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ABSTRACT
Background: Fish cannot use carbohydrate efficiently and instead utilize protein for energy supply, thus limiting dietary

protein storage. Protein deposition is dependent on protein turnover balance, which correlates tightly with cellular energy

homeostasis. Mitochondrial fatty acid β-oxidation (FAO) plays a crucial role in energy metabolism. However, the effect

of remodeled energy homeostasis caused by inhibited mitochondrial FAO on protein deposition in fish has not been

intensively studied.

Objectives: This study aimed to identify the regulatory role of mitochondrial FAO in energy homeostasis maintenance

and protein deposition by studying lipid, glucose, and protein metabolism in fish.

Methods: Carnitine-depleted male Nile tilapia (initial weight: 4.29 ± 0.12 g; 3 mo old) were established by feeding them

with mildronate diets (1000 mg/kg/d) for 6 wk. Zebrafish deficient in the carnitine palmitoyltransferase 1b gene (cpt1b)

were produced by using CRISPR/Cas9 gene-editing technology, and their males (154 ± 3.52 mg; 3 mo old) were used

for experiments. Normal Nile tilapia and wildtype zebrafish were used as controls. We assessed nutrient metabolism

and energy homeostasis–related biochemical and molecular parameters, and performed 14C-labeled nutrient tracking

and transcriptomic analyses.

Results: The mitochondrial FAO decreased by 33.1–88.9% (liver) and 55.6–68.8% (muscle) in carnitine-depleted Nile

tilapia and cpt1b-deficient zebrafish compared with their controls (P < 0.05). Notably, glucose oxidation and muscle

protein deposition increased by 20.5–24.4% and 6.40–8.54%, respectively, in the 2 fish models compared with their

corresponding controls (P < 0.05). Accordingly, the adenosine 5′-monophosphate–activated protein kinase/protein kinase

B–mechanistic target of rapamycin (AMPK/AKT-mTOR) signaling was significantly activated in the 2 fish models with

inhibited mitochondrial FAO (P < 0.05).

Conclusions: These data show that inhibited mitochondrial FAO in fish induces energy homeostasis remodeling and

enhances glucose utilization and protein deposition. Therefore, fish with inhibited mitochondrial FAO could have high

potential to utilize carbohydrate. Our results demonstrate a potentially new approach for increasing protein deposition

through energy homeostasis regulation in cultured animals. J Nutr 2020;150:2322–2335.
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Introduction
Animal protein is the predominant source of protein for humans
around the world (1), thus humans require optimal animal
production with maximum protein deposition. From a cellular
metabolism point of view, the deposition of protein in cells
depends on protein synthesis and breakdown (2, 3), which
correlate with energy homeostasis. Protein deposition mainly

depends on a dynamic balance among protein, carbohydrate,
and lipid metabolism (3, 4). In cells, energy metabolites such
as amino acids (AAs), glucose, fatty acids (FAs), pyruvate,
acetyl CoA, triglycerides (TGs), and lactate are in a dynamic
balance, which is regulated by metabolic interactions among
major nutrients (4, 5). Accumulating evidence from mammalian
studies shows that loss of mitochondrial fatty acid β-oxidation
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(FAO) activates adenosine 5′-monophosphate–activated protein
kinase (AMPK), consequently increasing glucose utilization via
activation of the insulin signaling protein kinase B (AKT)
pathway (6–9) and AA catabolism (6). In contrast, inhibition
of glucose oxidation by pharmacological or genetic approaches
increases FAO for fuels (10, 11). However, the correlation
between protein deposition and energy homeostasis has not
been well addressed in most organisms.

In most mammals, protein turnover in muscle is commonly
constant in adults (2, 12). Different from mammals, fish often
exhibit a sustained growth, with body size and muscle mass
increasing until death or senescence occurs (13). In addition, as
poikilothermic organisms, fish have lower energy consumption
and higher feed conversion efficiency compared with most
terrestrial animals (14). Accordingly, the amount of tissue
protein deposited per unit of dietary energy intake is much
higher in fish than in omnivorous birds and mammals (15).
Currently, fish and other seafood products rank as the third
protein provider after cereals and milk, accounting for 6.5%
of total protein supply and 16.4% of total animal protein
consumed globally (1). Therefore, increasing protein deposition
in fish is widely viewed as an opportunity to meet the rising
demand for animal-derived protein in the world.

However, unlike mammals, which use carbohydrate as
the main energy source, fish preferentially use protein (16).
Therefore, fish require higher dietary protein levels compared
with terrestrial animals, and a large portion of the dietary
protein is broken down for energy provision and consequently
unavailable for protein supply to humans (14). In classic fish
nutrition theory, fish have a poor ability to utilize dietary
carbohydrates (16, 17). Therefore, high dietary carbohydrate
often causes metabolic disturbances in many fish species, such as
severe fat accumulation and reduced growth and feed efficiency
(18, 19). Considering the increasing cost and limited supply of
aquafeed protein sources such as fishmeal, approaches to ensure
higher glucose/carbohydrate utilization and protein deposition
are top research priorities for fish physiologists. Recently, our
fish studies have provided clues that changes in FAO can affect
body glycogen content and expression of glycolysis-related
genes and mechanistic target of rapamycin (mTOR) (18, 20–
22). However, to the best of our knowledge, a systematic
investigation of energy homeostasis after mitochondrial FAO
inhibition has never been performed in fish.
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Here, we characterized the crucial role of mitochondrial
FAO in regulating fish energy metabolism. We hypothesized
that inhibited mitochondrial FAO promotes protein deposition
through remodeling energy homeostasis. Thus, we established
2 fish models with inhibited mitochondrial FAO: carnitine-
depleted Nile tilapia (Oreochromis niloticus) and carnitine-
palmitoyltransferase 1b knockout (cpt1b−/−) zebrafish (Danio
rerio). Nile tilapia and zebrafish are both warm-water omniv-
orous teleosts, and their entire genomes are available (21, 22);
they have been widely used in metabolic research (21, 23, 24).
In the present study, we used the Nile tilapia and zebrafish
with inhibited mitochondrial FAO to identify the regulatory
roles of mitochondrial FAO in nutrient metabolism and the
related molecular mechanisms involved in remodeled energy
homeostasis in fish.

Methods
Animal ethics
Animal studies were conducted in compliance with the Guide for the
Care and Use of Laboratory Animals in China. All animal procedures
were approved by the Committee on Ethics of Animal Experiments of
East China Normal University (approval number F20140101).

Animal sources
All male Nile tilapia juveniles were purchased from the Shanghai
Ocean University. Before the formal studies, the fish were acclimated at
28◦C in a semicircular aquaculture system with a 14 h/10 h light/dark
cycle, and fed a commercial diet (Tilapia Compound Feed 1055,
Tongwei Co. Ltd) containing 40% protein and 7% lipid for 2 wk.
Six-month-old adult zebrafish (0.3–0.4 g) were purchased from the
Chinese National Zebrafish Resource Center. The zebrafish obtained
were used as broodstock for establishment of mutants. The zebrafish
were maintained at 28◦C in a recirculating aquaculture system equipped
with a mechanical filter and an aquarium heater in a 14 h/10 h light/dark
cycle. The zebrafish were fed twice a day with freshly hatched brine
shrimp eggs.

