiol. 2002, 92, 2475–2482. [CrossRef]

17. Ramsay, R.R.; Gandour, R.D.; van der Leij, F.R. Molecular enzymology of carnitine transfer and transport. Biochim. Biophys. Acta
2001, 1546, 21–43. [CrossRef]

18. Wang, C.C.; Si, L.F.; Li, W.Y.; Zheng, J.L. A functional gene encoding carnitine palmitoyltransferase 1 and its transcriptional and
kinetic regulation during fasting in large yellow croaker. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2019, 231, 26–33.
[CrossRef]

19. Zheng, J.L.; Luo, Z.; Zhu, Q.L.; Chen, Q.L.; Gong, Y. Molecular characterization, tissue distribution and kinetic analysis of
carnitine palmitoyltransferase I in juvenile yellow catfish Pelteobagrus fulvidraco. Genomics 2013, 101, 195–203. [CrossRef]

20. Lu, K.L.; Zhang, D.D.; Wang, L.N.; Xu, W.N.; Liu, W.B. Molecular characterization of carnitine palmitoyltransferase IA in
Megalobrama amblycephala and effects on its expression of feeding status and dietary lipid and berberine. Comp. Biochem.
Physiol. Part B Biochem. Mol. Biol. 2016, 191, 20–25. [CrossRef]

21. Sharpe, A.J.; McKenzie, M. Mitochondrial Fatty Acid Oxidation Disorders Associated with Short-Chain Enoyl-CoA Hydratase
(ECHS1) Deficiency. Cells 2018, 7, 46. [CrossRef]

22. Balasubramaniam, S.; Riley, L.G.; Bratkovic, D.; Ketteridge, D.; Manton, N.; Cowley, M.J.; Gayevskiy, V.; Roscioli, T.; Mohamed,
M.; Gardeitchik, T.; et al. Unique presentation of cutis laxa with Leigh-like syndrome due to ECHS1 deficiency. J. Inherit. Metab.
Dis. 2017, 40, 745–747. [CrossRef]

23. Lin, B.Y.; Xiao, C.X.; Zhao, W.X.; Xiao, L.; Chen, X.; Li, P.; Wang, X.M. Enoyl-coenzyme A hydratase short chain 1 silencing
attenuates the proliferation of hepatocellular carcinoma by inhibiting epidermal growth factor signaling in vitro and in vivo. Mol.
Med. Rep. 2015, 12, 1421–1428. [CrossRef] [PubMed]

24. Al Mutairi, F.; Shamseldin, H.E.; Alfadhel, M.; Rodenburg, R.J.; Alkuraya, F.S. A lethal neonatal phenotype of mitochondrial
short-chain enoyl-CoA hydratase-1 deficiency. Clin. Genet. 2017, 91, 629–633. [CrossRef] [PubMed]

25. Engel, C.K.; Kiema, T.R.; Hiltunen, J.K.; Wierenga, R.K. The Crystal Structure of Enoyl-CoA Hydratase Complexed with Octanoyl-
CoA Reveals the Structural Adaptations Required for Binding of a Long Chain Fatty Acid-CoA Molecule. J. Mol. Biol. 1998,
275, 847–859. [CrossRef] [PubMed]

26. Peters, H.; Buck, N.; Wanders, R.; Ruiter, J.; Waterham, H.; Koster, J.; Yaplito-Lee, J.; Ferdinandusse, S.; Pitt, J. ECHS1 mutations in
Leigh disease: A new inborn error of metabolism affecting valine metabolism. Brain A J. Neurol. 2014, 137, 2903–2908. [CrossRef]
[PubMed]

27. Haack, T.B.; Jackson, C.B.; Murayama, K.; Kremer, L.S.; Schaller, A.; Kotzaeridou, U.; de Vries, M.C.; Schottmann, G.; Santra, S.;
Buchner, B.; et al. Deficiency of ECHS1 causes mitochondrial encephalopathy with cardiac involvement. Ann. Clin. Transl. Neurol.
2015, 2, 492–509. [CrossRef] [PubMed]

28. Strand, E.; Lysne, V.; Grinna, M.L.; Bohov, P.; Svardal, A.; Nygard, O.; Berge, R.K.; Bjorndal, B. Short-Term Activation of
Peroxisome Proliferator-Activated Receptors alpha and gamma Induces Tissue-Specific Effects on Lipid Metabolism and Fatty
Acid Composition in Male Wistar Rats. PPAR Res. 2019, 2019, 8047627. [CrossRef] [PubMed]

29. Konstantynowicz-Nowicka, K.; Berk, K.; Chabowski, A.; Kasacka, I.; Bielawiec, P.; Lukaszuk, B.; Harasim-Symbor, E. High-Fat
Feeding in Time-Dependent Manner Affects Metabolic Routes Leading to Nervonic Acid Synthesis in NAFLD. Int. J. Mol. Sci.
2019, 20, 3829. [CrossRef]

30. Cronin, C.N. cDNA cloning, recombinant expression, and site-directed mutagenesis of bovine liver carnitine octanoyltransferase--
Arg505 binds the carboxylate group of carnitine. Eur. J. Biochem. 1997, 247, 1029–1037. [CrossRef]

