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Abstract

An 8-week feeding trial was conducted to evaluate the effects of dietary lipid sources on

growth performance, fatty acid composition, rate-limiting enzyme activities and gene

expression related to lipid metabolism in large yellow croaker (Larmichthys crocea). Five

iso-nitrogenous and iso-lipidic experimental diets were formulated to contain different lipid

sources, such as fish oil (FO), soybean oil (SO), linseed oil (LO), rapeseed oil (RO) and pea-

nut oil (PO), respectively. Triplicate groups of 50 fish (initial weight 13.77±0.07g) were

stocked in 15 floating net cages (1.5m×1.5m×2.0m). Fish fed the diets containing RO and

LO had lower weight gain and specific growth rates than those fed the FO, SO and PO diets.

Survival, feed efficiency, protein efficiency ratio, hepatosomatic index, viscerasomatic index

and condition factor were not significantly affected by different dietary lipid sources. Fish fed

the diet containing FO had higher lipid content in whole body compared with the other

groups, whereas fish fed the SO diet had the lowest muscle lipid content. Fatty acid profiles

of muscle and liver reflected the fatty acid composition of the diets. Plasma glucose, triglyc-

eride, and the enzymatic activity of aspartate aminotransferase and alanine aminotransfer-

ase were significantly influenced by different dietary lipid sources, while total protein,

cholesterol, superoxide dismutase or malondialdehyde in plasma were not affected by the

different dietary lipid sources. Fish fed the LO diet had lower adipose triglyceride lipase and

fatty acid synthase activities in liver than those fed the diets containing FO and RO, while

the LO diet resulted in the highest hepatic carnitine palmitoultransferase-1 activity. Hepatic

gene relative expression of adipose triglyceride lipase and carnitine palmitoyltransferase-1

in fish fed PO diet was significantly higher than all other groups, whereas fish fed the SO

and LO diets had lower relative expression levels of lipoprotein lipase than the other groups.

The highest relative expression levels of fatty acid synthase and acyl-CoA diacylglycerol

acyltransferase-2 were observed in the FO group, while the highest relative expression of

glucose 6-phosphate dehydrogenase occurred in fish fed the FO and RO diets. In summary,

based on the growth performance, FO and SO appear to be suitable lipid sources for large
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yellow croaker, with the findings of this study also providing a molecular insight into the role

of lipid metabolic mechanism in response to different dietary lipid sources.

Introduction

Lipid serves two important roles in dietary formulations, as a high-density energy supply as

well as being a source of essential fatty acids (EFA) [1]. Fish oil is the most important lipid

source used in aquafeeds due to the presence of the long-chain polyunsaturated fatty acids

(LC-PUFA), eicosapentanoic (EPA) and docosahexaenoic acid (DHA), which together can sat-

isfy the EFA requirements of all fish species, especially marine fish species [2]. Over the past 30

years, around 20–25 million tonnes (Mt) of feed fish have been caught annually to produce

about 6–7 Mt of fishmeal and 1.0–1.4 Mt of fish oil. In 2006, aquaculture consumed almost

89% of the available fish oil (FO) [3]. However, there is no realistic prospect of FO production

being increased in the future with an increased competition for these small pelagic species for

direct human consumption [1]. Therefore, the limiting supply of FO together with the rapid

growth of aquaculture industry has resulted in increased feed costs, thus it is necessary to find

suitable lipid sources to substitute FO use in aquafeeds.

Oils from terrestrial plants, specifically the oilseed crops producing vegetable oil (VOs),

have almost no limitations to their supply, although their production and use raise some envi-

ronmental and nutritional issues [1, 4]. Compared with FO, VOs are easy to obtain and store

and are recognized as being the most potential lipid sources which can partly or totally replace

FO in aquafeed [5]. The production of VOs exceeds 135 Mt with the four major oils: palm

(42.4 Mt), soybean (37.7 Mt), rapeseed /canola (19.4 Mt), and sunflower (10.1 Mt), which

accounted for more than 80% of the total global production [6]. In recent years, many studies

have been performed to evaluate the effects of complete or partial replacement of dietary FO

with VOs for freshwater and marine fish species [1]. While the partial replacement of FO with

VOs did not affect growth and feed utilization [7–16], the total replacement of dietary FO with

VOs significantly impacted upon growth and fillet quality resulting in growth retardation,

abdominal and hepatic fat deposition [17]. However, for some fish species, it has been shown

that fish oil can be totally replaced by VOs without affecting growth performance [18–22].

Several studies in fish have reported that dietary lipid sources could regulate gene expres-

sion and the activity of key enzymes involved in lipid metabolism, including anabolic and cata-

bolic processes, as well as the relevant transcription factors [23]. Indeed, some studies

demonstrated that replacing dietary FO by VOs could regulate the activity of enzymes and

gene expression in anabolic process, such as glucose-6-phosphate dehydrogenase (g6pd) and

fatty acid synthase (fas) [5, 24–27]. Furthermore, the enzymatic activities and gene expression

related to catabolic processes could also be affected by dietary VOs, such as carnitine palmi-

toyltransferase-1 (cpt-1) and lipoprotein lipase (lpl) [5, 28–29]. Moreover, acyl-CoA diacylgly-

cerol acyltransferase (DGAT) and adipose triglyceride lipase (ATGL) are known to be key

enzymes involved in the mechanisms of intracellular enzyme synthesis and degradation of tria-

cylglycerol, respectively [30–32].

Large yellow croaker (Larmichthys crocea) is mainly distributed in the northern South

China sea, East China sea and Taiwan strait. It is widely cultured in south-eastern China

coastal areas, especially in Fujian and Zhejiang Provinces [33]. Studies on the lipid nutrition of

this fish have been conducted intensively in the past few years [4, 34–37]. Yi et al. [38] reported

that there was no significant effect of dietary FO replacement by rapeseed oil on growth and
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body composition, although the fatty acid compositions of muscle and skin color were signifi-

cantly influenced by dietary lipid sources. To our knowledge, no information is available on

the mechanisms regarding dietary lipid sources regulating lipid transport, synthesis and catab-

olism for this fish species yet. Therefore, the objectives of this study are to evaluate the effects

of different dietary lipid sources on growth performance, hepatic gene expression and rate-

limiting enzymatic activities related to lipid metabolism, and to explore the metabolic mecha-

nisms by which dietary lipid sources regulate lipid deposition and transportation at the tran-

scriptional level. The results may be helpful in developing resource-saving and

environmentally friendly artificial feeds for large yellow croaker.

