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Effects of vitamin E
supplementation of a high-lipid
diet on the growth and
biochemical parameters of
hybrid groupers (♀ Epinephelus
fuscoguttatus × ♂
E. lanceolatus)

Weibin Huang1,2†, Xiaobo Yan1,2†, Hao Liu1,2, Beiping Tan1,2,3,
Xiangxiang Suo1,2, Simiao Pan1,2, Tao Li1,2, Yuanzhi Yang1

and Xiaohui Dong1,2,3*

1Laboratory of Aquatic Nutrition and Feed, College of Fisheries, Guangdong Ocean University,
Zhanjiang, China, 2Aquatic Animals Precision Nutrition and High Efficiency Feed Engineering
Research Center of Guangdong Province, Zhanjiang, China, 3Key Laboratory of Aquatic, Livestock
and Poultry Feed Science and Technology in South China, Ministry of Agriculture, Zhanjiang, China
There is a trend towards using high-lipid diets in aquaculture, which can be

optimized by using certain additives. This study investigated the effect of

vitamin E (VE) supplementation of a high-lipid diet on the growth, serum and

liver biochemical indexes, hepatic histology, and lipid metabolism of hybrid

groupers (♀ Epinephelus fuscoguttatus × ♂ Epinephelus lanceolatus). Six

groups of iso-protein (50.23%) and iso-lipidic high-lipid (15.36%)

experimental diets were prepared by adding VE at concentrations of 49.6

(basic diet, controls), 100, 110, 163, 206, and 245 mg/kg. Each treatment

consisted of three replicates and 30 fish (10.20 ± 0.02 g) in an 8-week

feeding experiment. The results show that 1) compared with controls, growth

performance was not affected by VE addition. However, the weight gain rate

(WGR) and specific growth rate (SGR) were significantly lower in the high-VE

group (245 mg/kg) than in the 163 and 206 mg/kg groups. 2) Compared with

controls, VE significantly increased the contents of alpha-tocopherol in the

liver and muscle. 3) Adding VE can reduce the fatty livers caused by high-lipid

diets and significantly reduce total serum cholesterol, reduce the activity of

lipid synthesis enzymes, and significantly increase the activity of lipolytic

enzymes in the liver. 4) Compared with controls, appropriate amounts of VE

significantly increased the expressions of the liver lipid-metabolism-related

genes PPAR-a, PPAR-b, PPAR-g, H-FABP , A-FABP, and L-FABP. Based on

observations of lipid metabolism enzyme activity, histological sections, and

lipid-metabolism-related gene expression, we conclude that the addition of

163–206 mg/kg VE to a high-lipid diet can promote lipid metabolism

in groupers.
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Introduction

Lipids are essential nutrients for animal growth and play a

vital role in the metabolism and immunity of organisms

(Watanabe, 1982). Lipids also play an important role in

aquafeeds by providing essential fatty acids and energy for the

growth and health of aquatic animals (Lee et al., 2002). Providing

the optimal level of lipids in an aquafeed can provide the necessary

nutrients for optimal fish growth. When feed lipid levels are

insufficient, the protein in the feed is consumed for energy supply,

leading to a decrease in protein utilization. At the same time, a

lack of lipid-soluble vitamins can lead to metabolic dysfunction,

eventually reducing the growth and development of fish (Lin &

Shiau, 2003). Higher lipid contents can serve to save protein and

reduce production costs (Li et al., 2021). Therefore, high-lipid

diets have become a trend in the aquafeed industry.

High-lipid diets have been widely used in many aquaculture

animals to reduce feed protein being used as an energy source

and to improve feed efficiency. However, high-lipid diets can

also have a number of side effects, including fatty liver,

inflammation, and dysbiosis of the intestinal flora (He et al.,

2016; Zhou et al., 2018). High-lipid diets also produce lipid

peroxidation in aquatic organisms and generate large amounts

of reactive oxygen species. Therefore, the search for suitable

additives that reduce the disadvantages of high-lipid diets is a

focus of aquacultural research (Du et al., 2005; Li et al., 2012; Ni

et al., 2016).

One lipid-soluble vitamin with strong antioxidant properties

is VE, which can block free radical chain reactions and is an

essential micronutrient for human and animal reproduction and

growth. VE promotes growth, regulates metabolism, enhances

immunity, reduces tissue lipid oxidation, and improves meat

quality and flavor by inhibiting phospholipases contained in the

muscles of freshwater prawns (Dan et al., 2018). Dietary VE can

significantly reduce the degree of lipid peroxidation and improve

the antioxidant capacity of juvenile turbot (Scophthalmus

maximus; Wei et al., 2011). In addition, some studies have

shown that VE can reduce lipid peroxidation reactions and

protect biological membranes, lipoproteins, and lipids from

the damage caused by oxygen-free radicals in turbot, grass

carp (Ctenopharyngodon idella), halibut (Hippoglossus
02
hippoglossus), and sea bream (Sparus aurata; Jia et al., 2017;

Tocher et al., 2002). Furthermore, VE supplementation in fish

diets can enhance immunity and adaptability to stress (Wang

et al., 2019). In a recent study, the optimum amount of dietary

VE for giant freshwater prawns ranged from 169.38 to 218.66

mg/kg (Dan et al., 2018). The dietary requirement for VE has

been reported in many fishes, for example, 35 mg of a-
tocopherol/kg diet and 60 mg/kg diet for Atlantic salmon (Lall

et al., 1988; Hamre and Oyvind, 1995) and 104–115 mg/kg diet

for groupers (Lin and Shiau, 2005).