31. Melegh, B.; Seress, L.; Bedekovics, T.; Kispal, G.; Sumegi, B.; Trombitas, K.; Mehes, K. Muscle carnitine acetyltransferase and
carnitine deficiency in a case of mitochondrial encephalomyopathy. J. Inherit. Metab. Dis. 1999, 22, 827–838. [CrossRef]

32. Holden, H.M.; Benning, M.M.; Haller, T.; Gerlt, J.A. The crotonase superfamily: Divergently related enzymes that catalyze
different reactions involving acyl coenzyme a thioesters. Acc. Chem. Res. 2001, 34, 145–157. [CrossRef] [PubMed]

33. Agnihotri, G.; Liu, H.W. Enoyl-CoA hydratase. reaction, mechanism, and inhibition. Bioorganic Med. Chem. 2003, 11, 9–20.
[CrossRef] [PubMed]

34. He, X.Y.; Yang, S.Y. Glutamate-119 of the large alpha-subunit is the catalytic base in the hydration of 2-trans-enoyl-coenzyme
A catalyzed by the multienzyme complex of fatty acid oxidation from E. coli. Biochemistry 1997, 36, 11044–11049. [CrossRef]
[PubMed]

35. Zhang, D.; Lu, K.; Dong, Z.; Jiang, G.; Xu, W.; Liu, W. The effect of exposure to a high-fat diet on microRNA expression in the
liver of blunt snout bream (Megalobrama amblycephala). PLoS ONE 2014, 9, e96132. [CrossRef]

https://doi.org/10.1016/j.jsb.2004.01.011
https://www.ncbi.nlm.nih.gov/pubmed/15099582
https://doi.org/10.1016/j.nut.2012.09.011
https://www.ncbi.nlm.nih.gov/pubmed/23274094
https://doi.org/10.1016/j.cmet.2012.04.003
https://www.ncbi.nlm.nih.gov/pubmed/22560220
https://doi.org/10.1152/japplphysiol.00071.2002
https://doi.org/10.1016/S0167-4838(01)00147-9
https://doi.org/10.1016/j.cbpb.2019.01.015
https://doi.org/10.1016/j.ygeno.2012.12.002
https://doi.org/10.1016/j.cbpb.2015.08.010
https://doi.org/10.3390/cells7060046
https://doi.org/10.1007/s10545-017-0036-4
https://doi.org/10.3892/mmr.2015.3453
https://www.ncbi.nlm.nih.gov/pubmed/25760819
https://doi.org/10.1111/cge.12891
https://www.ncbi.nlm.nih.gov/pubmed/27905109
https://doi.org/10.1006/jmbi.1997.1491
https://www.ncbi.nlm.nih.gov/pubmed/9514714
https://doi.org/10.1093/brain/awu216
https://www.ncbi.nlm.nih.gov/pubmed/25125611
https://doi.org/10.1002/acn3.189
https://www.ncbi.nlm.nih.gov/pubmed/26000322
https://doi.org/10.1155/2019/8047627
https://www.ncbi.nlm.nih.gov/pubmed/31308847
https://doi.org/10.3390/ijms20153829
https://doi.org/10.1111/j.1432-1033.1997.01029.x
https://doi.org/10.1023/A:1005562209034
https://doi.org/10.1021/ar000053l
https://www.ncbi.nlm.nih.gov/pubmed/11263873
https://doi.org/10.1016/S0968-0896(02)00333-4
https://www.ncbi.nlm.nih.gov/pubmed/12467702
https://doi.org/10.1021/bi970901t
https://www.ncbi.nlm.nih.gov/pubmed/9283097
https://doi.org/10.1371/journal.pone.0096132


Genes 2024, 15, 480 18 of 18

36. Berlanga, A.; Guiu-Jurado, E.; Porras, J.A.; Auguet, T. Molecular pathways in non-alcoholic fatty liver disease. Clin. Exp.
Gastroenterol. 2014, 7, 221–239. [CrossRef]

37. Zhou, J.C.; Han, D.; Jin, J.Y.; Xie, S.Q.; Yang, Y.X.; Zhu, X.M. Compared to fish oil alone, a corn and fish oil mixture decreases the
lipid requirement of a freshwater fish species, C. auratus gibelio. Aquaculture 2014, 428–429, 272–279. [CrossRef]

38. Dong, G.; Zhu, X.; Ren, H.; Nie, B.; Lu, C.; Hui, L.; Bo, Y. Effects of oxidized fish oil intake on tissue lipid metabolism and fatty
acid composition of channel catfish (I. punctatus). Aquac. Res. 2015, 45, 1867–1880. [CrossRef]

39. Altamimi, T.R.; Thomas, P.D.; Darwesh, A.M.; Fillmore, N.; Mahmoud, M.U.; Zhang, L.; Gupta, A.; Al Batran, R.; Seubert, J.M.;
Lopaschuk, G.D. Cytosolic carnitine acetyltransferase as a source of cytosolic acetyl-CoA: A possible mechanism for regulation of
cardiac energy metabolism. Biochem. J. 2018, 475, 959–976. [CrossRef]