Materials and Methods

Ethics statement

The present study was performed in strict accordance with the Standard Operation Procedures

(SOPs) of the Guide for Use of Experimental Animals of Ningbo University. All animal care

and use procedures were approved by the Institutional Animal Care and Use Committee of

Ningbo University. Fish were anesthetized with tricaine methane sulfonate (MS-222) to mini-

mize suffering before being assigned to cages and sampling.

Diet and feeding trial

Peruvian fishmeal, soybean meal, soybean protein concentrate, squid meal and wheat gluten

meal were used as protein sources, starch was used as carbohydrate source. Five iso-nitroge-

nous (crude protein about 45.0%) and iso-lipidic (about 10.0%) experimental diets were for-

mulated to contain fish oil (FO), soybean oil (SO), linseed oil (LO), rapeseed oil (RO) and

peanut oil (PO), respectively (Table 1). Each lipid source was supplemented at 3.40% in the

diet. Feed procedure was performed as described in our previous study [33]. Formulation,

proximate composition of the experimental diets and fatty acid composition of lipid sources

are presented in Tables 1–3, respectively.

Large yellow croaker were obtained from a local hatchery farm (Ning-Gang Aquatic Finger-

lings Limited Company of Xiangshan Bay, Ningbo, China) located at [121.752E, 29.545N].

The fish were reared and fed a commercial diet(45.0% crude protein and 10.0% crude lipid,

Ningbo Tech-bank Aquafeed company, Ningbo, China) for two weeks to acclimate to the

experimental conditions. Before the feeding trial, fish were fasted for 24 h and weighed. Fish

(initial weight was13.77±0.07g) were randomly assigned to 15 outdoor net cages

(1.5m×1.5m×2.0m) with 50 individuals in each cage. Each diet was randomly distributed in

triplicate cages. Fish were hand-fed twice daily to apparent satiation (05:00 and17:00), and the

amount of diet consumption in each net cage was recorded daily. The feeding trial lasted for 8

weeks. During the experimental period, water temperature ranged from 26.5 to 31.5˚C, salinity

ranged from 19 to 25‰, and dissolved oxygen was not less than 7.0mg/L.

Samples collection

At the termination of the trial, fish in each net cage were anesthetized with MS-222 (Shanghai

Reagent Corp., Shanghai, China), and then individually weighed, counted and sampled. Hepa-

tosomatic index (HSI), viscerosomatic index (VSI) and condition factor (CF) were determined

from four individual fish per net cage by obtaining tissues (viscera and liver) and expressing

ratios as a percent of body weight, before removing muscle to analyze for proximate composi-

tion. Three fish from each cage were randomly sampled to analyze the proximate composition

of whole body. Blood was sampled from the caudal vein of six fish from each net cage using
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ethylenediaminetetraacetic acid (EDTA) containing Vacutainers (HuaboMedical Instrument

Co., Ltd, Heze, China). Plasma was separated from the blood via centrifugation (at 956 g, 4˚C,

10 min) and stored at -80˚C until use. The liver from eight fish in each cage were pooled into

two 1.5 ml tubes randomly, frozen in liquid N2 and then stored at -80˚C for analysis of gene

expression related to lipid metabolism. Liver from another three fish per net cage were sampled,

frozen in liquid N2 and then stored at -80˚C for analysis of the enzymatic activity. Liver and

muscle were further sampled from three fish per net cage to analyze the fatty acid composition.

Chemical analysis

Crude protein, crude lipid, dry matter and ash content in diets, whole body and muscle of the

fish were determined according to the methods of the Association of Official Analytical Chem-

ists [39]. Dry matter content was determined by drying the samples to a constant weight at

105˚C. The crude protein (N × 6.25) was determined using the Dumas combustion methods

with a protein analyzer (FP-528, Leco, USA). Crude lipid was determined by the ether extrac-

tion method using Soxtec System HT (Soxtec System HT6, Tecator, Sweden) and ash content

was determined using a muffle furnace at 550˚C for 8 h.

Table 1. Formulation and proximate composition of the experimental diets.

Ingredient (g/100g) Dietary lipid sources

FO SO LO RO PO

Peru fish meal1 41.0 41.0 41.0 41.0 41.0

Soybean meal1 5.0 5.0 5.0 5.0 5.0

Soybean protein concentrate1 7.3 7.3 7.3 7.3 7.3

Wheat gluten meal1 10.0 10.0 10.0 10.0 10.0

Squid meal1 2.0 2.0 2.0 2.0 2.0

α-Starch1 25.0 25.0 25.0 25.0 25.0

Soybean lecithin1 2.0 2.0 2.0 2.0 2.0

Fish oil1(FO) 3.4

Soybean oil2(SO) 3.4

Linseed oil3(LO) 3.4

Rapeseed oil4(RO) 3.4

Peanut oil4(PO) 3.4

Vitamin premix5 1.5 1.5 1.5 1.5 1.5

Mineral premix5 1.5 1.5 1.5 1.5 1.5

Ca(H2PO4)2
1 1.0 1.0 1.0 1.0 1.0

Choline chloride1 0.3 0.3 0.3 0.3 0.3

Proximate composition (g/100g)

Crude protein 45.1 45.1 45.2 45.5 45.1

Crude lipid 10.3 10.3 10.3 10.2 10.2

Moisture 7.8 8.1 8.1 8.5 8.3

Ash 10.1 10.1 10.4 9.8 10.0

1Peru fish meal, soybean meal, soybean protein concentrate, wheat gluten meal, squid meal, α-starch and soybean lecithin were supplied by Ningbo Tech-

bank Aqua feed company, Ningbo, China.
2Soybean oil (SO) was bought from Kerry grain and oil Co., Ltd. Shanghai, China.
3Linseed oil (LO) was bought from Changbaigongfang Co., Ltd. Jilin, China.
4Rapeseed oil (RO) and peanut oil (PO) were bought from Luhua Co., Ltd. Shanghai, China
5Vitamin premix and mineral premix were described as Zhou et al. [33]

doi:10.1371/journal.pone.0169985.t001
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Fatty acid determination

The fatty acid profile of diets and fish tissues (liver and muscle) were determined as described

by [34] with few modifications. The freeze-dried samples (~80mg liver sample and ~120mg

muscle sample) were added into a 12 ml volumetric glass screwed tube with lid (contain a tef-

lon gasket). Then 3 ml potassium hydroxide methanol (1 N) was added and heated in a water

bath at 72˚C for 20 min. After cooling, 3 ml HCL–methanol (2 N) was added and the mixture

was heated at 72˚C in a water bath for another 20 min. Previous tests were conducted to make

sure that all fatty acids can be esterified following the procedures above. Finally, 1 ml hexane

was added to the mixture above, shaken vigorously for 1 min, and then allowed to separate

into two layers. Fatty acid methyl esters were separated, and measured by GC-MS (Agilent

technologies 7890B -5977A, USA). Results are presented as a percentage of total fatty acids.