Groupers are economically important farmed fish in coastal

areas of China (Yan et al., 2020). The hybrid grouper (♀
Epinephelus fuscoguttatus × ♂ E. lanceolatus) is a carnivorous

marine fish and also known as the gentian tiger spot or pearl

spot. It has tender flesh, rapid growth, and strong disease

resistance (Yan et al., 2022; Pan et al., 2022), with the

appearance of tiger spot head and gentian tail, and can also be

used as an ornamental fish; hence, it has broad market prospects

(Liu et al., 2021; Lu et al., 2022). Many investigations have

suggested that groupers’ protein and lipid requirements are in

the ranges of 45%–50% and 8%–16%, respectively (Tuan and

Williams, 2007). At present, there are many studies on the

nutrition of juvenile groupers (Tang et al., 2018; Long et al.,

2021); however, research on the relationship between high-lipid

diets with added VE and lipid metabolism is limited. For these

reasons, the present study aimed to investigate whether adding

VE to high-lipid diets can mitigate the negative effects of such

diets and enhance growth performance, improve body lipid

metabolism, reduce liver lipid deposition, and affect the

expression of genes related to lipid metabolism.
Materials and methods

Experimental diets

The gross and nutritional compositions of the experimental

diets are shown in Table 1. Six iso-nitrogenous and iso-lipidic

diets with different VE levels (49.6, 100, 110, 163, 206, and 245

mg/kg) were formulated, named V1 (control), V2, V3, V4, V5,

and V6, respectively. All ingredients were crushed and passed
frontiersin.org
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through a 60-mesh sieve, then thoroughly mixed using the

progressive enlargement method described by Long et al.

(2022). After homogenization of the feed, it was mixed with

distilled water until a wet dough was obtained that did not fall

apart when held firmly in the hands. The diets were processed into

2.5-mm-diameter pellets by a twin-screw extruder (F-26, South

China University of Technology, Guangdong Province, China),

air dried at room temperature, then ground and sieved to an

appropriate size and stored in bags at –20°C until use (Wei

et al., 2021).
Experimental conditions

The experimental fish were purchased from Hong-Yun

farm in Dongjian town (Zhanjiang, China) and transported to

the Marine Biological Research Base of Guangdong Ocean

University (Zhanjiang, China). The fish were temporarily
Frontiers in Marine Science 03
reared in a cement pond of dimensions 5 m (length) × 4 m

(width) × 1.8 m (depth) and fed a commercial diet (Haida

Aquatic Diet Co. Ltd., Zhanjiang, China) for 2 weeks until they

reached the size required for the experiment (10.20 ± 0.02 g).

Some 540 fish were randomly allocated to 18 fiberglass tanks

(500 L), each provided with one piece of polyvinylchloride

(PVC) pipe of 20.0 cm (diameter) × 30.0 cm (length) as a

shelter for the fish. Each feed was given to fish in three tanks

twice a day (8:00 and 16:00) until apparent satiation was

observed. The daily food intake was recorded for 8 weeks.

About 70% of the water was changed every day to maintain

water quality. The water conditions were temperature = 29–

32°C, salinity = 28, dissolved oxygen >7 mg/L, and nitrates

<0.05 mg/L, which were tested by a multi-parameter water

quality detector (PTF-001B, WBD Biotechnology Co.,

Ltd., China).
TABLE 1 Composition and proximate composition of experimental diets (%).