Carnitine-depleted Nile tilapia establishment
The carnitine-depleted Nile tilapia were established based on previous
fish and mammalian studies (22, 25, 26). The male Nile tilapia were
administered mildronate (MD) (Chengdu Micxy Chemical Co. Ltd) at
a dose of 1000 mg/kg/d. To achieve this, 180 visually healthy Nile
tilapia with comparable initial mean weight (4.29 ± 0.12 g) were
selected and randomly distributed into 2 groups; control (Ctrl) and
MD (3 replicates per group, 30 fish per replicate). The fish were
hand-fed twice daily with either a Ctrl diet or an MD diet for 6 wk
(Supplemental Table 1). For more details on dietary preparation and
feeding strategy, see Supplemental Methods. At the end of the feeding
trial, all fish were fasted for 12 h. Nine fish from each group were
killed by anesthetizing them with 20 mg/L tricaine methanesulfonate.
The liver and abdominal adipose tissue from these fish were collected
and weighed for calculation of organ indices such as hepatosomatic
index and mesenteric fat index (MFI). Serum, liver, and muscle samples
were also collected from each dead fish. The samples were frozen
immediately in liquid nitrogen, followed by storage at −80◦C for further
physiological analysis. Another 6 fish from each group were killed after
anesthetization and stored at −80◦C for body composition analysis.

Establishment of cpt1b mutant zebrafish and fish
maintenance
The cpt1b mutant zebrafish were established by using CRISPR/Cas9
gene-editing technology as described in our previous study (27).
For details on cpt1b knockout (cpt1b−/−) zebrafish establishment,
see Supplemental Methods. The resulting F3 zebrafish cpt1b−/− and
wildtype (wt) larvae were analyzed for cpt1b mRNA expression and
CPT1b protein abundance [1 mo postfertilization (mpf)], swimming
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activity [5 d postfertilization (dpf)], Nile red staining (15 dpf) (28),
and oxygen consumption rate (OCR, 15 dpf) by using a Strathkelvin
Instruments 782 Oxygen Meter system. We further fed the 3 mpf-old
male cpt1b−/− mutants (154 ± 3.52 mg) and wt fish (162 ± 2.87 mg)
a commercial diet (Shengsuo) containing 40% protein and 8% lipid for
4 wk. At the end of the feeding trial, all fish were fasted for 12 h, and the
whole body, liver, muscle, and blood samples were collected and frozen
immediately for further analysis.

Metabolic profiling of mitochondrial FAO–inhibited
models
Six to 8 Nile tilapia samples from Ctrl and MD treatments, and
18 zebrafish samples from wt and cpt1b−/− mutants were collected
for determination of metabolic and physiological parameters. The total
protein content was determined by the Kjeldahl method after acid
digestion using a 2300 Kjeltec Analyzer Unit (FOSS Tecator) (28). The
total lipid content was measured by using the chloroform/methanol
(2:1 v/v) method (29). The nonessential fatty acids (R & D Systems)
and insulin (Millipore) were measured by using specific ELISA kits.
The contents of β-hydroxybutyrate (β-HB), TGs, malondialdehyde
(MDA), glucose, total AAs (TAA), lactate, pyruvate, and glycogen, and
the activities of aspartate transaminase (AST), alanine transaminase
(ALT), hexokinase (HK), and pyruvate kinase (PK) were assessed
by using specific commercial kits (Jiancheng Biotech Co) based on
manufacturer’s instructions. The hydrolysis of muscle protein was
performed by using the conventional acidic hydrolysis method as
described previously (30). The AA composition in muscle was assessed
from Nile tilapia of Ctrl and MD treatments and from zebrafish
from wt and cpt1b−/− mutants by using a Hitachi L-8900 Automatic
Amino Acid Analyzer. For more details on AA composition analysis, see
Supplemental Methods.

Carnitine concentration determination
The liver and muscle samples from 6 Nile tilapia of Ctrl and MD treat-
ments were collected for determination of free carnitine concentrations.
The details of sample preparation and LC-MS measurement were as
described previously (20). For more details on carnitine concentration
determination, see Supplemental Methods.

Acetyl-CoA concentration measurement
The acetyl-CoA concentrations in liver and muscle of Nile tilapia
from Ctrl and MD treatments and of zebrafish from wt and cpt1b−/−
mutants were determined by using HPLC as described previously (31).
The HPLC run was completed in 15 min without any additional
time for column re-equilibration between the HPLC runs. For more
details on acetyl-CoA concentration measurement, see Supplemental
Methods.

FAO assay
The liver and muscle samples from 6 Nile tilapia of Ctrl and MD
treatments, and from 9 zebrafish of wt and cpt1b−/− mutants were
collected and homogenized for FAO assay. The mitochondrial and
peroxisomal FAO activities were determined by using labeled [1-
14C]palmitic acid (PA) (PerkinElmer) as a substrate, as reported in a
previous study (21). For more details on FAO assay, see Supplemental
Methods.

Glucose tolerance test
The glucose tolerance test (GTT) was performed according to the
methods described previously (18, 32). Blood was collected from caudal
vein and tails of Nile tilapia from Ctrl and MD treatments and from
zebrafish from wt and cpt1b−/− mutants, respectively. For more details
on the GTT see Supplemental Methods.

Nile tilapia primary hepatocytes culture and
pharmacological inhibition
The isolation and culture of Nile tilapia primary hepatocytes were
performed as previously described (21). After 12 h, all cells attached to
the MD medium [Dulbecco modified Eagle medium (DMEM; Gibco);

10% fetal bovine serum (FBS; Gibco); 1 mM MD] and control medium
(DMEM with 10% FBS). The cells were collected for FAO capacity
assays after culture for 24 and 36 h. In this experiment, 3-well replicates
were used for 1 treatment and the experiment was repeated 3 times.
We further assayed several signaling proteins in Nile tilapia primary
hepatocytes. The cells were preincubated with MD (1 mM) for 36 h and
then treated individually with the following inhibitors for 24 h: 5 and
10 μM MK-2206 2HCl (MK; AKT pathway inhibitor; Selleckchem),
or 1 μM rapamycin (Rap; mTOR inhibitor; LC Laboratories). The
cells were then subjected to the cell viability measurement by using the
MTT Assay Kits (Abcam) and related protein expressions by western
blot analysis. For more details on cell culture process, see Supplemental
Methods.