Table 2. Fatty acid composition of lipid sources (% total fatty acid).

Fatty acids FO SO LO RO PO

14:0 5.77 0.10 - - 0.10

15:0 0.72 - - - -

16:0 16.16 10.99 5.67 3.24 11.66

17:0 0.51 - - - -

18:0 2.57 4.07 4.33 1.5 1.90

20:0 - 0.28 - 0.59 1.74

22:0 - 0.38 - - 1.16

24:0 - - - - 1.49

ΣSFAs 25.73 15.82 10.00 5.33 18.05

16:1n-7 8.08 0.20 0.20 - 0.10

18:1n-6 - - - - -

18:1n-7 - - - - -

18:1n-9 20.56 23.63 22.27 60.76 44.26

20:1n-9 7.88 0.1 - 1.23 0.84

22:1n-9 11.09 - - 0.27 -

24:1n-9 0.51 - - - -

ΣMUFAs 48.12 23.93 22.57 62.26 45.20

18:2n-3 - - - - 0.12

18:3n-3 1.45 5.90 49.51 10.16 -

20:3n-3 - - - - 0.06

20:5n-3(EPA) 8.82 - - - -

22:6n-3(DHA) 7.85 - - - -

Σn-3 PUFAs 18.12 5.90 49.51 10.16 0.18

18:2n-6 0.47 51.76 12.89 19.04 32.4

20:2n-6 0.29 - - - -

22:4n-6 0.79 - - - -

Σn-6 PUFAs 1.55 51.76 12.89 19.04 32.4

n-3/n-6 PUFA 11.69 0.11 3.84 0.53 0.01

FO: fish oil; SO: soybean oil; LO: linseed oil; RO: rapeseed oil; PO: peanut oil

SFAs: saturated fatty acids;

MUFAs: mono-unsaturated fatty acids;

PUFAs: poly-unsaturated fatty acids;

“-”: non-detected

doi:10.1371/journal.pone.0169985.t002
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Plasma biochemical analysis

Plasma samples from each cage were pooled. Plasma characteristics were determined accord-

ing to the method described previously [33]. Glucose, total protein, triglyceride, cholesterol

concentrations in plasma were determined by automatic chemistry analyzer (Hitachi 7600–

110, Tokyo, Japan). The activities of aspartate aminotransferase (AST), alanine aminotransfer-

ase (ALT) and superoxide dismutase in plasma were measured using the diagnostic reagent kit

purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China), according

to the manufacturer‘s instructions. Lipid peroxidation, such as malondialdehyde was described

previously [33].

Hepatic lipid metabolism enzymes

ATGL, CPT-1 and FAS are key enzymes for lipid metabolism in fish. Livers were thawed and

homogenized in nine volumes of ice-cold buffer (10 mM HEPES, 1 mM EDTA, 1 mM dithio-

threitol, pH 7.4). The extract was later centrifuged at 850×g at 4˚C for 10 min. The supernatant

was used to determine the activities using Elisa lipase assay kit for fish from Yuan Ye Biological

Table 3. Fatty acid composition of the experimental diets (% total fatty acid).

Fattyacids FO SO LO RO PO

14:0 4.21 2.74 2.60 2.59 2.57

16:0 16.39 15.01 13.32 12.87 14.63

18:0 4.39 4.61 4.39 3.64 4.45

20:0 0.49 0.36 0.28 0.50 0.97

22:0 nd 0.34 nd 0.33 1.52

24:0 nd 0.28 0.28 0.18 0.80

ΣSFAs 26.86 24.17 21.52 20.75 25.58

16:1n-7 4.69 2.60 2.44 2.44 2.42

18:1n-9 17.21 18.94 18.07 30.06 24.17

20:1n-7 5.51 4.35 4.44 4.87 4.64

22:1n-9 8.79 6.26 6.52 6.56 6.35

ΣMUFAs 37.38 32.77 32.19 44.61 38.28

18:3n-3 1.98 3.55 16.88 3.99 1.52

18:4n-3 1.61 0.94 1.00 0.95 0.93

20:4n-3 0.72 0.33 0.34 0.34 0.33

20:5n-3(EPA) 6.01 3.47 3.49 3.45 3.45

22:5n-3 0.76 0.51 0.78 0.74 0.81

22:6n-3(DHA) 10.78 8.07 7.71 7.95 7.86

Σn-3 PUFAs 21.86 16.87 30.20 17.42 14.90

18:2n-6 12.48 25.89 15.76 16.90 20.91

20:4n-6 0.81 0.33 0.34 0.33 0.33

Σn-6 PUFAs 13.91 26.22 16.10 17.23 21.24

n-3/n-6 PUFA 1.57 0.64 1.88 1.01 0.70

DHA/EPA 1.79 2.33 2.21 2.30 2.27

FO: fish oil; SO: soybean oil; LO: linseed oil; RO: rapeseed oil; PO: peanut oil

SFAs: saturatedfattyacids;

MUFAs: mono-unsaturatedfattyacids;

PUFAs: poly-unsaturatedfattyacids;

nd: non-detected

doi:10.1371/journal.pone.0169985.t003
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Company (Shanghai, China). Hepatic ATGL, CPT-1 and FAS activities were analyzed accord-

ing to the manufacturer’s instructions.

RNA extraction and real-time quantitative PCR

Total RNA was extracted from the liver of juvenile large yellow croaker using TRIzol reagent

(Transgen, Beijing, Chin) according to the manufacturer’s instructions. Isolated RNA quantity

and quality were determined via spectrophotometry using a Nano Drop 2000 spectrophotome-

ter and on a 1.2% denaturing agarose gel, respectively. The cDNA was generated from 1000 ng

of DNAase treated RNA and synthesized by a PrimeScript™ RT Reagent Kit with gDNA Eraser

(perfect realtime) (Transgen, Beijing, China) according to the manufacturer’s instructions. β-
actin was used as the house-keeping gene and the stability of β-actin expression was confirmed.