Ingredients Diets

V1 V2 V3 V4 V5 V6

Fish meal 45 45 45 45 45 45

Soybean meal 5 5 5 5 5 5

Wheat gluten 17 17 17 17 17 17

Wheat flour 18 18 18 18 18 18

Phospholipid 1.5 1.5 1 1.5 1.5 1.5

Fish oil 5 5 5 5 5 5

Corn oil 5 5 5 5 5 5

Vitamin premixa 0.2 0.2 0.2 0.2 0.2 0.2

Mineral premixa 0.5 0.5 0.5 0.5 0.5 0.5

VC (35%) 0.05 0.05 0.05 0.05 0.05 0.05

Calcium monophosphate 1.5 1.5 1.5 1.5 1.5 1.5

Antioxidant 0.1 0.1 0.1 0.1 0.1 0.1

Attractant 0.15 0.15 0.15 0.15 0.15 0.15

Choline chloride 0.5 0.5 0.5 0.5 0.5 0.5

Sodium carboxymethyl cellulose 0.4 0.4 0.4 0.4 0.4 0.4

Microcrystalline cellulose 0.1 0.09 0.08 0.07 0.06 0.05

a-tocopherol (VE 50%)c 0 0.01 0.02 0.03 0.04 0.05

Total 100 100 100 100 100 100

Proximate compositionb

Moisture 8.36 8.31 8.42 8.26 8.32 8.50

Crude protein 51.51 51.04 50.93 51.90 51.10 50.90

Crude lipid 15.09 15.46 15.06 15.17 15.05 15.15

VE (mg/kg) 49.6 100 110 163 206 245
frontiersi
aVitamin and mineral premixes (IU or g/kg): Vitamin A ≥ 45 × 105, Vitamin D3 ≥ 12 × 105, Dl-a-tocopherol acetate ≥ 40g, Vitamin K3 ≥ 8g, Vitamin B1 ≥ 6g, Vitamin B2 ≥ 9g, Vitamin B6 ≥
7g, Vitamin B12 ≥ 0.05g, D-calcium pantothenate ≥ 30g, Nicotinamide ≥ 45g, Folic acid ≥ 2.5g, D-biotin ≥ 0.1g, Inositol ≥ 100g, provided by Qingdao Master Biotechnology Co., Ltd.
(Qingdao, China).
bMeasured value.
ca-Tocopherol was obtained from Shanghai Yuanye Bio-Technology Co., Ltd.
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Sample collection

At the end of the trial, the fish were fasted for 24 h. Fish were

anesthetized with eugenol (1:10,000), after then all fish in each tank

were weighed and counted to calculate weight gain rate (WGR),

specific growth rate (SGR), feed intake (FI), and feed conversion

ratio (FCR). Three fish from each tank were randomly selected to

measure the corresponding body length, body weight, liver weight,

and visceral mass weight to calculate condition factor (CF),

hepatosomatic index (HSI), and visceral somatic index (VSI),

and an additional three fish from each tank were stored at −20°

C for routine composition analysis. Blood samples from four fish

per tank were collected and centrifuged at 4°C (3,000 rpm for

10 min) to collect the serum, which was subsequently aliquoted

and stored at −80°C for later determination of biochemical indexes

and enzyme activity analysis. The same fish from which the blood

samples were collected were dissected and their livers removed.

Two of these livers were then used for enzyme activity analysis, and

two were used for histological analysis. Liver samples used for

histological examination were kept in 4% formalin solution, and

the other samples were quickly placed into liquid nitrogen and later

stored at −80°C for subsequent analysis.
Growth performance and
general analysis

The calculation formulas of growth parameters (NRC, 2011)

and morphological indices were as follows:

Weight gain rate (WGR, %) = 100 × (final weight − initial

weight)/(initial weight);

Specific growth rate (SGR, %/day) = 100 × [In (final weight)

– In (initial weight)]/days of experiment;

Feed conversion ratio (FCR) = total dry feed intake/total

weight gain;

Condition factors (CF, g/cm3) = 100 × (final body weight)/

(body length)3;

Visceral somatic index (VSI, %) = 100 × (viscera weight)/

(body weight); Hepatosomatic index (HSI, %) =100 × (liver

weight)/(body weight).

The diets and whole fish were analyzed according to the

official method of the Association of Official Analytical

Chemists. The moisture content was measured by drying at

105°C to a constant weight, and ash content was determined by

combustion at 550°C for 6 h. The crude protein content was

determined by Kjeldahl method. The crude lipid content was

determined by Soxhlet extraction method.
Liver-related enzyme activity and serum
biochemical analysis

The level of triglycerides (TGs), high-density lipoprotein

cholesterol (HDL), low-density lipoprotein cholesterol (LDL),
Frontiers in Marine Science 04
free fatty acid (FFA), very low-density lipoprotein (VLDL), and

total cholesterol (TC) in the serum were determined by ELISA

kits (Shanghai Enzyme-Linked Biotechnology Co., Ltd.,

Shanghai, China), and the measurement wavelengths required

for the above biochemical enzyme activity indexes were 505, 500,

546, 550, 450, and 510 nm, following a previously described

method of Liu et al. (2020).

Total protein (TP), fatty acid synthase (FAS), hepatic lipase

(HL), lipoprotein lipase (LPL), hormone-sensitive lipase (HSL),

and triglyceride (TG) activities in the liver were analyzed by

ELISA kits (Shanghai Enzyme-Linked Biotechnology Co., Ltd.,

Shanghai, China), and the measurement wavelengths required

for the above biochemical enzyme activity indexes were 562, 340,

550, 550, 450, and 510 nm, following a previously described

method of Yin et al. (2018).
Oil red O staining

The livers were set at 4°C of 4% paraformaldehyde (PFA)

and then washed twice with 0.2 M phosphate buffer for 30 min.

The tissues were prepared sequentially with 0.2 M phosphate

buffer solutions of 10%, 20%, and 30% sucrose of each for 30 min

and frozen sectioned. The sections were briefly washed in sterile

water, dipped in 60% isopropanol for 1 min, and stained with Oil

Red O solution for 15 min. Then, the sections were stained with

hematoxylin. Finally, the sections were observed under a

microscope camera (Long et al., 2021).
RNA extraction and real-time
quantitative polymerase chain reaction

Transzol UP (TransGen Biotech, Beijing, China) of 1 ml was

added to the samples, and the total RNA was extracted according

to the manufacture’s protocol. The quantity and quality of

isolated RNA were detected at 260 and 280 nm using a

NanoDrop 2000 spectrophotometer (Gene Company Limited,

Guangzhou, China) and by electrophoresis in 1% agarose gel,

respectively. The first-strand cDNA was synthesized using

PrimeScript™ RTreagent Kits with cDNA Eraser (Takara,

Japan) according to the manufacturer’s introduction. The

cDNA was stored at −20°C for real-time quantitative

polymerase chain reaction (RT-qPCR). RT-qPCR was

performed in a 384-well plate with a 10-µl reaction volume

containing 5 µl of SYBR®Green Real-Time PCRMaster Mix, 0.8

µl of each primer, 1 µl of cDNA sample, and 3.2 µl of RNase Free

dH2O. The PCR conditions were set using a thermal

programmer at 95°C for 30 s, 40 cycles of 95°C for 5 s and 60°

C for 34 s. Each sample was tested in triplicate. Primers of the

reference gene (b-actin) and target gene were designed

according to published sequences of groupers (Table 2).