Insulin-stimulated glycogenesis test
Nile tilapia primary hepatocytes pretreated with MD medium for 36 h
were prepared for an insulin-stimulated glycogenesis test. The 14C-
labeled glucose medium [5 mM d-glucose (Sangon Biotech) containing
2.5 μCi/mL d-[1-14C]glucose (PerkinElmer)] was used to determine
the glycogen labeling (33, 34). The MD-treated cells were incubated
in the radioactive glucose medium for 4 h, with or without 100 nM
insulin (Sigma). Cell lysates were prepared and cellular 14C-labeled
glycogen was collected after 75% ethanol precipitation and 1 N KOH
dissolution as described previously (35). Finally, 200 μL [14C]glycogen
was transferred to a scintillation tube containing 2 mL scintillation
cocktail medium (Ultima Gold XR; PerkinElmer) and assayed for
radioactivity in a Tri-Carb 4910TR Liquid Scintillation Analyzer
(PerkinElmer).

Metabolic tracking of FAs, glucose, and AAs
The Nile tilapia from Ctrl and MD treatments and zebrafish from
wt and cpt1b−/− mutants were fasted for 12 h. Eighteen fish from
each treatment were randomly sampled and used for metabolic
tracking test. Six fish were randomly intraperitoneal (i.p.) injected
with dimethyl sulphoxide (DMSO, Sigma, USA) containing [1-14C]-
PA (labeled 0.05 μCi/g body weight and unlabeled 1 μmol/kg body
weight) (PerkinElmer, USA) (21, 28). Another 6 fish were injected with
saline containing D-[1-14C]-Glu (500 mg/kg body weight and 0.05
μCi/g body weight) (PerkinElmer, USA) (18), and the last six fish were
injected with saline contain 14C evenly labeled L-amino acid mixture
(L-[14C (U)]-AA, 500 mg/kg body weight and 0.05 μCi/g body weight)
(PerkinElmer, USA) (22, 28). The total AA mixture was L-Lys, L-
Arg, DL-Met, L-His and L-Val (2.7:2:1:1:1.3) (Sigma, USA) (22). The
nutrient extraction was performed as described previously (34, 36). In
addition, primary hepatocytes and dorsal muscle strips were isolated
from Nile tilapia of Ctrl and MD treatments and prepared for glucose
and AA oxidation measurements. The glucose and AA oxidation were
measured by using D-[1-14C]-Glu and L-[14C (U)]-AA as described
previously (6, 35). For more details on metabolic tracking test, see
Supplementary Experimental Procedures.

Quantitative real-time PCR and mitochondrial
cytochrome b DNA quantity measurement
The liver and muscle samples from 8 Nile tilapia of Ctrl and MD
treatments, and from 18 zebrafish of wt and cpt1b−/− mutants, collected
as described above, were used for total RNA isolation, cDNA synthesis,
and quantitative real-time PCR (qRT-PCR) as described previously (37).
The genes for β-actin 2 (actb2) and elongation factor 1a (ef-1a) of Nile
tilapia, and for eukaryotic translation elongation factor 1α 1 (eef1a1l1)
and actin α1b (acta1b) of zebrafish, were used as housekeeping gene
controls for normalization of gene expressions. The details of primer
sequences used in the present study are provided in Supplemental Table
2 for Nile tilapia and in Supplemental Table 3 for zebrafish. The qRT-
PCR was conducted by using the 2−��Ct method:

�Ct = Cttarget − (CtEF1α + Ctβ−actin )/2 (1)

For more details of qRT-PCR see Supplemental Methods. We also
evaluated the number of mitochondria by determining the quantity
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FIGURE 1 Free carnitine content (A), PA∗ β-oxidation efficiency (B), serum β-HB concentration (C), mitochondrial copy number (D), mRNA
expression of FAO genes (E), TG content (F), H&E and Oil Red staining (G), and mRNA expression of lipogenetic genes (H) in liver and muscle
of Nile tilapia fed Ctrl and MD diets for 6 wk. Values are mean ± SEM (free carnitine content and PA∗ β-oxidation efficiency: n = 3 replicates of
6 fish; serum β-HB concentration and TG content: n = 6 replicates of 6 fish; gene expression: n = 8 replicates of 8 fish). ∗,∗∗,∗∗∗Different from
Ctrl: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 (2-tailed independent t test). acox1, acyl-CoA oxidase 1; cpt1a, carnitine palmitoyltransferase 1a; cpt1b,
carnitine palmitoyltransferase 1b; Ctrl, control group; dgat2, diglyceride acyltransferase 2; FAO, fatty acid β-oxidation; fasn, fatty acid synthase;
H&E, hematoxylin-eosin; MD, mildronate group; Mito-O, mitochondrial oxidation; PA∗, [1-14C]palmitic acid; Pero-O, peroxisomal oxidation; ppara,
peroxisome proliferator–activated receptor α; pparb, peroxisome proliferator–activated receptor β; srebf1, sterol regulatory element–binding
transcription factor 1; TG, triglyceride; Tot-O, total oxidation; β-HB, β-hydroxybutyrate.

of mitochondrial cytochrome b (cytb) DNA. The total mitochondrial
DNA was isolated from liver and muscle samples of 8 Nile tilapia in
MD and Ctrl treatments, and 12 zebrafish of wt and cpt1b−/− mutants
by using a TIANamp Marine Animals DNA Kit (Tiangen Biotech Co
Ltd) by following the manufacturer’s instructions. Relative copy number
of mitochondrial DNA (mtDNA) was measured by qRT-PCR using
mitochondrial cytb/β-action and cytb/β-globin for Nile tilapia (21)
and zebrafish (22), respectively. Details of the primers are provided in
Supplemental Table 4 for Nile tilapia and Supplemental Table 5 for
zebrafish.

Transcriptomic analysis
Six liver samples of Nile tilapia from MD and Ctrl treatments were
prepared for transcriptomic analysis. A paired-end RNA-seq sequencing
library was sequenced by using the Illumina HiSeq 4000 (Illumina,
Inc; 2 × 150 bp read length) after quantification by using TBS380

Fluorometer (Turner Biosystems Co. Ltd). The comparative analysis
of differentially expressed genes (DEGs) and functional enrichment
analysis of pathways were conducted as described previously (27). For
more details on transcriptomic analysis, see Supplemental Methods.

Western blot analysis
Protein homogenates were prepared from 50 mg liver and muscle
tissues in cell lysis buffer (Beyotime Biotechnology) containing
1 mM phenylmethanesulfonyl fluoride (Beyotime Biotechnology).
Immunoblot analyses were performed by using standard procedures
(21). The antibody information is provided in Supplemental Table 6. For
more details on western blotting analysis, see Supplemental Methods.

Histological analyses
We examined the liver tissues of Nile tilapia from MD and Ctrl
treatments by using Oil Red O staining method (38). Additionally,
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hematoxylin and eosin staining of liver tissues was also performed by
using paraffin-embedded tissues that were section-dried and stained
using standard protocols (39). The digital images were examined under
a Nikon Eclipse Ti-SR inverted microscope.

Statistical analyses
Results are presented as mean ± SEM. Data were tested for normality
by using the Shapiro–Wilk test and for homogeneity of variance using
the Levene test. A 2-tailed independent t test was performed to evaluate
the significant differences (P values < 0.05) in measured parameters
between the 2 groups. All analyses were conducted by using Statistical
Package for the Social Science (SPSS) software version 19 for Windows
(IBM SPSS).