Specific primers of lpl, cpt-1, atgl, dgat-2, fas and g6pd used for RT-qPCR were designed using

Primer Premier 5.0 software (Table 4). Amplification was performed using a quantitative ther-

mal cycler (Roche, Lightcycler 96, Switzerland). PCR measurements were performed in a total

volume of 20μL, containing 1.0μL of each primer, 10μL of 2×conc SYBR Green I Master

(Roche, Switzerland), 2μL of cDNA and 6μL DEPC-water. The procedure for quantitative

PCR was employed: 95˚C for 2 min, followed by 45 cycles of 95˚C for 10s, 58˚C for 10 s and

72˚C for 20s. Standard curves were generated using six different dilutions (in triplicate) of the

cDNA samples, and the amplification efficiency was analyzed as follows: E = 10(–1/Slope)-1. The

amplification efficiencies of all genes were approximately equal and ranged from 93 to 102%.

Meanwhile, the expression levels of the target genes were calculated using the 2–ΔΔCt method

described by Livak and Schmittgen [40]. At the end of each PCR amplification, melting curve

analysis was performed to confirm that only one PCR product was present. Normalized gene

expression for the control diet group (FO diet) was set at 1.

Statistical analysis

Results are presented as mean and standard deviation (S.D). Data were analyzed via one-way

analysis of variance (ANOVA) followed by Tukey’s multiple-range test. When the homogene-

ity of variance was not satisfied, an independent-samples t-test was performed to compare the

differences. The level of significance was set at P<0.05. All statistical analysis was performed

using SPSS 16.0 for Windows (SPSS Inc., Michigan Avenue, Chicago, IL, USA).

Table 4. Primers pair sequences for real-time PCR.

Gene Forward (5’-3’) Reverse (5’-3’) Reference

fas ACTCCTATGTGGCAGCATAGAC GTTTCAGCCTCAGACTCTTTGCC JX456351

g6pd TATCTTTGCCGAACGCTGTC TGTCTCCTCTGGGCTGAAGT XM010731711

atgl CCATGCATCCGTCCTTCAACC GAGATCCCTAACCGCCCACT Yan et al. [37]

cpt-1 GCTGAGCCTGGTGAAGATGTTC TCCATTTGGTTGAATTGTTTACTGTCC Yan et al. [37]

lpl GCGGAAACACAGACCTTCAT AGTCGGCACACGCTCATAG JQ327827

dgat-2 TTCGGTGCTTTCTGCAACTTCG AAGGATGGGGAAGCGGAAGT Yan et al. [37]

β-actin CTACGAGGGTTAGCCCTGCC TGAAGGAGTAACCGCGCTCTGT GU584189

lpl: lipoprotein lipase;

atgl: adipose triglyceride lipase;

cpt-1: carnitine palmitoyltransferase-1;

dgat-2: acyl CoA diacylglycerol acyltransferase 2;

fas: fatty acid synthase;

g6pd: glucose 6-phosphate dehydrogenase

doi:10.1371/journal.pone.0169985.t004
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Results

Growth performance, feed utilization and morphologic index

The effects of different dietary lipid sources on growth performance, survival, feed utilization

and morphologic index are presented in Table 5. Survival ranged from 94.67% to 98.00%, with

no significant difference in survival rate among treatments. Fish fed the FO, SO and PO diets

had a significantly higher weight gain (WG) and specific growth rate (SGR) than those fed the

diets containing LO and RO (P<0.05). However, feed intake, feed efficiency (FE) and protein

efficient rate (PER) were not influenced by the dietary lipid sources (P>0.05). There was no

significant difference in HSI, VSI or CF among different lipid sources (P>0.05), although fish

fed the LO diet displayed the lowest CF, HSI and VSI among all the treatments.

Proximate composition in whole body and muscle

Effects of different dietary lipid sources on proximate composition of the whole body and mus-

cle are presented in Table 6. Dry matter and ash contents in whole body were not significantly

affected by the dietary lipid sources (P>0.05). Fish fed the FO diet had a significantly higher

whole body lipid content than those fed the other diets (P<0.05), with the lowest whole body

lipid content occurred in fish fed the LO and RO diets. Fish fed the diet containing LO had the

highest whole body protein content among all the treatments. Fish fed the diet containing SO

had lower crude lipid content in muscle than those fed the other diets. Moreover, dry matter,

crude protein and ash contents in muscle were not significantly influenced by the dietary lipid

sources (P>0.05).

Table 5. Growth performance, feed utilization and morphologic index of large yellow croaker fed diets containing different lipid sources.

Dietary

lipid sources

Initial

weight (g)

WG (%)1 SGR(%day-1)2 Survival (%)3 Feed intake4 FE5 PER6 HSI (%)7 VSI(%)8 CF(gcm-3)9

FO 13.78

±0.01

189.95

±5.83b
1.97±0.04 b 96.00±4.00 0.62±0.02 0.58

±0.07

1.31

±0.16

1.55

±0.23

3.03

±0.20

1.84±0.05

SO 13.78

±0.04

193.97

±3.87b
2.00±0.03b 94.67±6.11 0.63±0.01 0.59

±0.08

1.39

±0.10

1.75

±0.24

3.27

±0.50

1.71±0.06

LO 13.77

±0.02

181.60

±6.86a
1.92±0.04a 98.00±3.46 0.61±0.02 0.55

±0.04

1.29

±0.04

1.41

±0.10

2.78

±0.42

1.69±0.07

RO 13.82

±0.07

181.46

±3.70a
1.92±0.02 a 97.33±4.62 0.60±0.081 0.52

±0.10

1.23

±0.10

1.64

±0.08

3.57

±0.04

1.72±0.14

PO 13.78

±0.04

192.91

±4.89b
1.99±0.03b 98.00±3.46 0.64±0.05 0.62

±0.04

1.38

±0.08

1.57

±0.16

3.01

±0.31

1.85±0.09

ANOVA P-

value

0.689 0.031 0.036 0.86 0.75 0.517 0.377 0.244 0.129 0.11

Values are represented as the means of three replicates. Means in the same column with different superscripts are significantly different (P < 0.05).

