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This study investigated the dietary effects of lipid and protein levels on growth performance, feed utilization, body composition,
lipid metabolism, and antioxidant capacity of triploid rainbow trout, Oncorhynchus mykiss. A 3× 2 two-factor design was con-
ducted with three crude lipid levels of 4%, 9%, and 14% (L4, L9, and L14) and two crude protein levels of 44%, 49% (P44, P49).
Therefore, a total of six diets were prepared as P44/L4, P44/L9, P44/L14, P49/L4, P49/L9, and P49/L14. Triploid rainbow trout
(initial body weight 65.0Æ 0.1 g) were fed one of the six diets for 80 days. The results showed that weight gain (WG), protein
retention (PR), and protein efficiency rate (PER) significantly increased with increasing the dietary lipid level at the same crude
protein level, while feed conversion ratio (FCR) and hepatosomatic index significantly decreased (P<0:05). At the same lipid level,
there was no difference in WG, FCR, PR, PER between 44% and 49% crude protein group (P>0:05). The P49/L14 group had the
highest WG (374.6%) and lowest FCR (1.25), while P44/L14 group had the highest PER (1.80) and PR (25.06%) with similar WG
and FCR to P49/L14 group. The crude lipid contents in whole fish were significantly higher in the L14 group than those in the L4
and L9 groups (P<0:05). Muscle n-3 PUFAs, n-6 PUFAs, and PUFAs levels were positively correlated with dietary lipid level, while
n-6 PUFAs was negatively correlated with dietary protein level. Dietary protein, dietary lipid, and their interaction significantly
affected hepatic malondialdehyde (MDA) content, aspartate aminotransferase, lipase (LPS), and fatty acid synthase (FAS) activities
(P<0:05). In both P44 and P49 groups, LPS and FAS activities increased with increasing the dietary lipid level. MDA content
significantly decreased in the P44 group and increased in the P49 group with increasing the dietary lipid level (P<0:05). As dietary
protein level increased, serum total cholesterol level increased, while hepatic phosphoenolpyruvate carboxykinase activity
decreased. With increasing the dietary lipid level, total superoxide dismutase, catalase, total nitric oxide synthase, and fructose-
1,6-bisphosphatase activities showed an increasing trend, while the opposite was true for alanine aminotransferase activity. In
conclusion, based on growth performance and feed utilization, dietary protein level of 44% and dietary lipid level of 14% (measured
value, 43.71% and 13.62%) were suggested for young triploid rainbow trout.

1. Introduction

Protein is one of the most important nutrients of the animal
organism. As an important nutrient and energy source, pro-
tein has unique physiological functions and metabolic effects.
For example, protein can be used as raw materials for the

synthesis of enzymes, hormones, and other metabolites [1].
In addition, it is important to have the appropriate level of
protein in the fish feed. In Wuchang bream (Megalobrama
amblycephala), the weight gain (WG) and muscle protein
content were significantly increased, while the feed conver-
sion ratio (FCR) and muscle lipid content were significantly
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reduced as dietary protein level increased from 30% to 34%
[2]. However, high dietary protein level increased the feed
costs [3] and ammonia emissions [4]. Güroy et al. [4] found
that increasing dietary protein level from 35% to 50% signifi-
cantly increased the ammonia emissions in yellow tail cichlid
(Pseudotropheus acei).

Lipid is a major energy-producing substance, and it is
also the source of essential fatty acids [5]. Previous studies
have reported that dietary lipid enhanced the absorption and
transportation of fat-soluble nutrients [6], affecting the pro-
cessing quality of feed and the shelf life of fish products [7].
Excessive dietary lipid level may exacerbate the fat deposition
in the body and produce fatty fish [8]. In addition, dietary
lipid level also affects the muscle quality of fish including the
lipid deposition in brown trout (Salmo trutta) [9] and flesh
color and flavor in rainbow trout (Oncorhynchus mykiss) [10,
11]. Different from lipid and carbohydrate, excess dietary
protein level would be used for intermediate metabolism in
the form of energy, or converted to glucose or lipid retention
[12]. In blunt snout bream [3], Atlantic salmon (Salmo salar)
[13], and rainbow trout [14], lipid showed a protein-sparing
effect. In addition, there may be an interaction between die-
tary protein and lipid [3]. For example, nitrogen retention
efficiency of largemouth bass (Micropterus salmoides) was
significantly affected by dietary protein and lipid interaction
[15]. WG, hepatosomatic index (HSI), and viscerosomatic
index (VSI) of red-spotted grouper (Epinephelus akaara)
were also significantly affected by dietary protein and lipid
interaction [16]. Therefore, from the perspective of achieving
optimal growth, reducing feed costs, and improving the cul-
ture environment, it is important to investigate the protein
and lipid requirement as well as their interaction effects on
cultured fishes.