40. Zou, W.; Noh, S.K.; Owen, K.Q.; Koo, S.I. Dietary L-carnitine enhances the lymphatic absorption of fat and alpha-tocopherol in
ovariectomized rats. J. Nutr. 2005, 135, 753–756. [CrossRef]

41. Dias, J.; Arzel, J.; Corraze, G.; Kaushik, J. Effects of dietary L-carnitine supplementation on growth and lipid metabolism in
European seabass (Dicentrarchus labrax). Aquac. Res. 2015, 32, 206–215. [CrossRef]

42. Karlic, H.; Lohninger, S.; Koeck, T.; Lohninger, A. Dietary l-carnitine stimulates carnitine acyltransferases in the liver of aged rats.
J. Histochem. Cytochem. Off. J. Histochem. Soc. 2002, 50, 205–212. [CrossRef] [PubMed]

43. Liang, Y.; Huang, L.; Kai, H.; Yu, Z.; Wu, L. Effects of fat, choline and feeding regime on catalase gene expression in the liver of
GIFT (O. niloticus). Aquac. Res. 2018, 49, 1250–1261. [CrossRef]

44. Hale, D.E.; Bennett, M.J. Fatty acid oxidation disorders: A new class of metabolic diseases. J. Pediatr. 1992, 121, 1–11. [CrossRef]
[PubMed]

45. Adeva-Andany, M.M.; Carneiro-Freire, N.; Seco-Filgueira, M.; Fernandez-Fernandez, C.; Mourino-Bayolo, D. Mitochondrial
beta-oxidation of saturated fatty acids in humans. Mitochondrion 2019, 46, 73–90. [CrossRef] [PubMed]

46. Ferdinandusse, S.; Mulders, J.; Ijlst, L.; Denis, S.; Wanders, R.J.B.; Communications, B.R. Molecular Cloning and Expression of
Human Carnitine Octanoyltransferase: Evidence for Its Role in the Peroxisomal β-Oxidation of Branched-Chain Fatty Acids.
Biochem. Biophys. Res. Commun. 1999; 263, 213–218.

47. Baragi, V.; Lovell, R.T. Digestive Enzyme Activities in Striped Bass from First Feeding through Larva Development. Trans. Am.
Fish. Soc. 1986, 115, 478–484. [CrossRef]

48. Pedersen, B.H.; Nilssen, E.M.; Hjelmeland, K.J. Variations in the content of trypsin and trysinogen in larval herring (Clupea
harengus) digesting copepod nauplii. Mar. Biol. 1987, 94, 171–181. [CrossRef]

49. Hiraoka, Y.; Nakagawa, H.; Murachi, S. Blood properties of rainbow trout in acute hepatotoxity by carbon tetrachloride. Bull. Jpn.
Soc. Sci. Fish. 1979, 45, 527–532. [CrossRef]

50. Lin, D.; Mao, Y.; Cai, F. Nutritional lipid liver disease of grass carp Ctenopharyngodon idullus (C. et V.). Chin. J. Oceanol. Limnol.
1990, 8, 363–373.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2147/ceg.s62831
https://doi.org/10.1016/j.aquaculture.2014.03.029
https://doi.org/10.1111/are.12138
https://doi.org/10.1042/BCJ20170823
https://doi.org/10.1093/jn/135.4.753
https://doi.org/10.1046/j.1355-557x.2001.00016.x
https://doi.org/10.1177/002215540205000208
https://www.ncbi.nlm.nih.gov/pubmed/11799139
https://doi.org/10.1111/are.13579
https://doi.org/10.1016/S0022-3476(05)82532-6
https://www.ncbi.nlm.nih.gov/pubmed/1625065
https://doi.org/10.1016/j.mito.2018.02.009
https://www.ncbi.nlm.nih.gov/pubmed/29551309
https://doi.org/10.1577/1548-8659(1986)115%3C478:DEAISB%3E2.0.CO;2
https://doi.org/10.1007/BF00392929
https://doi.org/10.2331/suisan.45.527

	Introduction 
	Materials and Methods 
	Experimental Fish 
	Sample Collection 
	Determination of Serum Biochemical Indexes and Metabolic Enzymes 
	RNA Isolation and cDNA Cloning 
	Sequence and Phylogenetic Analyses of CAT and ECHS1 
	Real-Time Fluorescent Quantitative PCR (qRT-PCR) 
	Statistical Analysis 

	Results 
	Analysis of CAT and ECHS1 Gene Sequence and Deduced Protein 
	Multiple-Sequence Alignment and Phylogenetic Analysis of CAT and ECHS1 Gene 
	Expression Level of CAT Gene in Juvenile GIFT Liver within Different Fat and Carnitine Diets 
	Expression Level of ECHS1 in Juvenile GIFT Liver within Different Fat and Carnitine Diets 
	Effects of Dietary Fat and Carnitine Levels on Blood Biochemical Indicators and Metabolic Enzyme Activities of GIFT 

	Discussion 
	Conclusions 
	References