FO: fish oil; SO: soybean oil; LO: linseed oil; RO: rapeseed oil; PO: peanut oil
1Weight gain (WG, %) = 100× (Wt− Wi)/ Wi

2Specific growth ratio (SGR, % day-1) = 100 × (Ln Wt−Ln Wi) / t
3Survival (%) = 100 ×(final number of fish) / (initial number of fish)
4Feed intake (g day-1) = feed consumption (g)/(days × (final body weight + initial body weight)/2)
5Feed efficiency (FE) = weight gain (g, wet weight) / feed consumed (g, dry weight)
6Protein efficiency ratio (PER) = weight gain (g, wet weight) / protein intake (g, dry weight)
7Hepatosomatic index (HSI,%) = 100 × liver wet weight (g)/body wet weight (g)
8Viscerosomatic index (VSI,%) = 100 × viscerosomatic weight (g) / body wet weight (g)
9Condition factor (CF,g�cm-3) = 100 ×body wet weight (g) / body length (cm)3

doi:10.1371/journal.pone.0169985.t005
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Fatty acid composition of liver and muscle

Effects of the different dietary lipid sources on fatty acid composition in liver and muscle are

shown in Tables 7 and 8 respectively. The fatty acid profiles of the liver and muscle reflected

Table 6. Proximate composition in whole body and muscle of the large yellow croaker fed diets containing different lipid sources.

Index FO SO LO RO PO ANOVA P-value

Whole body (%)

Dry matter 29.02±2.30 27.96±0.84 26.86±0.45 26.6±0.92 28.57±0.54 0.134

Crude protein 14.86±0.08a 15.43±0.35ab 15.72±0.11b 15.36±0.32ab 14.86±0.10a 0.003

Crude lipid 11.96±0.53c 9.57±0.71b 7.82±0.63a 7.16±0.08a 10.19±0.42b 0.000

Ash 11.65±1.19 11.91±1.51 12.43±0.55 13.13±0.65 13.32±2.32 0.542

Muscle (%)

Dry matter 28.67±0.31 27.16±2.22 28.74±0.12 28.05±1.02 29.09±1.26 0.548

Crude protein 17.17±0.43 16.91±0.63 17.37±0.08 17.12±0.10 17.18±0.54 0.243

Crude lipid 9.9±0.55b 7.92±0.03a 9.90±0.32b 9.15±0.7b 10.12±0.61b 0.002

Ash 4.22±0.08 4.31±0.23 4.16±0.07 4.42±0.18 4.36±0.14 0.285

Values are represented as the means of three replicates. Means in the same row with different superscripts are significantly different (P< 0.05).

FO: fish oil; SO: soybean oil; LO: linseed oil; RO: rapeseed oil; PO: peanut oil

doi:10.1371/journal.pone.0169985.t006

Table 7. Hepatic fatty acid composition of the large yellow croaker fed diets containing different lipid sources (%, of total fatty acid).

Fatty acids FO SO LO RO PO ANOVA P-value

14:0 2.48±0.01c 2.16±0.12b 1.94±0.06a 2.13±0.05ab 2.06±0.09ab 0.000

16:0 21.16±0.38 18.77±0.71 18.89±1.27 19.47±1.1 18.83±1.02 0.054

18:0 10.15±0.99 10.88±0.77 10.16±0.73 12.5±0.64 11.08±1.22 0.050

20:0 0.33±0.03ab 0.30±0.01ab 0.17±0.15a 0.41±0.03b 0.49±0.03b 0.003

∑SFA 35.21±1.06 32.90±1.16 31.97±1.43 35.19±1.30 33.73±1.91 0.068

16:1n-7 11.17±0.37b 9.56±1.05ab 9.48±0.45ab 9.56±1.02ab 9.09±0.46a 0.045

18:1n-9 26.42±0.31a 27.02±1.06a 25.72±0.34a 31.04±0.59c 28.86±0.67b 0.000

20:1n-7 3.9±0.21 3.56±0.40 3.45±0.26 3.37±0.28 3.77±0.32 0.303

22:1n-9 2.9±0.35 2.76±0.33 2.69±0.19 2.56±0.22 2.67±0.42 0.699

∑MUFA 45.68±2.32ab 43.79±1.45ab 42.19±0.31a 47.27±1.09b 45.21±0.60ab 0.013

18:3n-3 1.09±0.13a 1.93±0.26a 8.76±0.99b 1.47±0.29a 1.18±0.27a 0.000

18:4n-3 0.56±0.04b 0.33±0.01a 0.41±0.07a 0.36±0.06a 0.32±0.04a 0.000

20:4n-3 0.46±0.02c 0.30±0.01b 0.25±0.22a 0.31±0.02a 0.31±0.01a 0.000

20:5n-3 (EPA) 2.41±0.07b 1.32±0.01a 1.58±0.05a 1.34±0.17a 1.55±0.12a 0.000

22:5n-3 1.01±0.13b 0.40±0.13a 0.51±0.21ab 0.46±0.39ab 0.52±0.28ab 0.039

22:6n-3 (DHA) 5.29±0.27b 3.21±0.15a 3.66±0.53a 3.54±0.49a 3.93±0.34a 0.001

∑n-3 PUFA 10.82±0.43b 7.49±0.38a 15.17±0.96c 7.48±1.43a 7.81±0.79a 0.000

18:2n-6 7.41±0.32a 14.81±1.53c 9.82±0.82ab 9.64±0.87ab 12.19±1.7bc 0.000

20:2n-6 0.31±0.01a 0.46±0.06b 0.33±0.04a 0.27±0.06a 0.36±0.01ab 0.004

20:4n-6 0.60±0.03a 0.34±0.01b 0.37±0.02b 0.35±0.05b 0.37±0.07b 0.000

∑n-6 PUFA 8.32±0.33a 15.85±1.59c 10.52±0.83ab 10.26±0.97ab 12.92±1.71bc 0.000

n-3/n-6 PUFA 1.30±0.06c 0.48±0.02a 1.44±0.03d 0.69±0.08b 0.61±0.03b 0.000

DHA/EPA 2.20±0.07 2.43±0.10 2.32±0.40 2.63±0.05 2.54±0.02 0.111

Values are represented as the means of three replicates. Means in the same row with different superscripts are significantly different (P < 0.05).

FO: fish oil; SO: soybean oil; LO: linseed oil; RO: rapeseed oil; PO: peanut oil

doi:10.1371/journal.pone.0169985.t007
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that of the diet. Fish fed the diets containing SO, RO and PO had a significantly lower total n-3

PUFA content than those fed the FO and LO diets (P<0.05). The highest 18:3n-3 content in

liver was observed in fish fed the LO diet, and the highest hepatic EPA and DHA contents

were found in fish fed the FO diet. Fish fed the FO diet had a significantly lower total n-6

PUFA liver content than those fed the other diets. However, there was no significant difference

in total saturated fatty acids (SFA) or DHA/EPA ratio in the liver among all treatments

(P>0.05).