Rainbow trout is one of the most appropriate fish for cold
water farming [17] which has an annual global production
over 848,000 tons [18]. The traditionally farmed rainbow
trout is diploid, but in recent years, triploid rainbow trout
have become an important farmed fish in China with annual
production of >30,000 tons [19]. Triploid rainbow trout
have three complete sets of chromosomes in their bodies
formed by physical ways such as temperature and pressure
[20], which present advantages of fast growth and good meat
quality [21]. Previous studies have shown the difference
between triploid and diploid rainbow trout in lipid retention,
mobilization [22], and nutrients requirements and utilization
[14, 19]. The dietary protein requirements for diploid rain-
bow trout ranged from 36% to 48% [1], generally 35% to 45%
[23], while dietary lipid requirements were 12% [24] or
higher than 20% [25–27]. However, few research has been
conducted on the nutritional requirements of triploid rain-
bow trout. The appropriate dietary protein level was 45.8%
[14] and 46.76% [28] for 232.8 and 109.03 g triploid rainbow
trout in dietary lipid level of 20%, respectively. In a diet with
46% crude protein, for 233 g triploid rainbow trout, the
appropriate dietary lipid level would be 23.3% [19] or
≥22.8% [11], respectively. In the above studies, a univariate
design was used, and the effects of both dietary protein and
lipid (two factors) have not been reported on triploid

rainbow trout. Therefore, in this study, three crude lipid
levels and two crude protein levels were designed to investi-
gate the effects on growth performance, body composition,
feed utilization, lipid metabolism, and antioxidant capacity
of triploid rainbow trout. The findings will provide a basis for
the development of efficient diets for triploid rainbow trout.

2. Material and Methods

2.1. Experimental Design and Diets. A 3× 2 factorial design
was conducted with three dietary lipid levels of 4%, 9%, and
14% (L4, L9, and L14) and two dietary protein levels of 44%,
49% (P44, P49), to form six diets as P44/L4, P44/L9,
P44/L14, P49/L4, P49/L9, and P49/L14. Fish meal, soybean
meal, soy protein concentrate, corn gluten meal, and cotton-
seed protein concentrate were included in diets as the main
protein sources, and fish oil, soybean oil, and soybean phos-
pholipids were used as the main lipid sources. All the diets
were balanced by adjusting the content of bentonite and cel-
lulose. All raw materials were finely crushed, sieved through a
60 mesh sieve, and thoroughly mixed in accordance with the
feed formula (Table 1). Then, the oil and water were added
and the mixture was extruded (temperature of 85Æ 5°C) by a
single screw extruder (LX-75 type aquatic feed puffer, Long-
xiang Food Machinery Factory, Hebei Province, China) to
form sinking diets with 3.0mm diameter. All diets were dried
at 50°C until moisture content reached less than 10%, then
sealed and stored in a cool and dry place.

2.2. Experimental Fish and Feeding Management. Triploid
rainbow trout were obtained from the Tiangui Aquaculture
Farm in Meishan, Sichuan, China, and transported to the
indoor recirculating aquaculture system (RAS) at Binhai
Aquaculture Base of Shanghai Ocean University for an 80
day feeding experiment. Before the formal culture trial, the
fish were temporarily fed with commercial feed (dietary pro-
tein level of 44% and dietary lipid level of 12%) for 2 weeks to
adapt to the culture environment. A total of 216 triploid
rainbow trout (65.0Æ 0.1 g) were randomly selected and allo-
cated to 18 buckets (1.0m in diameter and 1.0m in height,
water volume 650 L) with 12 fish per bucket and 3 buckets
per treatment. Rainbow trout were hand-fed with diets to
apparent satiation twice daily at 10:00 am and 5:00 pm. Cul-
ture water was recirculated with a flowing rate of 10 L per
minute per bucket and replaced (about 1/3) twice a week.
Feces were removed by siphoning in 2 hr after feeding to
guarantee the clean water quality. During the culture period,
water temperature, dissolved oxygen, pH, ammonia nitrogen,
and nitrite were 12–16°C, 6–7mg/L, 7.0–7.5, ≤0.2mg/L, and
≤0.1mg/L, respectively.