Results
Carnitine-depleted Nile tilapia showed inhibited
mitochondrial FAO

We first established the carnitine-depleted Nile tilapia model
by feeding fish with the MD diet for 6 wk. The MD-treated
fish had lower free carnitine contents in the liver and muscle
by 81.9% and 56.0%, respectively, than Ctrl fish (Figure 1A).
Accordingly, mitochondrial [114C]PA β-oxidation capacities
were inhibited significantly in liver and muscle of MD-treated
fish (Figure 1B) and in primary hepatocytes (Supplemental
Figure 1A, B). The concentration of β-HB, a product of FAO
in serum, was reduced in the MD-treated fish (Figure 1C).
However, peroxisomal β-oxidation increased in the liver of the
MD-treated fish (Figure 1B). The quantity of mitochondrial
DNA of cytb, a marker for mitochondria numbers, increased
significantly in the MD-treated fish (Figure 1D). Moreover, the
MD-treated fish upregulated the expressions of the genes related
to mitochondrial and peroxisomal FAO metabolism, such as
cpt1a, cpt1b, and acyl-CoA oxidase 1 (acox1), in the liver and
muscle (Figure 1E).

The MD-treated fish did not increase body weight compared
with the Ctrl fish (Table 1), but accumulated more fat in
the body and organs than Ctrl (Figure 1F, G; Table 1).
Correspondingly, the mRNA expressions of TG synthesis genes
such as diglyceride acyltransferase (dgat2) and sterol regulatory
element–binding transcription factor 1 (srebf1) were upregu-
lated, whereas fatty acid synthase (fasn) was downregulated
in the liver of MD-treated fish (Figure 1H). The MD-treated
and Ctrl fish had comparable serum AST and ALT activities
(Supplemental Figure 2A), MDA concentration (Supplemental
Figure 2B), and expressions of several inflammatory marker
genes—heat shock protein 70 (hsp70), interleukin 10 (il10),
interleukin 1β (il1b), and transforming growth factor β1 (tgfb1)
(Supplemental Figure 2C). Together, these data indicate that the
MD-treated fish had inhibited mitochondrial FAO, high body
lipid accumulation, but no obvious tissue damage.

Inhibition of mitochondrial FAO improved insulin
sensitivity and glucose utilization in Nile tilapia

The FAO-inhibited fish had lower serum glucose and insulin
concentrations by 57.7% and 20.4%, respectively, than the Ctrl
fish (Table 1). During the GTT, the FAO-inhibited fish showed
faster glucose clearance (Figure 2A), and the serum insulin
concentration in the FAO-inhibited fish was lower by 35–50%
than Ctrl fish (Figure 2B), indicating improved insulin efficiency,
but not insulin secretion. We further observed significantly
higher insulin-stimulated glycogen synthetic efficiency in the
Nile tilapia primary hepatocytes, which were pretreated with

TABLE 1 Effects of mildronate-induced carnitine depletion on
growth performance, serum biochemical parameters, and body
composition in Nile tilapia1

Ctrl MD

IBW, g/fish 4.28 ± 0.03 4.29 ± 0.03
FBW, g/fish 16.27 ± 0.74 17.06 ± 0.71
WG,2 % 280 ± 18.7 298 ± 16.9
HSI,3 % 2.34 ± 0.04 3.31 ± 0.18∗∗∗

MFI,4 % 0.33 ± 0.05 0.71 ± 0.12∗∗

CR,5 % 55.0 ± 1.32 61.3 ± 2.20∗

Whole body composition
TF, mg/g wet weight 44.8 ± 1.31 49.8 ± 0.82∗

TP, mg/g wet weight 146 ± 0.85 152 ± 0.67∗∗

Serum biochemical parameters
NEFA, μmol/L 59.6 ± 1.03 134 ± 1.14∗∗∗

TGs, mmol/L 0.45 ± 0.08 1.24 ± 0.24∗

Glucose, mmol/L 5.48 ± 1.08 2.32 ± 0.26∗

Insulin, nmol/L 33.9 ± 0.34 27.0 ± 1.17∗∗

TAA, mmol/mL 0.17 ± 0.00 0.12 ± 0.00∗∗∗

1Values are means ± SEM; n = 3 for IBW, FBW, and WG (3 replicates, 30 fish per
replicate); n = 8 for HSI, MFI, and CR; n = 5 for TF and TP; n = 6 for serum
biochemical parameters. ∗,∗∗,∗∗∗Significantly different from wildtype: ∗P ≤ 0.05,
∗∗P ≤ 0.01, and ∗∗∗P ≤ 0.001. CR, carcass ratio; Ctrl, control group; FBW, final mean
body weight; HSI, hepatosomatic index; IBW, initial mean body weight; MD,
mildronate group; MFI, mesenteric fat index; NEFA, nonessential fatty acid; TAA,
total amino acids; TF, total fat; TGs, triglycerides; TP, total protein; WG, weight gain.
2WG = 100 × (FBW − IBW)/IBW.
3HSI = 100 × (liver weight/body weight).
4MFI = 100 × (mesenteric fat weight/body weight).
5CR = 100 × (carcass weight/body weight).

1 mM MD for 36 h (Figure 2C). Furthermore, in the d-
[1-14C]glucose oxidation test, we found higher [14C]carbon
dioxide release from muscle strips of the MD-treated fish
(Figure 2D) and MD-treated hepatocytes (Supplemental Figure
3A). In addition, the activities of key enzymes involved in
glycolytic pathway such as HK and PK increased (Supplemental
Figure 4A, B), whereas the glycogen concentrations in liver
and muscle decreased in the FAO-inhibited fish (Figure 2E).
Conversely, the hepatic contents of pyruvate (Figure 2F) and
acetyl-CoA (Figure 2G) increased significantly in the FAO-
inhibited fish, suggesting enhanced glycolysis and production of
glycolysis-sourced acetyl-CoA.

In the FAO-inhibited fish, the mRNA expressions of insulin
receptor a (insra) and glycolytic genes were upregulated;
however, the expressions of gluconeogenic and glycogenic
genes were downregulated compared with Ctrl (Figure 2H,
I). Moreover, the phosphorylation of the α-subunit of AMPK
(Thr172) and AKT (Ser473), and total AKT and insulin receptor
(IR) proteins were all significantly higher in the liver of the FAO-
inhibited fish than Ctrl (Figure 2J). Likewise, the phosphory-
lation of AKT (Ser473) and IR increased dramatically in the
muscle of FAO-inhibited fish (Figure 2K). Similar results were
also obtained in the Nile tilapia primary hepatocytes treated
with 1 mM MD (Supplemental Figure 3B–D). Taken together,
the FAO-inhibited fish showed enhanced glucose utilization,
which resulted from improved insulin sensitivity rather than
insulin secretion, and activation of AMPK/AKT pathways.