The contents of SFA, MUFA, n-6 PUFA, n-3 PUFA and n-3/n-6 ratio in the muscle were

significantly influenced by the dietary lipid sources(P<0.05). Fish fed the LO diet had a lower

total MUFA content in muscle than those fed the other diets. The highest total n-3 PUFA con-

tent in muscle was observed in fish fed the LO diet, whereas fish fed diets containing SO, RO

and PO had lower total n-3 PUFA muscle contents than those fed the FO and LO diets. How-

ever, fish fed the SO diet had a significantly higher total n-6 PUFA content than those fed the

other diets (P<0.05).

Hematology, hematological and hepatic lipid metabolic enzyme activities

The hematology, hematological and hepatic lipid metabolic enzyme activities of large yellow

croaker fed different lipid sources are presented in Table 9. Fish fed the FO diet had signifi-

cantly lower plasma triglyceride levels than those fed the LO, RO and PO diets (P<0.05). The

Table 8. Fatty acid composition in muscle of the large yellow croakerfed diets containing different lipid sources (%, of total fatty acid).

Fatty acids FO SO LO RO PO ANOVA P-value

14:0 3.24±0.07a 2.45±0.11b 2.45±0.03b 2.46±0.11b 2.56±0.05b 0.000

16:0 14.91±0.51a 14.08±0.53ab 13.26±0.29b 13.53±0.36b 14.03±0.76ab 0.024

18:0 6.88±0.33 7.73±0.71 6.54±0.39 7.01±0.65 7.47±0.68 0.159

20:0 1.26±0.60 1.08±0.49 1.04±0.5 1.44±0.05 1.70±0.13 0.338

∑SFA 27.87±0.38c 26.82±0.32bc 24.73±0.49a 25.65±0.69ab 27.92±0.34c 0.000

16:1n-7 6.49±0.06b 5.90±0.39ab 5.13±0.64a 5.48±0.45ab 6.07±0.2ab 0.016

18:1n-9 19.66±0.62a 21.36±1.28ab 19.33±0.67a 26.43±0.88c 22.96±0.94b 0.000

20:1n-7 4.51±0.44 3.84±0.45 3.8±0.33 4.19±0.17 3.93±0.23 0.135

22:1n-9 5.97±0.48 5.08±0.11 5.31±0.22 5.11±0.45 5.36±0.31 0.057

∑MUFA 38.00±1.16b 37.14±1.79ab 34.50±1.43a 42.15±0.27c 39.31±0.57bc 0.000

18:3n-3 1.89±0.06a 2.93±0.10b 11.00±0.52c 3.30±0.19b 1.72±0.09a 0.000

18:4n-3 1.27±0.02a 0.82±0.15b 0.82±0.04b 0.79±0.04b 0.87±0.14b 0.000

20:4n-3 0.98±0.08b 0.69±0.13a 0.77±0.02ab 0.67±0.15a 0.79±0.06ab 0.031

20:5n-3 (EPA) 4.97±0.17a 3.52±0.62b 3.46±0.07b 3.55±0.16b 3.56±0.27b 0.001

22:5n-3 1.75±0.10 1.32±0.28 1.48±0.19 1.46±0.08 1.43±0.08 0.078

22:6n-3 (DHA) 10.62±0.85a 8.36±1.32b 8.78±0.89b 8.49±0.47b 8.51±0.39b 0.043

∑n-3 PUFA 21.48±0.90b 17.64±1.95a 26.31±1.19c 18.26±0.70a 16.88±0.96a 0.000

18:2n-6 10.17±0.08a 16.11±0.37c 12.15±0.75b 12.42±0.65b 13.51±0.75b 0.000

18:3n-6 0.30±0.01a 0.22±0.00b 0.21±0.01b nd 0.23±0.01b 0.000

20:4n-6 0.75±0.10b 0.53±0.08a 0.61±0.08ab 0.59±0.07ab 0.55±0.02a 0.031

∑n-6 PUFA 12.51±0.13a 18.05±0.11c 14.11±0.83b 13.87±0.98b 15.45±0.19b 0.000

n-3/n-6 PUFA 1.73±0.07c 0.99±0.12a 1.87±0.13c 1.27±0.14b 1.12±0.07ab 0.000

DHA/EPA 2.13±0.10 2.38±0.08 2.53±0.23 2.39±0.21 2.40±0.10 0.095

Values are represented as the means of three replicates. Means in the same row with different superscripts are significantly different (P < 0.05)

FO: fish oil; SO: soybean oil; LO: linseed oil; RO: rapeseed oil; PO: peanut oil.

doi:10.1371/journal.pone.0169985.t008
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highest plasma glucose concentration occurred in fish fed the LO diet. The highest plasma

AST activity was observed in the RO group, with the lowest AST activity occurring in fish fed

the FO diet. Fish fed the PO diet had a higher plasma ALT activity compared to all other

groups.

Hepatic ATGL, CPT-1 and FAS activities were significantly affected by the different dietary

lipid sources (P<0.05). The lowest ATGL and FAS activity were both observed in fish fed the

LO diet. However, fish fed the LO diet had a significantly higher CPT-1 activity than those fed

diets containing FO, SO and RO (P<0.05).

Expression of gene involved in triacylglycerol synthesis and catabolism

Relative expression of genes involved in triacylglycerol synthesis and catabolism in liver of

large yellow croaker fed different dietary lipid sources are shown in Figs 1 and 2. The lowest

relative expression of lpl was recorded in fish fed the SO diet, whereas the highest relative

expression of lpl was observed in fish fed the diets containing PO and RO. Fish fed the diet

containing PO had significantly higher hepatic expression of atgl and cpt-1 than those fed the

other diets (P<0.05). Fish fed the diets containing SO and LO had lower relative expression of

hepatic g6pd compared to those fed the FO and RO diet. Fish fed the FO diet had higher rela-

tive expression of dgat-2 and fas than those fed the other diets, and the lowest relative expres-

sion of dgat-2 and fas were observed in fish fed the SO diet.