Threshold cycle (Ct) values were collected from each sample
frontiersin.org
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after finishing the process. The relative expression levels were

calculated using the 2−DD Ct method.
Statistical analysis

All data were first examined for homogeneity of variance

using SPSS version 20.0 (SPSS Inc., USA). The results were

subjected to one-way analysis of variance followed by Tukey to

test significant differences among treatment groups, and

probability values of p < 0.05 were deemed to be statistically

significant. The results are presented as means ± standard

error (SEM).
Frontiers in Marine Science 05
Result

Growth performance and
morphological indexes

The growth and morphological results are shown in

Table 3. Compared to the control group, the treatment diets

had no significant effects on FI, FCR, HIS, or VSI (p > 0.05).

The CF was significantly lower in groups V2 and V5 compared

to controls (p < 0.05). Compared to controls, there were no

significant differences in WGR or SGR (p > 0.05). However,

group V3 had significantly higher WGR and SGR than group

V6. (p < 0.05).
TABLE 3 Growth performance and morphological indexes of grouper.

Parameters V1 V2 V3 V4 V5 V6

WGR
(%)

727.80
± 17.29ab

738.76
± 16.6ab

757.77
± 8.78b

767.64
± 0.21b

740.15
± 14.48ab

689.80
± 11.18a

SGR
(%/d)

3.78
± 0.04ab

3.80
± 0.04ab

3.84
± 0.02b

3.84
± 0.02b

3.80
± 0.03ab

3.69
± 0.03a

FI
(%/d)

2.29
± 0.03

2.32
± 0.02

2.31
± 0.01

2.35
± 0.03

2.34
± 0.03

2.32
± 0.08

FCR 0.83
± 0.02

0.84
± 0.01

0.82
± 0.01

0.82
± 0.02

0.83
± 0.00

0.87
± 0.03

CF
(g/cm3)

3.24
± 0.05b

2.92
± 0.08a

3.22
± 0.08b

3.02
± 0.06ab

2.97
± 0.07a

3.01
± 0.07ab

HIS
(%)

1.74
± 0.16

1.68
± 0.09

1.65
± 0.05

1.57
± 0.11

1.67
± 0.06

1.66
± 0.09

VSI
(%)

9.81
± 0.41

9.13
± 0.31

9.26
± 0.26

9.16
± 0.22

9.20
± 0.29

9.30
± 0.22
frontie
Values in the table are means ± SEM (n = 3); Values with different superscript letters in the same row represent significantly different (p < 0.05). WGR, weight gain rate; SGR, specific growth
rate; FI, feed intake; FCR, feed conversion ratio; CF, condition factor; HSI, hepatosomatic index; VSI, visceral somatic index.
TABLE 2 Primers used RT-qPCR.

Primer names Forward and reverse primer sequence (5’ to 3’) Product size TM(°C) GC% GenBank accession no.

b-action-F/R ACTGCTGCCTCCTCTTCATC/
ACCGCAAGACTCCATACCAA

135 59.46
59.02

55
50

KU746361.1

PPAR-a-F/R AAAAGCACGGCTCATACTCAC/GCTCTGGCAGCAGTGGAA 226 58.92
59.97

47.62
61.11

FJ196235.1

PPAR-b-F/R GCTACAGAGCAGCACGACA/CTCCTCATCTTCGCTTTCC 183 60.08
55.41

57.89
52.63

DQ232867.1

PPAR-g-F/R ACCGCAGCACGAAGAACAAC/
TGGACGCCATAGTGAAACCC

225 61.77
60.04

55
55

KM052849.1

L-FABP-F/R TCCCAGGAGAACTACGAGG/
TGCCGATGGTAAAGGAGTTG

169 57.41
57.89

57.89
50

GU982566.1

H-FABP-F/R GTGGATGGCGACAAGGTGAC/
TTCCGTTGACTTCCCTGACC

202 61.3
59.6

60
55

MF034870.1

A-FABP-F/R ACTTCAAACTGGGCGAGGAG/
GCCTTCTCATAGTGGCGTGT

205 59.96
60.11

55
55

EU042103.1
A-FABP, adipocyte-type fatty acid-binding protein; H-FABP, heart-type fatty acid-binding protein; L-FABP, liver-type fatty acid-binding protein; PPAR-a, peroxisome proliferator-
activated receptor a; PPAR-b, peroxisome proliferator-activated receptor b; PPAR-g, peroxisome proliferator-activated receptor g.
rsin.org
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Whole-body composition