Inhibited mitochondrial FAO depressed AA catabolism
and promoted protein deposition in Nile tilapia

We further found that the carcass ratio and the protein contents
in the whole-fish body and muscle increased significantly in
the FAO-inhibited fish (Table 1; Figure 3A). Serum TAA
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FIGURE 2 Serum glucose (A) and insulin (B) concentration in GTT, glycogen radioactivity of primary hepatocytes from Nile tilapia with 1 mM
MD treatment for 36 h (C), carbon dioxide radioactivity released from D-[1-14C]glucose oxidation of Nile tilapia primary hepatocytes and muscle
strips (D), glycogen (E), pyruvate (F), and acetyl-CoA (G) content, gene expression of genes related to carbohydrate metabolism (H–I), and protein
expression of insulin pathway (J–K) in liver and muscle of Nile tilapia fed Ctrl and MD diets for 6 wk. Values are mean ± SEM (GTT: n = 5 replicates
of 5 fish; glycogen radioactivity: n = 3; carbon dioxide radioactivity: n = 6; glycogen and pyruvate content: n = 6 replicates of 6 fish; acetyl-CoA
content and protein expression: n = 3 replicates of 6 fish; gene expression: n = 8 replicates of 8 fish). ∗,∗∗,∗∗∗Different from Ctrl: ∗P < 0.05, ∗∗P
< 0.01, ∗∗∗P < 0.001 (2-tailed independent t test). AKT, protein kinase B; Ctrl, control group; DPM, disintegrations per minute; fbp, fructose-1,6-
bisphosphatase; g6p, glucose-6-phosphatase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; gck, glucokinase; glut, glucose transporter;
gsk3b, glycogen synthase kinase 3β; GTT, glucose tolerance test; gys, glycogen synthase; insr and IR, insulin receptor; MD, mildronate group;
N-insulin, no insulin; p-AKT, phosphorylation of protein kinase B; p-AMPK, phosphorylation of adenosine 5′-monophosphate–activated protein
kinase; pk, pyruvate kinase; W-insulin, with insulin.
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FIGURE 3 Total protein (A) and amino acid content (B) in muscle, carbon dioxide radioactivity released from L-[14C (U)]-amino acid oxidation of
Nile tilapia primary hepatocytes and muscle strips (C), mRNA expression of genes involved in protein metabolism (D, E), and protein expression
of mTOR pathway (F, G) in liver and muscle of Nile tilapia fed Ctrl and MD diets for 6 wk. Values are mean ± SEM (total protein, amino acid
content, and protein expression: n = 3 replicates of 6 fish; carbon dioxide radioactivity: n = 6; gene expression: n = 8 replicates of 8 fish).
∗,∗∗,∗∗∗Different from Ctrl: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 (2-tailed independent t test). apn, aminopeptidase N; asns, asparagine synthetase;
atf4, activating transcription factor 4; Ctrl, control group; DPM, disintegration per minute; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
gcn2, general control nonderepressible 2; glud1, glutamate dehydrogenase 1; MD, mildronate group; mTOR, mechanistic target of rapamycin
kinase; p-mTOR, phosphorylation of mechanistic target of rapamycin kinase; p-S6, phosphorylation of S6 ribosomal protein; S6, S6 ribosomal
protein; L-[14C (U)]-amino acids, 14C evenly labeled L-amino acids mixture.

concentration was reduced in the FAO-inhibited fish (Table 1),
suggesting more AAs were deposited in the body. As direct
evidence, most AAs were elevated significantly in the muscle
of the FAO-inhibited fish compared with Ctrl (Figure 3B).
We next measured the oxidation of l-[14C (U)]-AA in
primary hepatocytes and muscle strips isolated from the FAO-
inhibited fish and Ctrl. Results indicated that the production
of [14C]carbon dioxide decreased significantly in the FAO-
inhibited fish compared with Ctrl fish (Figure 3C; Supplemental
Figure 3A). The mRNA expressions of a peptide hydrolysis
gene, aminopeptidase N (apn), and AA catabolism genes such
as asparagine synthetase (asns) and glutamate dehydrogenase

1 (glud1), were reduced in the liver (Figure 3D), and other
AA catabolic genes, including general control nonderepressible
2 (gcn2), activating transcription factor 4 (atf4), and asns
were downregulated in the muscle in the FAO-inhibited fish
(Figure 3E).

Furthermore, we found that the protein levels of total
mTOR, phosphorylation of mTOR (Ser2448), and S6 ribosomal
protein (S6) (Ser235/236) were dramatically higher in the liver
(Figure 3F) and muscle (Figure 3G) of the FAO-inhibited fish
than Ctrl. Similarly, we also found elevated phosphorylation
of S6 (Ser235/236) in the primary hepatocytes pretreated with
1 mM MD (Supplemental Figure 3C, D), suggesting activation
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FIGURE 4 Metabolic tracking of [114C]-PA (A), D-[1-14C]glucose (B), and L-[14C (U)]-AA (C) in Nile tilapia fed Ctrl and MD diets for 6 wk. Values
are mean ± SEM, n = 6. ∗,∗∗,∗∗∗Different from Ctrl: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 (2-tailed independent t test). AA, amino acid; Ctrl, control
group; Glu, glucose; L-[14C (U)]-AA, 14C evenly labeled L-amino acids mixture; MD, mildronate group; PA, palmitic acid.

of the mTOR pathway. These findings indicate that mito-
chondrial FAO inhibition remodeled energy metabolism, which
induced protein deposition from depressed AA breakdown and
improved protein synthesis due to activation of the mTOR
pathway.

Inhibited mitochondrial FAO remodeled nutrient
metabolism in Nile tilapia

To understand precisely the mechanisms by which mito-
chondrial FAO inhibition remodeled nutrient homeostasis, we
intraperitoneally injected fish individually using 14C-labeled PA,
glucose, and AA mixture. After injection of [1-14C]-PA, we
found less release of [14C]carbon dioxide, significantly increased
14C-lipid, and decreased [14C]glycogen in the FAO-inhibited
fish (Figure 4A). This indicates that the FAO-inhibited fish
esterified more of the ingested FA to lipid, but oxidized less
FA to form carbon dioxide, and that the conversion of FA
into other nutrients, such as glycogen, was also lowered. After
[1-14C]glucose injection, a large portion (25.71–35.37%) of
14C was recovered in the released [14C]carbon dioxide in both
fish groups, whereas the FAO-inhibited fish released higher
[14C]carbon dioxide and retained less 14C in the body than
the Ctrl fish (Figure 4B). More precisely, we found a 68%
significantly higher 14C-protein deposition ratio in the FAO-
inhibited fish (13.59% compared with 8.10%), but lower
proportion of [14C]glycogen was observed in the FAO-inhibited

fish (1.94% compared with 2.40%) than in Ctrl fish (Figure 4B).
This indicates that more ingested glucose was oxidized to supply
energy in the FAO-inhibited fish, and concurrently more glucose
was used to synthesize protein in these fish.