Discussion

The results of the present study showed that both SO and PO had the same efficiency as fish oil

in improving growth performance under high dietary fishmeal supplementation. These results

Table 9. Hematological characteristics, enzyme activities in plasma and liver of large yellow croaker fed diets containing different lipid sources.

Item FO SO LO RO PO ANOVA P-

value

Hematological characteristics

TP (g/L) 26.85±0.35 26.27±0.67 26.97±0.32 26.90±0.10 26.60±0.10 0.415

CHOL (mmol/L) 3.05±0.86 3.01±0.59 3.68±0.44 3.13±0.52 3.21±0.34 0.641

TG (mmol/L) 3.32±0.82a 3.82±0.13ab 6.10±0.61cd 5.03±0.16bc 6.59±0.44d 0.000

GLU (mmol/L) 7.73±0.76a 6.97±0.05a 9.87±0.56b 8.85±1.62b 7.46±0.99a 0.023

Enzyme activities in plasma

SOD (U/ml) 88.38±0.74 86.38±1.25 86.53±1.52 85.36±2.57 85.36±2.27 0.292

MDA (nmol/ml) 2.43±0.99 2.99±0.79 2.96±0.27 1.87±0.27 2.75±0.85 0.326

AST (U/gprot) 5.71±1.20a 9.66±0.35b 14.97±0.33c 16.77±0.53d 14.92±0.19c 0.000

ALT (U/gprot) 8.08±0.95a 6.63±1.01a 8.80±0.40ab 8.66±0.86ab 10.47±1.01b 0.005

Hepatic lipid metabolic key enzyme

activities

ATGL (ng/g prot) 250.78±26.56bc 200.00±25.78ab 152.34±9.38a 272.66±6.25c 265.89±28.99c 0.000

CPT-1(U/g prot) 369.85±8.44ab 362.27±8.02a 412.78±7.16c 358.40±11.66a 388.54±12.25bc 0.000

FAS (U/g prot) 4564.91

±132.45b
4538.60

±244.52b
3822.22

±153.28a
4468.42

±78.95b
4240.35

±144.94ab
0.001

Values are represented as the means of three replicates. Means in the same row with different superscripts are significantly different (P < 0.05).

FO: fish oil; SO: soybean oil; LO: linseed oil; RO: rapeseed oil; PO: peanut oil.

TP: total protein; CHOL: cholesterol; TG: triglyceride; GLU: glucose; SOD: superoxide dismutase; AST: aspartate aminotransferase; ALT: alanine

aminotransferase; MDA: methane dicarboxylic aldehyde; ATGL: Adipose triglyceride lipase; CPT-1: Carnitine palmitoyltransferase-1; FAS: fatty acid

synthase.

doi:10.1371/journal.pone.0169985.t009

Dietary Lipid Sources and Hepatic Fatty Acid Metabolism

PLOS ONE | DOI:10.1371/journal.pone.0169985 January 12, 2017 11 / 19



are consistent with previous studies in different fish species [4, 9, 41–45]. For instance, Turch-

ini et al. [21] indicated that 100% of dietary fish oil can be substituted with VOs in fish whose

EFA requirements can be satisfied by C18 PUFA (freshwater and salmonid species) without

affecting growth performance or feed efficiency. Furthermore, most studies demonstrated that

FO could be partially replaced by VOs [5, 7–8, 46–53].

FO has the highest level of LC-PUFA, such as EPA, ARA and DHA, while SO, RO and PO

are all rich in linoleic acid (18:2n-6), whereas LO is rich in linolenic acid (18:3n-3). In addition,

the determination of the digestibility of lipid and fatty acids from the different oil sources is

important when formulating diets, with lower growth performances possibly attributed to the

poor digestibility of these fatty acids [54–55]. In the present study, fish fed the diet containing

LO and RO had a significantly lower WG and SGR than those fed the FO, SO and PO diets,

indicating that large yellow croaker might have a low capacity to convert linoleic acid or linole-

nic acid into arachidonic (ARA), EPA and DHA which are essential for marine fish. The sup-

plemental proportion of fishmeal in the diets was 41%, which would generally supply at least

4% of lipid and around 1.0–1.5% of n-3 LC-PUFA to the total diet which may be sufficient to

satisfy EFA requirements. Zuo et al. [24] reported that the optimum dietary n-3 HUFA level

ranged from 0.60 to 0.98% for large yellow croaker. Drew et al. [56] demonstrated that there

was no effect on growth with 100% substitution of FO with VO when the dietary level of FM

was over 40% in rainbow trout (Oncorhynchus mykiss) diets, but growth retardation was

observed when fishmeal reduced to 20%. However, even total substitution (100%) of fish oil

with vegetable oil (rapeseed, linseed and palm oil) in plant protein-rich diets of gilthead sea

bream exhibited excellent growth [18]. The difference in the maximum level of substitution in

comparison to freshwater or salmonid fish has generally been explained by the qualitative dif-

ferences in EFA requirement [1]. With species that require LC-PUFA (most marine fish), the

Fig 1. Effect of dietary lipid sources on relative expression of hepatic fatty acid oxidation-related

genes in large yellow croaker. Values are means, bars bearing the same letters are not significantly

different among treatments by Tukey’s test (P>0.05). lpl: lipoprotein lipase; atgl: adipose triglyceride lipase;

cpt-1:carnitine palmitoyltransferase-1 FO: fish oil; SO: soybean oil; LO: linseed oil; RO: rapeseed oil; PO:

peanut oil

doi:10.1371/journal.pone.0169985.g001
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situation is slightly more complicated, and growth retardation at high supplementation of VOs

requires more explanation.

It has been demonstrated that the fatty acid composition of fish is largely determined by the

digestible fatty acid intake of the animal, and the relative proportions of these fatty acids are

reflected in the fatty acid composition of TAGs deposited [49, 54–55]. In the present study,

fish fed the FO diet had significantly higher lipid content in whole body than those fed the

other diets. The lowest lipid content in whole body was observed in fish fed the diets contain-

ing LO and RO, whereas the lowest muscle lipid content occurred in fish fed the SO diet. Simi-

lar results have been found in other fish species [42–44, 57]. Some studies indicated that FO

replaced by VOs also resulted in crude lipid contents of whole body and muscle increased [58–

60]. However, Wang et al. [4] reported that crude lipid contents in whole body and muscle

were not significantly influenced by the dietary lipid sources. Previous studies have demon-

strated that SFAs are easier to deposit in tissues than monounsaturated fatty acid (MUFA) and

PUFA [61]. Fish fed the LO diet had higher whole body protein levels than the other dietary

treatments, while fish fed the diet containing LO had a significantly lower whole body protein

content compared to those fed the FO diet [5]. However, this may attribute to different fish

species, feed composition (especially fatty acid composition) and feeding strategy [62–63].