The whole-body compositions are presented in Table 4. It

can be seen that dietary VE level had no significant effect on

moisture, crude protein, or ash content (p > 0.05). Compared to

controls, the crude lipid content was significantly higher in

group V5 (p < 0.05).
VE and hepatic lipid deposition

According to Table 5, VE addition significantly affected

VE deposition in the liver and muscle. In the liver, VE

deposition was significantly higher in groups V3–V6 than

in controls and group V2 (p < 0.05). In the muscle, VE

deposition in groups V3–V5 was significantly higher than

in other groups (p < 0.05). From the Oil Red O staining of the

liver (Figure 1), we can see that lipid deposition decreased

with increases in dietary VE. There were few lipid droplets in

the livers of groups V4, V5, and V6 fish, while many lipid

droplets appeared in the livers of fish in other groups. The

number of lipid droplets had a positive relationship with

dietary VE level.
Serum biochemical indices

The serum biochemical indices are shown in Table 6. The

serum HDL content increased first and then decreased, and its

content in VE-treated groups, except group V2, was significantly

higher than in controls. The maximum HDL appeared in group
Frontiers in Marine Science 06
V5 (p < 0.05). The serum LDL content decreased gradually and

was significantly lower in groups V5 and V6 than in controls and

group V2 (p < 0.05). The VLDL contents were significantly lower

in groups V4, V5, and V6 than in controls and groups V2 and

V3 (p < 0.05). Compared with controls, the FFA values of groups

V3 and V6 were significantly higher (p < 0.05). The TC values of

groups V1 and V2 were significantly higher than in other groups,

with the maximum value appearing in group V1 (p < 0.05).

However, the serum TG content was not significantly affected by

VE (p > 0.05).
Liver biochemical indices

The lipid metabolism enzyme activities in the liver are

shown in Table 7. It was observed that the hepatic TP content

was highest in group V2, but there were no significant

differences among groups (p > 0.05). The FAS contents were

significantly lower in groups V3–V6 than in controls and V2,

and there was a downward trend in FAS (p < 0.05). Hepatic HL

showed a trend of increasing first and then decreasing. The HL

contents of groups V3 and V4 were significantly higher than in

controls and V2 (p < 0.05). Except for group V2, the hepatic LDL

contents of VE-treated groups were significantly higher than in

controls (p < 0.05). The trend in liver HSL content was similar to

that of HL, and compared with controls, the hepatic HSL levels

were significantly higher in VE-treated groups except V6 (p <

0.05), with the maximum obtained in V4. Compared with

controls, low levels of VE (100–300 mg/kg) did not affect the

liver TG content, while high levels (400–500 mg/kg) significantly

reduced it (p < 0.05).
TABLE 5 VE deposition in muscle and liver of grouper.

Parameters V1 V2 V3 V4 V5 V6

a-Tocopherol
in liver

0.65
± 0.05a

0.68
± 0.03a

0.84
± 0.03b

0.92
± 0.04c

0.93
± 0.05c

0.97
± 0.04c

a-Tocopherol
in muscle

0.45
± 0.07a

0.48
± 0.04a

0.60
± 0.04b

0.67
± 0.07b

0.62
± 0.07b

0.43
± 0.03a
frontier
Values in the table are means ± SEM (n = 3); values with different superscript letters in the same row represent significantly different (p < 0.05).
TABLE 4 Whole body composition of grouper (% DM).

Parameters V1 V2 V3 V4 V5 V6

Moisture 69.57 ± 0.26 69.93 ± 0.24 69.76 ± 0.38 70.38 ± 0.38 69.44 ± 0.41 69.12 ± 0.79

Crude protein 56.63 ± 0.29 56.29 ± 0.18 56.01 ± 0.07 55.40 ± 0.23 55.73 ± 0.59 56.77 ± 0.43

Crude lipid 27.12 ± 0.25a 27.28 ± 0.22a 27.66 ± 0.31a 27.40 ± 0.19a 28.87 ± 0.21b 26.96 ± 0.20a

Ash 13.74 ± 0.20 13.82 ± 0.19 13.81 ± 0.07 14.02 ± 0.53 14.65 ± 0.07 14.49 ± 0.05
Values in the table are means ± SEM (n = 3); Values with different superscript letters in the same row represent significantly different (p < 0.05).
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Gene expression related to
lipid metabolism

The expression of genes related to lipid metabolism is shown

in Figure 2. The PPAR-a mRNA expression levels of groups V2

and V4 and the PPAR-b mRNA expression levels of group V4

were significantly upregulated compared with other groups (p <

0.05). Compared with controls, the high level of VE (300–500

mg/kg) supplement significantly upregulated PPAR-g mRNA

expression levels (p < 0.05). The relative expression level of L-

FABP mRNA basically increased first and then decreased.

Compared with the control group, the relative expression level

of L-FABP mRNA in groups V2 and V5 was significantly lower

(p < 0.05). On the contrary, the L-FABP mRNA expression level

was significantly upregulated in group V4 (p < 0.05). Compared
Frontiers in Marine Science 07
with other groups, the H-FABP mRNA expression level was

significantly upregulated in group V4 (p < 0.05). The A-FABP

mRNA expression level of group V3 was significantly

upregulated compared with controls and group V2 (p < 0.05)

and was not significantly different to that of other groups (p

> 0.05).
Discussion

As an essential nutrient, lipids provide energy and essential

fatty acids for fish growth and development. An appropriate

dietary lipid level can promote fish growth and reduce FCR

(Xiao et al., 2013). Appropriately increasing the lipid level of feed

can save feed protein to a certain extent, but fish growth will be
TABLE 6 Serum biochemical indices.