The intraperitoneal l-[14C (U)]-AA injection test indicated
that the release of [14C]carbon dioxide in the FAO-inhibited fish
was lower (3.75% compared with 4.66%), and a significantly
larger proportion of 14C-protein was found in the FAO-
inhibited fish than in the Ctrl (52.41% compared with
32.97%) (Figure 4C). This clearly indicates that the mito-
chondrial FAO-inhibited fish preferentially used the ingested
AA for protein synthesis, rather than oxidizing them for
energy generation. In general, these results provide compelling
evidence that mitochondrial FAO inhibition in fish remodels
nutrient metabolism by elevating utilization of glucose as the
major metabolic fuel, preserving AAs from degradation and
promoting protein synthesis from AAs and other metabolic
intermediates.

Inhibited mitochondrial FAO changed energy
homeostasis through activation of AKT-mTOR
pathways

We conducted transcriptomic analyses to obtain a systemic
overview of energy metabolism in the FAO-inhibited Nile tilapia
liver. There were 411 DEGs between the FAO-inhibited fish and
Ctrl (Supplemental Figure 5A), and most of the enriched DEGs
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FIGURE 5 Differentially expressed genes involved in metabolic pathways in hepatic transcriptomic analysis of Nile tilapia fed Ctrl and MD
diets for 6 wk (A), and protein expression analysis of AKT (B) and mTOR (C) pathways in Nile tilapia primary hepatocytes. (A) Red and green
colors indicate upregulated and downregulated genes, respectively; abbreviations are defined in Supplemental Figure Caption. (B) Nile tilapia
primary hepatocytes treated with 1 mM MD, 1 mM MD + 5 μM MK, and MD + 10 μM MK for 24 h. (C) Nile tilapia primary hepatocytes
treated with 1 mM MD, 1 mM MD + 1 μM Rap for 24 h. Values are mean ± SEM (transcriptomic analysis: n = 3 of replicates of 6 fish; protein
expression: n = 3 of cell wells from the six-well plates per condition). ∗,∗∗Different from Ctrl: ∗P < 0.05 and ∗∗P < 0.01 (2-tailed independent
t-test). #,#Different from MD: #P < 0.05 and #P < 0.01 (2-tailed independent t test). AKT, protein kinase B; Ctrl or Con, control group; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; MD, mildronate group; MK, MK-2206 2HCl; mTOR, mechanistic target of rapamycin kinase; p-AKT,
phosphorylation of protein kinase B; p-mTOR, phosphorylation of mechanistic target of rapamycin kinase; p-S6, phosphorylation of S6 ribosomal
protein; Rap, rapamycin.

were involved in energy metabolism (Supplemental Figure 5B).
We next classified the DEGs associated with lipid, glucose, and
protein metabolism (Supplemental Figure 5C) and generated
a schematic illustration of DEGs in significantly changed
metabolic pathways (Figure 5A). Briefly, the FAO-inhibited fish
downregulated the genes involved in lipid hydrolysis and FA
synthesis, and upregulated the genes involved in lipogenesis
and mitochondrial and peroxisomal FAO. The FAO-inhibited
fish also increased expression of the genes associated with
glycolysis and pyruvate dehydrogenase E1 component subunit
α (pdha), which catalyzes pyruvate breakdown to acetyl-CoA,
and conversely downregulated genes related to gluconeoge-
nesis, glycogen synthesis, lactate production, and pyruvate

dehydrogenase kinase 2A (pdk2a). Notably, prominent differ-
ences were detected in the genes related to protein metabolism,
including decreased proteolysis in ubiquitin-proteasome, pep-
tide hydrolysis, and AA breakdown, and increased expressions
of genes related to AA conversion.

The results from previous sections in the present study
confirmed that inhibited mitochondrial FAO caused a compen-
satory increase in glucose utilization and protein deposition,
and the AKT and mTOR signaling pathways were both
stimulated. To understand the relation between AKT and
mTOR signaling pathways in remodeling energy metabolism,
we further measured the activities of AKT and mTOR in the
presence of specific antagonists, MK and Rap, respectively, in
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TABLE 2 The growth performance and serum biochemical
parameters in wt and cpt1b−/− zebrafish1

Wt cpt1b−/−

IBW, mg/fish 162 ± 2.87 154 ± 3.52
FBW, mg/fish 269 ± 2.40 269 ± 6.50
WG,2 % 69.9 ± 0.45 77.0 ± 0.10∗∗∗

FBL, cm/fish 2.88 ± 0.08 2.91 ± 0.05
CF,3 % 0.77 ± 0.02 0.92 ± 0.03∗∗∗

VSI,4 % 9.49 ± 0.44 11.0 ± 0.26∗

CR,5 % 57.3 ± 0.78 61.5 ± 1.09∗∗

Serum glucose, mmol/L 4.58 ± 0.14 3.68 ± 0.13∗∗

Serum insulin, nmol/L 185 ± 6.02 142 ± 6.66∗∗

1Values are means ± SEM; n = 3 for IBW, FBW, and WG (3 replicates, 38 fish per
replicate); n = 12 for FBL, CF, and CR; n = 6 for VSI; n = 4 for serum glucose and
insulin concentration. ∗,∗∗,∗∗∗Significantly different from wildtype: ∗P ≤ 0.05,
∗∗P ≤ 0.01, and ∗∗∗P ≤ 0.001. CF, condition factor; cpt1b, carnitine-palmitoyl
transferase 1b; CR, carcass ratio; FBL, final body length; FBW, final mean body
weight; IBW, initial mean body weight; VSI, viscerosomatic index; WG, weight gain;
wt, wildtype.
2WG = 100 × (FBW − IBW)/IBW.
3CF = 100 × (body weight, g)/(body length, cm)3.
4VSI = 100 × (viscera weight/body weight).
5CR = 100 × (carcass weight/body weight).

primary Nile tilapia hepatocytes pretreated with 1 mM MD
or not. After the MD treatment, the AKT, phosphorylation of
protein kinase B (p-AKT), and phosphorylation of S6 ribosomal
protein (p-S6) protein levels were elevated significantly in
cells (Figure 5B). However, the MK treatment suppressed
significantly the protein levels of AKT, p-AKT, p-mTOR,
and p-S6 in the MD-treated cells (Figure 5B), suggesting
that the inhibited FAO-induced mTOR activity is dependent
on AKT activity. In contrast, the Rap-induced inhibition of
mTOR did not suppress the MD-elevated expression of p-AKT
(Figure 5C), suggesting that AKT activation is independent of
the mTOR pathway in the MD-treated cells. These findings
suggest that the mitochondrial FAO inhibition reconstructed the
systemic nutrient metabolism to maintain energy homeostasis.
Moreover, increased protein synthesis was a consequence
of the stimulated glucose utilization through AKT-mTOR
pathways.

cpt1b deletion remodeled energy metabolism and
promoted protein deposition in zebrafish