The fatty acid composition of fish muscle and liver reflected the fatty acid profile of the die-

tary lipids. The inclusion of VOs in fish feeds may significantly affect fish muscle quality and

sensory characteristics, while some effect on the odour active compounds is also possible [19].

In the present study, fish fed the FO diet had a higher EPA and DHA contents in muscle and

Fig 2. Effect of dietary lipid sources on relative expression of hepatic fatty acid synthetic-related

genes in large yellow croaker. Values are means, bars bearing the same letters are not significantly

different among all treatments by Tukey’s test (P>0.05). dgat-2: acyl CoA diacylglycerol acyltransferase 2;

fas: fatty acid synthase; g6pd: glucose 6-phosphate dehydrogenase FO: fish oil; SO: soybean oil; LO: linseed

oil; RO: rapeseed oil; PO: peanut oil

doi:10.1371/journal.pone.0169985.g002
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liver than those fed the other diets, however, fish fed the diet containing LO had higher total n-

3 PUFA in muscle and liver than those fed the VOs diets. Fish fed the SO diet had a higher

total n-6 PUFA in muscle and liver than those fed the other diets, whereas the lowest linoleic

acid and total n-6 PUFA in liver and muscle was observed in fish fed the FO diet. Similar

results have been previously observed in large yellow croaker [4, 38]. Moreover, some studies

found that using 60% VO inclusion altered the nutritional quality of muscle in European sea

bass (Dicentrarchus labrax) and gilthead sea bream (Sparus aurata), decreasing the level of n-3

PUFA, especially EPA and DHA as well as increasing the levels of C18 fatty acids such as linole-

nic, linoleic and oleic acids [51,64–67]. However, other studies found increased levels of lino-

leic acid in gilthead sea bream muscle but reduced levels of linolenic acid when fish were fed

with diets containing 60% or 80% linoleic acid [51]. The replacement of marine FOs with alter-

native oils of vegetable or animal origin in aquafeeds needs to be studied to not only supply lip-

ids at the correct level with the proper balance of essential fatty acids (EFAs) for optimum

growth, but also to maintain the proper sensory characteristics, which contributes to the long

term sustainability of the aquaculture industry [13, 68].

AST and ALT activities are often used as general indicators of the function of the vertebrate

liver. In the present study, the lowest activities of AST and ALT in plasma were observed in the

FO group, while fish fed the diet containing RO had higher plasma AST activity than those fed

the other diets. Among all the different VO diets used, fish fed the SO diet exhibited the lowest

plasma AST and ALT activities. These results suggest that FO and SO supplementation in

aquafeeds could improve the normal hepatic functions of large yellow croaker. General cellular

damage in mammals is usually monitored by means of analyzing leakage of cellular enzymes

like AST and ALT into the blood, and similar mechanisms have also been found in other fish

species [69–70]. In the current study, plasma SOD activity and MDA concentration in large

yellow croaker were not significantly influenced by the different lipid sources. Similar results

have been shown for other fish species [71–72]. These results indicate that, similar to FO, VOs

have no negative impact to the antioxidant status.

Dietary fatty acid composition could influence lipid metabolism in fish [73]. Liver is the

major tissue for lipid metabolism and plays an important metabolic role. ATGL, CPT-1 and

LPL are three major enzymes involved in the lipid catabolic metabolism [74–75]. In the pres-

ent study, fish fed the diets containing PO and RO had higher relative expression of lpl than

those fed the other diets, and the lowest relative expression of lpl was observed in fish fed the

SO diet. These results showed that the PO and RO could up-regulate the lpl gene expression,

and that SO could down-regulate the lpl gene expression. Similar results have been found for

hybrid tilapia [76]. The lowest ATGL activity in liver occurred in fish fed the diet containing

LO, however, fish fed the LO diet also had a higher CPT-1 activity in liver than those fed the

FO, SO and RO diets. Moreover, fish fed the PO diet had higher atgl and cpt-1 gene expression

levels than those fed the other diets. The lower ATGL activity could decrease fatty acid uptake

in liver, which may imply inactive lipid metabolism. These results indicated that the lower

total SFA in the LO diet could lead to a decline in ATGL activities, subsequently affecting the

fatty acid composition in liver and muscle.

Triacylglycerol synthesis and catabolism are also pivotal factors affecting lipid accumulation

for a specific tissue [77]. Fatty acid synthesis genes, such as fas, g6pd and dgat-2, are involved

in lipid synthesis [28, 78]. The results of the present study showed that fish fed the FO diet up-

regulated the gene expression of dgat-2, fas and g6pd. However, fish fed the diet containing SO

down-regulated the gene expression of dgat-2, fas and g6pd. These results suggest that FO

could promote lipid synthesis metabolism, thereby enhancing lipid deposition in tissue. This is

probably the main reason that fish fed the FO diet had higher lipid content in whole body and

muscle. Fish fed the VO diets displayed lower gene expression of dgat-2 than fish fed the FO
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diet. This result may reveal that reduced dgat-2 gene expression could partially be due to a

feedback mechanism involving excessive lipid accumulation in the liver, which has been

observed in a mouse model of high-fat diet-induced obesity [79]. Many studies have shown

that dietary fatty acid composition and lipid levels can affect lipogenesis and lipolysis [37]. The

inconformity between lipid related-metabolism enzyme activities and gene expression levels

should be deeply explored in future studies.

Conclusion

The present study indicated that fish oil can be totally replaced by SO and PO in high fishmeal

supplementation diets without compromising growth performance. Different lipid sources

could regulate various metabolic pathways to affect the fatty acid composition in liver and

muscle. In fish fed the FO diet, both increased hepatic fatty acid synthetic gene expression and

decreased gene expression related to fatty acid β-oxidation may contribute to the increased

lipid deposition in muscle and liver. On the contrary, in fish fed VO diets, increased gene

expression related to hepatic fatty acid catabolism and β-oxidation can potentially explain the

decreased lipid deposition in muscle and liver. Therefore, future studies are needed to investi-

gate the effects of dietary lipid sources on post-translational regulation of hepatic lipid metabo-

lism as well as the regulation mechanisms of lipogenesis and lipolysis.
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