Parameters V1 V2 V3 V4 V5 V6

TG (mmol/L) 5.89 ± 0.10 5.76 ± 0.07 5.77 ± 0.28 5.81 ± 0.37 5.95 ± 0.15 5.91 ± 0.31

HDL (mg/dl) 33.27 ± 2.74a 35.14 ± 1.14a 45.88 ± 2.42b 55.54 ± 1.03c 59.27 ± 0.84c 46.46 ± 2.87b

LDL (mmol/L) 5.29 ± 0.40bc 5.44 ± 0.14c 4.23 ± 0.12ab 4.30 ± 0.13abc 3.67 ± 0.25a 4.08 ± 0.17a

VLDL (mmol/L) 11.70 ± 0.53b 11.69 ± 0.05b 11.69 ± 0.05b 8.89 ± 0.20a 9.02 ± 0.49a 9.39 ± 0.72a

FFA (mmol/L) 116.56 ± 1.01a 132.50 ± 6.28ab 146.49 ± 1.62b 120.70 ± 2.50a 119.04 ± 1.35a 143.29 ± 3.72b

TC (mmol/L) 8.35 ± 0.10d 7.90 ± 0.16d 6.37 ± 0.18bc 5.72 ± 0.20ab 6.67 ± 0.17c 5.10 ± 0.04a
f

Values in the table are means ± SEM (n = 3); values with different superscript letters in the same row represent significantly different (p < 0.05).
TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein; FFA, free fatty acid; TC, total cholesterol.
FIGURE 1

Lipid deposition in the liver of grouper.
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inhibited if it is too high (Wang et al., 2005). Fortunately, these

negative effects can be alleviated by nutritional regulation.

Vitamin E is a lipid-soluble vitamin involved in antioxidation

and in enhancing immunity and stress resistance. It is an

essential nutrient for the growth of aquatic animals and has a

catalytic effect on fish growth at an appropriate level (Montero

et al., 2001). However, fish cannot synthesize VE and can only

get it from the diet (Yi et al., 2018). In the present study, fish

growth performance was improved by supplying the proper

amount of VE in a high-lipid diet, but there was no significant

difference between VE-treated groups and controls. This is a

little different from the results of previous studies. It has been

reported that VE supplementation had no significant effect on

the growth of red drum (Sciaenops ocellatus) or turbot

(Scophthalmus maximus) (Peng and Gatlin, 2009; Wei et al.,
Frontiers in Marine Science 08
2011). In addition, compared with groups V3 and V4, WGR and

SGR were significantly lower in group V6, which suggests that

higher dietary VE levels may inhibit growth in groupers. It has

been reported that a high VE level has the tendency to reduce the

growth performance of grass shrimp (Penaeus monodon) and

turbot (Lee and Shiau, 2004; Niu et al., 2014a). Thus, the effects

of VE differ according to species, which may be due to species

specificity, different stages of development, different forms of VE

addition, and the amount and type of dietary lipids used in the

feed. Meanwhile, FCR and FI did not differ between groups,

confirming many previous studies (Wei et al., 2011; Wang et al.,

2019), nor did VSI or HIS differ between treatments, which is

consistent with many previous studies (Zhong et al., 2008; Zhang

et al., 2016). This demonstrates that the addition of VE to a high-

lipid diet does not affect the morphological indexes of groupers.
FIGURE 2

Hepatic relative expression of lipid-metabolism-related genes of hybrid grouper. Values are means ± SEM (n = 3). Different letters assigned to
the bars represent significant differences (p < 0.05). PPAR-a, peroxisome-proliferator-activated receptora; PPAR-b, peroxisome proliferator-
activated receptorb; PPAR-g, peroxisome proliferator-activated receptorg; L-FABP, liver-type fatty acid-binding protein; H-FABP, heart-type fatty
acid-binding protein; A-FABP, adipocyte-type fatty acid-binding protein.
TABLE 7 Liver biochemical indices.

Parameters V1 V2 V3 V4 V5 V6

TP
(mg/g)

640.69±
12.62

711.63±
0.87

626.40±
9.79

586.49±
5.23

751.24±
3.43

722.32±
4.08

FAS (mU/mg.pro) 1889.63±
29.60b

1794.79±
50.94b

1310.46±
49.5a

1257.99±
32.87a

1146.58±
106.59a

1098.05±
41.62a

HL (U/mg.pro) 40.78±
0.57a

42.88±
0.73ab

51.74±
1.34c

69.28±
2.13d

49.33±
2.11bc

45.38±
1.95abc

LPL (mU/mg.pro) 234.39±
10.32a

231.05±
10.84a

400.37±
41.16b

498.99±
21.27b

415.09±
34.95b

394.70±
38.72b

HSL (mU/mg.pro) 855.63±
34.28a

1204.66±
66.76b

1348.13±
24.95bc

1685.34±
15.17d

1464.60±
42.52cd

858.72±
40.20a

TG (µmol/mg.pro) 10.88±
0.21b

10.24±
0.22ab

10.61±
0.16b

10.58±
0.17b

9.32±
0.11a

9.42±
0.24a
fronti
Values in the table are means ± SEM (n = 3); values with different superscript letters in the same row represent significantly different (p < 0.05).
TP, total protein; FAS, fatty acid synthetase; HL, hepatic lipase; LPL, lipoprotein lipase; HSL, hormone-sensitive lipase; TG, triglyceride.
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Body composition, especially lipid content, was significantly