The cpt1b gene is one of the key enzymes involved in
mitochondrial FAO and is highly expressed in muscle and liver
of zebrafish (Supplemental Figure 6A). To further confirm the
effects of mitochondrial FAO inhibition on energy homeostasis
and protein deposition, as an alternative to the pharmacological
treatment, we knocked out the cpt1b gene in zebrafish by
using CRISPR/Cas9 (Supplemental Figure 6B–D). The cpt1b−/−

zebrafish larvae had lower swimming activity and OCR,
and higher MFI (Supplemental Figure 6E–G), suggesting that
cpt1b−/− fish had a lower metabolic rate and movement
compared with wt fish. Next, we fed the adult cpt1b−/− and
wt zebrafish a normal diet containing 8% fat. After feeding
for 4 wk, the cpt1b−/− zebrafish gained more body weight
than wt fish but had similar body length as the wt fish
(Table 2). The cpt1b−/− zebrafish also had lower mitochondrial
FAO, higher peroxisome FAO (Figure 6A), and greater fat
accumulation in liver, muscle, and visceral mass (Figure 6B;
Supplemental Figure 7A), and increased hepatic mitochondrial
copy number compared with wt fish (Supplemental Figure
7B). The mRNA expressions of the genes related to FAO

and lipogenesis were upregulated in the liver of the cpt1b−/−

zebrafish compared with wt fish (Supplemental Figure 7C,
D). These results demonstrate that the cpt1b−/− zebrafish had
similar changes in lipid metabolism as the carnitine-depleted
Nile tilapia.

We further observed that the cpt1b−/− zebrafish had lower
serum glucose and insulin concentrations (Table 2), but had
higher acetyl-CoA and pyruvate contents in the muscle than
wt fish (Supplemental Figure 8A, B). The lactate contents
were similar between cpt1b−/− zebrafish and wt fish, both in
the liver and muscle (Supplemental Figure 8C). The cpt1b−/−

zebrafish also showed improved glucose clearance during the
GTT (Figure 6C), and had lower hepatic and muscle glycogen
contents than wt fish (Figure 6D). Subsequently, the expressions
of glycolysis and glucose transport genes were upregulated in
the cpt1b−/− zebrafish, yet genes related to gluconeogenesis and
glycogen synthesis were downregulated (Supplemental Figure
8D, E). Moreover, the levels of AKT phosphorylation at Ser473
were significantly higher in both liver and muscle in the cpt1b−/−

zebrafish than wt fish (Figure 6E). These findings suggest
that the cpt1b−/− fish increased glucose utilization through
activation of the insulin signaling pathway.

The cpt1b−/− zebrafish also had elevated carcass ratio
(Table 2), body protein (Figure 6F), and muscle AA con-
tents, especially the branched-chain AA, including valine and
leucine (Supplemental Figure 9). Correspondingly, the cpt1b−/−

zebrafish had lower expressions of the genes related to AA
catabolism than wt fish (Figure 6G). The phosphorylation of
mTOR was also activated in the cpt1b−/− zebrafish (Figure 6H).
These results illustrate that the cpt1b−/− zebrafish had lower
AA catabolism and higher protein synthesis ability than the wt
zebrafish.

We next performed the 14C-labeled nutrient tracking test in
the cpt1b−/− zebrafish and wt fish (Supplemental Figure 10A–
C). In the cpt1b−/− fish, more [1-14C]-PA was esterified and
converted for protein synthesis, but less was oxidized; more d-
[1-14C]glucose was oxidized as a fuel, and used for synthesis of
protein, but not glycogen; and less l-[14C (U)]-AA was oxidized
compared with wt fish. Altogether, these data indicate that the
inhibition of mitochondrial FAO, by either biochemical activity
or gene knockout, triggers a compensatory increase in glycolysis
but reduces protein catabolism and elevates protein synthesis,
causing higher protein deposition.

Discussion

In the present study, we generated 2 mitochondrial FAO–
inhibited fish models: carnitine-depleted Nile tilapia and cpt1b-
deficient zebrafish. These fish models showed similar moderate
lipid accumulation, with induced compensatory metabolic
responses, including increased peroxisomal fatty acid oxidation,
mitochondrial biogenesis, and FAO gene expressions. These
results accord with those obtained in mammalian models
with mitochondrial FAO deficiency (6–8), verifying the similar
phenotypes in lipid metabolism in mitochondrial FAO–inhibited
animals. However, to the best of our knowledge, our present
study indicates for the first time that energy homeostasis
regulation is a promising strategy for protein production in
cultured animals, at least in fish. The mechanisms summarizing
the systemic remodeling of energy homeostasis caused by the
inhibition of mitochondrial FAO are illustrated in Figure 7.

In response to a dynamic nutrient environment, cells need to
precisely sense their physiological states and remodel metabolic
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FIGURE 6 The PA∗ β-oxidation efficiency (A), total fat content (B), serum glucose concentration in GTT (C), glycogen content (D), protein
expression of p-AKT and AKT (E), total protein content (F), mRNA expression of genes related to amino acid catabolism (G), and protein
expression of p-mTOR and mTOR (H) in tissues of wt and cpt1b−/− zebrafish. Values are mean ± SEM (PA∗ β-oxidation efficiency and protein
expression: n = 3 replicates of 9 fish; total fat content: n = 3 replicates of 18 fish; GTT: n = 5 replicates of 15 fish; glycogen content and
gene expression: n = 6 replicates of 18 fish). ∗,∗∗,∗∗∗Different from wt, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 (2-tailed independent t test). AKT,
protein kinase B; apn, aminopeptidase N; asns, asparagine synthetase; bcat2, branched-chain amino-acid transaminase 2; bckdha, branched-
chain keto-acid dehydrogenase E1 subunit α; cpt1b−/−, cpt1b knockout zebrafish; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; glud1a,
glutamate dehydrogenase 1a; GTT, glucose tolerance test; Mito-O, mitochondrial oxidation; mTOR, mechanistic target of rapamycin kinase; PA∗,
[1-14C]palmitic acid; p-AKT, phosphorylation of protein kinase B; Pero-O, peroxisomal oxidation; p-mTOR, phosphorylation of mechanistic target
of rapamycin kinase; Tot-O, total oxidation; wt, wild-type zebrafish.