2.3. Sample Collection. Nine fish were randomly selected and
stored at −20°C for whole composition analysis before the
feeding trial. After the feeding trial, all fish were deprived of
diets for 24 hr, then counted and weighed to calculate WG
and FCR. Six fish were randomly selected from each bucket,
then anesthetized with MS-222 (30mg/L), and three fish
were stored at −20°C for whole fish composition determina-
tion, while another three fish were used to draw blood from
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caudal vein. The blood was centrifuged at 4,000 r/min for
10min, and the supernatant was stored at −80°C for bio-
chemical indicators measurements. Immediately after blood
collection, the fish were dissected on ice trays, the viscera and
liver were weighed for VSI and HSI calculations, and finally
the liver and dorsal muscle were frozen at −80°C for subse-
quent analysis.

2.4. Growth Performance and Body Morphometric Indices.
WG, FCR, survival rate (SR), HSI, VSI, protein efficiency
rate (PER), and protein retention (PR) were calculated as
follows:

WG %ð Þ ¼ 100 ×
FBW − IBWð Þ

IBW
; ð1Þ

FCR ¼ Wf

FBW − IBWð Þ ; ð2Þ

SR %ð Þ ¼ 100 ×
NF

NI
; ð3Þ

HSI %ð Þ ¼ 100 ×
WL

W

� �
; ð4Þ

VSI %ð Þ ¼ 100 ×
WV

W

� �
; ð5Þ

PER ¼ FBW − IBWð Þ
WC

; ð6Þ

PR %ð Þ ¼ 100 ×
WG

WC
: ð7Þ

FBW, final body weight (g); IBW, initial body weight (g);
Wf, feed intake (g); NF, final number of fish; NI, initial num-
ber of fish;WL, final liver weight (g);W, body weight (g);WV,
final visceral weight (g);WC, total protein intake (g); andWG,
fish protein gain (g).

2.5. Proximate Composition of Feed, Whole Fish, Muscle, and
Liver. As determined by the AOAC method [30], crude pro-
teins, crude lipids, moisture, and ash were measured by Kjel-
dahl system method (2300 Auto analyzer; FOSS Tecator, AB,
Hoganas, Sweden), chloroform–methanol extraction, oven-
drying at 105°C to constant weight and scorching at 550°C in
a muffle furnace (SXL-1008 muffle furnace; Shanghai Jin-
hong Experimental Equipment Co.), respectively.

2.6. Fatty Acid Determination. Fatty acids were determined
according to the method described by Yang et al. [31].
The lipid was dissolved by adding 2mL of 14% boron
trifluoride–methanol solution. After 25min of water bath at
100°C, benzene (2mL) and methanol (2mL) were added for
another water bath (100°C, 25min). The sample was mixed
with distilled water (2mL) and n-hexane (2mL), and

TABLE 1: Diet formulation and proximate composition (air dry basis, g/kg).

Ingredients P44/L4 P44/L9 P44/L14 P49/L4 P49/L9 P49/L14

Fish meal 200.0 200.0 200.0 240.0 240.0 240.0
Soybean meal 120.0 120.0 120.0 133.0 133.0 133.0
Soy protein concentrate 80.0 84.0 88.0 100.0 103.5 107.0
Wheat flour 287.0 245.4 203.8 187.0 145.4 103.8
Corn gluten meal 50.0 52.0 54.0 60.0 63.0 66.0
Cottonseed protein concentrate 80.0 84.0 88.0 100.0 103.5 107.0
Meat meal 50.0 50.0 50.0 50.0 50.0 50.0
Beer yeast 50.0 50.0 50.0 50.0 50.0 50.0
Fish oil 1.0 18.2 35.4 0.0 17.2 34.4
Soybean oil 1.0 18.2 35.4 0.0 17.2 34.4
Soybean phospholipids 1.0 18.2 35.4 0.0 17.2 34.4
Vitamin premixa 10.0 10.0 10.0 10.0 10.0 10.0
Mineral complexb 30.0 30.0 30.0 30.0 30.0 30.0
Bentonite 20.0 10.0 0.0 20.0 10.0 0.0
Cellulose 20.0 10.0 0.0 20.0 10.0 0.0
Total 1,000.0 1,000.0 1,000.0 1,000.0 1,000.0 1,000.0
Proximate composition