affected by dietary VE level (p < 0.05) and had no significant

effect on crude protein or moisture (p > 0.05), which is consistent

with previous studies (Gao et al., 2012; Zhang et al., 2016). In the

present study, the crude lipid content differed according to VE

dosage, which might be related to the preferential metabolism of

certain nutrients by groupers. Fish in different states do

selectively consume sugars, lipids, and proteins, and when they

preferentially utilize sugar or protein as their primary function, it

leads to lipid accumulation (Dong et al., 2015).

Alpha-tocopherol is the most bioactive form of vitamin E.

Different tissues do not have the same capacity to store VE, with

the liver and muscle being the main tissues of VE deposition. It

has also been shown that VE intake and tissue concentrations of

alpha-tocopherol are highly correlated (Stephan et al., 1995) . In

the present study, compared with controls, dietary VE supplement

significantly increased the content of a-tocopherol in the muscle

and liver of groups V3–V6, which is consistent with other studies

(Zhang et al., 2012; Liu et al., 2018). The alpha-tocopherol content

in the liver was higher than that in the muscle, suggesting that the

liver is an important site for tlohe regulation of alpha-tocopherol

levels in the body. Many studies have also confirmed that the main

site of VE metabolism is the liver, which is considered to be a VE

storage tissue in animals (Brigelius-Flohé, 2009). The mechanism

of VE metabolism in liver tissue is as follows: free-form alpha-

tocopherol is sent to the liver and bound to LDL and HDL, which

are captured by low-density lipoprotein receptors (LDLRs) and

scavenger receptors (SR-BIs), respectively, then sent to lysosomes

by cytokinesis, where it is released and becomes free again. The

free alpha-tocopherol receptor protein is transported outside the

lysosome via other routes to the cell membrane, where it binds to

the ABCA1 transporter protein and is transported outside of the

cell. Some of the free alpha-tocopherol conjugates enter the

circulatory system and are broken down into LDL and HDL,

which is the main pathway for the hepatic metabolism of VE in

fish. High-fat diets can induce oxidative stress in the body, leading

to abnormal liver function. The radical cause of fatty liver is also

oxidative stress, as the liver is the center of lipid metabolism.

Combined with Figure 1, it can be seen that the numbers of lipid

droplets in the livers offish in groups V1, V2, and V3 were greater

than in groups V4, V5, and V6. This is due to increased deposition

of VE in the liver and its function of promotion to lipid

antioxidant and lipid metabolism (Williams et al., 1992).

Lipids are essential nutrients for fish growth, providing

energy and fatty acids. The main pathways of lipid metabolism

usually include digestion and absorption, lipid transport, lipid

production, and b-oxidation (NRC, 2011). It is necessary to

investigate serum lipid metabolism indicators in order to judge

the relationship between VE supplementation and the lipid

metabolism ability of fish fed a high-lipid diet. Serum TG, TC,

HDL, LDL, and VLDL contents are important indicators of

normal animal lipid metabolism. Changes in their levels can

reflect the metabolic and physiological status of an animal (NRC,
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2011; Liu et al., 2018). In the present study, serum TC levels were

significantly reduced, which is consistent with previous studies

showing that VE can lower serum cholesterol levels and slow the

onset of atherosclerosis by regulating lipid metabolism (Yuan,

2009; Yang, 2012). It has been demonstrated that HDL and

VLDL are related to the metabolic transport capacity of lipids

(Ma et al., 2016). In our experiment, there was a positive

relationship between the serum HDL content of groupers and

dietary VE addition up to a certain level, while the opposite was

true for LDL and VLDL. The reason for this may be that the

stress of a high-lipid diet leads to lipid peroxidation and the

production of peroxides, while the addition of dietary VE causes

serum VE levels to rise; thus, free radicals are eliminated, lipid

peroxidation is inhibited, and serum lipid levels are improved.

This indicates that VE addition is beneficial for lipid metabolism

in the serum of groupers. Similar results have been reported in

other aquatic animals; for example, the addition of 124–243 mg/

kg VE to a high-lipid diet improved the lipid metabolism of

turbot (Niu et al., 2014b).

VE not only affects the serum biochemical parameters of

groupers but also significantly affects liver lipase activity. The

liver is the main organ of lipid metabolism (Li et al., 2016).