patterns in order to maintain energy homeostasis. Lipid and
carbohydrate metabolism is the main source of mitochon-
drial acetyl-CoA production required for energy homeostasis
(40, 41). Accumulating evidence indicates that the rate of acetyl-
CoA production originating from FA and glucose oxidation
relies closely on the size of the mitochondrial acetyl-CoA pool,
which fluctuates depending on intracellular metabolic states
(41, 42). AMPK is an intracellular energy sensor required
to regulate energy metabolism (43, 44), and is activated
when cells are in a poor nutritional state by switching on

catabolic pathways, such as FAO and glycolysis, while switching
off energy-consuming processes such as FA and cholesterol
biosynthesis (45, 46). In the present study, mitochondrial FAO
inhibition reduced the concentrations of acetyl-CoA from lipid
catabolism, mimicking a low-energy state that activated AMPK
to shift energy metabolism from lipid catabolism to glucose
oxidation to maintain cellular energy homeostasis. In contrast,
our previous studies showed that enhanced lipid catabolism,
either through activation of peroxisome proliferator–activated
receptor α or exogenous l-carnitine supplementation, reduced
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FIGURE 7 The systemic remodeling of energy homeostasis caused by the inhibition of mitochondrial FAO. Mitochondrial FAO inhibition through
low-carnitine conditions or cpt1b deficiency significantly reduced lipid-sourced acetyl-CoA, which activated the AMPK/AKT-mTOR pathways. To
maintain cellular energy homeostasis, glucose uptake and glycolysis were increased, whereas glycogen synthesis was reduced, resulting in an
elevated flux of glucose-sourced acetyl-CoA. Meanwhile, AA-sourced acetyl-CoA was decreased due to the increase in protein synthesis and the
decrease in AA catabolism, contributing to high protein deposition. AA, amino acid; AKT, protein kinase B; AMPK, adenosine 5′-monophosphate–
activated protein kinase; atf4, activating transcription factor 4; cpt1b, carnitine-palmitoyl transferase 1b; GCN2, general control nonderepressible
2; glut, glucose transporter; gsk3b, glycogen synthase kinase 3β; gys, glycogen synthase; LC, L-carnitine; mTOR, mechanistic target of rapamycin
kinase; pfk, phosphofructokinase; S6, ribosomal protein S6.

the expressions of glycolytic genes and increased glycogen
deposition in fish (20, 21). These studies confirm that FA and
glucose oxidation synergistically maintain stable energy supply
in fish. Similarly, studies have consistently found beneficial
effects of mitochondrial FAO inhibition by naturally shifting the
substrate selection that favors glucose utilization in mammals
(6–9, 47). Other mammalian studies also revealed that the
reduction of glucose oxidation, through inhibition of sodium-
dependent glucose transporter 2 (10) or overexpression of
pyruvate dehydrogenase kinase 4 (11), increased lipid oxidation
for energy supply. Of note, compared with mammals, fish are
traditionally considered inefficient in utilizing glucose for a fuel
and prefer to use protein as the main energy source (16, 17).
However, the present study indicates that mitochondrial FAO–
inhibited fish potentially enhance carbohydrate utilization to
maintain energy homeostasis, when energy supply from other
nutrients, such as lipids, is inhibited. From an evolutionary
adaptation perspective, our results suggest that the ability of
fish to utilize glucose and carbohydrate is depressed by lipid
metabolism in normal situations, because in natural aquatic
environments the foods of most fish contain more lipid than
carbohydrate, especially for carnivorous or omnivorous fish.

In fish, some studies have demonstrated that the pharma-
cological activation of AMPK stimulates glucose uptake and
utilization (48–50), through modulation of insulin sensitivity
(51, 52). In the present study, we found that the mitochondrial
FAO inhibition decreased blood glucose and insulin concentra-
tions and glycogen content in tissues. In addition, an increase
in glucose clearance in vivo was detected in the mitochondrial
FAO–inhibited fish by using the GTT, and insulin sensitivity
was enhanced in vitro by using the insulin-stimulated glycogen
synthetic efficiency test. Moreover, during the 14C-labeled
glucose tracking test, the mitochondrial FAO–inhibited fish
elevated their glucose oxidation capacity. These data strongly
suggest that glucose oxidation and insulin sensitivity were
improved in the mitochondrial FAO–inhibited fish, in line with
the data obtained from mice (6, 8, 53). Accumulating evidence
indicates that high insulin sensitivity promotes glycolysis (54)
and upregulates the expressions of insulin receptors and glucose
transporters, which are tightly correlated with increased cellular
glucose uptake (55, 56). Correspondingly, the expressions of
the genes associated with glucose uptake and glycolysis were

upregulated in the mitochondrial FAO–inhibited fish. Moreover,
the activity of AKT protein, which has been implicated in
the insulin signaling pathway (46, 57), was enhanced to
increase the insulin sensitivity, which elevated glucose uptake
and glycolysis and decreased glycogen synthesis. Therefore,
mitochondrial FAO inhibition initially induces an energy-
exhausted state, which triggers glucose utilization via the
activation of AMPK/AKT pathways.

Our findings from the present study showed that mitochon-
drial FAO inhibition also promoted protein deposition. A series
of mammalian and fish studies have reported that the AKT-
mTOR pathways induce a phosphorylation cascade, which
results in accelerating protein synthesis and inhibition of pro-
teolysis in muscle (13, 58). The present work further indicated
that, accompanied by the activation of AKT protein, the mTOR
pathway was also activated in the tissues in the mitochondrial
FAO–inhibited fish, leading to an increase in whole-body
protein content and a decrease in the 14C-labeled AA oxidation.
In addition, the mTOR pathway can also be activated in the
presence of nutrients (nutrition-rich status), which promotes
conversion of excess intermediate metabolites into AAs required
to participate in protein synthesis (59). During our d-[1-
14C]glucose tracking test, more 14C-protein was deposited in
the mitochondrial FAO–inhibited fish, suggesting an accelerated
glucose breakdown, the substrates of which promote protein
synthesis. Moreover, the transcriptomic results also revealed
that the expressions of protein catabolism–related genes were
reduced in the mitochondrial FAO–inhibited fish, including
proteolysis in ubiquitin-proteasome, peptide hydrolysis, and AA
breakdown, which likely caused the reduction in serum AAs
and the increase in muscle AAs. Growing evidence supports
the notion that the general control nonderepressible 2 (GCN2)
pathway also plays a primary role in the regulation of protein
catabolism and shapes innate and adaptive AA responses in fish
(60, 61) as in mammals (62–65). Consequently, the increased
protein deposition in the mitochondrial FAO–inhibited fish
might also have resulted from low protein catabolism due to the
suppression of the GCN2 pathway, which was characterized by
lower transcriptional levels of gcn2, atf4, and asns. These results
indicate that the protein deposition induced by mitochondrial
FAO inhibition was mediated by the activation of AKT-mTOR
and the inhibition of GCN2 signaling pathways. Our findings
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suggest that the mitochondrial FAO–inhibited fish preferably
utilize glucose instead of AA breakdown as their metabolic
fuel. This contrasts with a mammalian case in which mice with
Cpt1b deficiency in muscle (Cpt1bm−/−) exhibited upregulated
expressions of genes related to AA breakdown (6). Thus, the
energy homeostasis remodeling pattern could differ between fish
and rodents.

In summary, elevations of glucose catabolism and protein
deposition, rather than protein degradation, are the primary
adaptive metabolic responses to inhibition of mitochondrial
FAO in fish. These responses are regulated by the AMPK/AKT-
mTOR signaling pathways. Our data clearly show that mito-
chondrial FAO is an important process in regulating systemic
energy homeostasis in fish. Moreover, the fish with inhibited
mitochondrial FAO actually have high potential to utilize
glucose. These results demonstrate a new potential strategy
for increasing protein deposition through energy homeostasis
regulation in cultured animals.
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