Lipases mainly include LPL and HL, collectively known as total

lipases. LPL catalyses VLDL and TG carried by celiac particles

and is hydrolyzed to glycerol and FAs for tissue storage and

utilization (Huang et al., 2018). HL has multiple lipase activities,

acts as a ligand to facilitate the entry of LDL and celiac particles

into hepatocytes, and is directly involved in the reversal and

breakdown of HDL cholesterol (Cohen et al., 1999). It is also one

of the enzymes associated with endogenous TG metabolism in

the circulation and has a similar function to LPL. HL activity

affects HDL cholesterol and produces small, dense LDL

cholesterol, which implies a role in the formation of

atherosclerosis (Schiekofer et al., 2017). HSL is the key neutral

lipase, mainly responsible for the hydrolysis of triacylglycerol

(TAG), diglycerides, and monoacylglycerols to free fatty acids

(Huang et al., 2018). FAS, consisting of two identical subunits

(260–270 kDa), is a key lipid synthase involved in the ab initio

synthesis of long-chain fatty acids in the cytoplasm and catalyzes

the condensation of acetyl coenzyme, malonyl coenzyme, and

NADPH (Liu et al., 2010). It can also influence the rate of fatty

acid synthesis and affect lipid deposition (Yue et al., 2012). The

results of this study show that the addition of VE to the diet can

increase the activity of LPL, HSL, and HL and decrease the

activity of FAS. VE accelerates lipid metabolism and maintains

lipid homeostasis by increasing the activity of lipolytic enzymes

and decreasing the activity of FAS lipid synthesis enzymes. In

other words, VE maintains lipid metabolism by influencing the

rate of lipolysis and synthesis.

Peroxisome-proliferator-activated receptors (PPARs) are a

new class of ligand-activated intranuclear receptor transcription

factors that are members of the type-II nuclear hormone receptor

superfamily (Liu et al., 2013; Fang et al., 2016). There are three
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isoforms of PPARs, namely, PPAR-a, PPAR-b, and PPAR-g, each
encoded by a different gene and performing a specific function

(Abbott, 2009) . PPAR-a is related to lipid metabolism and

regulates the b-oxidation of peroxisomes (Fang et al., 2015);

PPAR-b is less reported and is known to be widely distributed;

and PPAR-g is mainly related to adipocyte differentiation and lipid

metabolism. FABPs are members of a multigene family of

intracellular lipid-binding proteins. All members of the FABP

family share common features in the three-dimensional structure

of proteins, namely, two short a-helices near the N-terminus of

the protein molecule, immediately followed by 10 inversely

parallel b-chains connected by hydrogen bonds, which then

assemble into two almost orthogonal b-folds (Zhang et al., 2011;
Yang et al., 2021). Studies have shown that FABPs play an

important role in the intracellular uptake, transport, and

metabolic regulation of long-chain fatty acids, allocating them

to different metabolic pathways and preventing intracellular lipid

accumulation (Ding et al., 2017; Li et al., 2020). However, there are

few studies on the effects of VE on lipid metabolism and PPAR or

FABP family genes in fish. As VE is a fat-soluble vitamin with

antioxidant properties and the ability to inhibit lipid peroxidation,

greater attention has been paid to the FABP and PPAR gene

families related to lipid metabolism.

The PPAR family contains important transcription factors

that regulate metabolic homeostasis and lipid and energy

metabolism (Gross et al., 2017). The H-FABP gene is closely

related to the development and function of adipose tissue and is

considered to be a candidate gene for lipid metabolism, which

can affect lipid deposition (Tyra et al., 2011; Liu et al., 2018). The

expression of L-FABP receives many factors and mainly

promotes FA uptake, diffusion, and metabolism (Her et al.,

2003). In the present study, the expressions of PPARs in

different groups were affected; similarly, the expressions of

FABPs were also different. It is worth mentioning that the

expressions of the PPARa and PPARb genes were highest in

group V4; also, the L-FABP and H-FABP genes achieved the

highest expression in group V4. This is consistent with Li (2008)

study, where the expressions of PPAR-b and H-FABP genes in

broiler breast muscle were significantly increased at week 17 in a

feeding experiment with different levels of dietary VE. Several

previous studies have also confirmed that high levels of VE can

significantly increase H-FABP and L-FABP gene expressions.

The results of this experiment are generally consistent with these

findings. A possible explanation is that VE does not directly

regulate lipid metabolism and acts on lipid metabolic processes

by influencing the PPAR-FABP signaling pathway and

stimulating upregulation of expression. Another explanation is

that VE can directly influence the expression of FABP-gene

mRNA and, thus, affect body lipid metabolism. This has been

confirmed by studies that found a positive correlation between

FABP-gene mRNA expression and certain levels of dietary VE

(Zhang, 2011; Ma et al., 2012; Liu et al., 2018).
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Conclusion

In conclusion, adding an appropriate amount of VE to a

high-lipid diet promotes lipid metabolism, inhibits lipid

peroxidation, and reduces lipid deposition in groupers. High

doses of VE also increase the deposition of a-tocopherol in the

muscle and liver, with the liver being the main site of a-
tocopherol metabolism. VE also affects the expression levels of

PPARs and FABPs. We hypothesized that VE may affect lipid

metabolism in groupers by activating the PPAR-FABP signaling

pathway or by directly affecting FABP expression. Based on the

results of the current study, we recommend adding an additional

dose of 163–206 mg/kg VE under high-lipid conditions. This

research provides a reference for improving the utilization

efficiency of high-lipid diets by groupers, thereby improving

the efficiency of aquaculture.
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