Crude protein 444.1 443.5 437.1 492.5 491.3 487.6
Crude lipid 52.4 83.7 136.2 45.5 90.9 142.4
Ash 140.1 132.1 123.2 146.6 137.7 128.1
Moisture 84.9 83.2 81.0 85.9 82.9 81.9
Gross energy (calculated value; MJ/kg)c 17.3 18.2 19.5 17.4 18.6 19.9

Note: aVitamin premix (IU/kg diet): VA, 10,000; VD3, 3,000; and VE, 150. Vitamin premix (mg/kg diet): VK3, 12.17; VB1, 20; VB2, 20; VB3, 100; VB6, 22; VB12,
0.15; VC, 300; biotin, 0.6; inositol, 400; and folic acid, 8. bMineral premix (mg/kg diet): I, 1.5; Mn, 11.45; Co, 0.6; Cu, 3; Zn, 89; Se, 0.24; Mg, 180; and Fe, 63.
cGross energy ¼ 23:6×Crude proteinþ 39:5×Crude lipidþ 17:2×Carbohydrate [29].
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centrifuged at 3,000 rpm/min for 10min. The supernatant was
added with n-hexane (0.5mL) and centrifuged (3,000 rpm/
min, 5min), then the supernatant was collected for the fatty
acids analysis with the gas chromatography–mass spectrometry
(7980B gas chromatograph-mass spectrometer; Agilent
Technologies).

2.7. Serum Biochemical Parameters. Serum triglyceride (TG)
and total cholesterol (TCHO) levels were determined by the
GPO-PAP method and CHOD-PAP method, respectively
[32]. High-density lipoprotein cholesterol (HDL-C) and
low-density lipoprotein cholesterol (LDL-C) were measured
by spectrophotometer. The kits used were purchased from
the Nanjing Jiancheng Institute of Biological Engineering.

2.8. Liver Biochemical Parameters. Liver tissue was homoge-
nated with nine times of 0.86% saline (ice water bath), then
centrifuged at 8,000 r/min for 10min at 4°C, and the super-
natant was collected for the relevant biochemical parameter
measurements. Malondialdehyde (MDA) contents, alanine
aminotransferase (ALT), and total superoxide dismutase
(T-SOD) activities were measured by thiobarbituric acid
method, micromethod, and xanthine oxidase method,
respectively. Total nitric oxide synthase (T-NOS) and lipase
(LPS) activities were determined by colorimetric method.
Aspartate aminotransferase (AST), glucose-6-phosphatase
(G6P), phosphoenolpyruvate carboxykinase (PEPCK), and
catalase (CAT) activities were measured spectrophotometri-
cally. Fatty acid synthase (FAS) and fructose-1,6-bispho-
sphatase (FBP) activities were measured by the microplate
method. The kits used for the experiments were provided by
Shanghai Haling Biotechnology Co.

2.9. Statistical Analysis. All data were expressed as meanÆ
standard deviation and analyzed using SPSS 26.0 software.
One-way analysis of variance (ANOVA) was used to analyze
all data and Tukey’s test was chosen for multiple comparisons
of significance between groups. Two-way ANOVAwas used to
analyze the main effects (dietary protein and dietary lipid) and
their interactions. P-values< 0.05 were considered as statistical
significance.

3. Results

3.1. Growth Performance and Feed Utilization. Dietary lipid
significantly affected FBW, WG, FCR, FI, PER, and PR
(P<0:05). Fish in P49/L14 group had the highest FI (3.71),
WG (374.6%), and the lowest FCR (1.25), while those in
P44/L14 group had the highest PER (1.80) and PR (25.06%).
The above indicators showed no significant difference between
the P49/L14 and P44/L14 groups (P>0:05). Dietary lipid sig-
nificantly affected the VSI and HSI (P<0:05). The P49/L14
group had the highest VSI (11.27), while the P44/L14 group
had the lowest HSI (1.20). The interaction of dietary protein
and lipid had no effect (P>0:05) on any of the above
indicators.

At the same dietary protein level, WG, PR, PER, and VSI
increased, while FCR and HSI decreased as dietary lipid level
increased. At the same dietary lipid level, there was no

difference (P>0:05) in WG, FCR, PR, PER between P44
and P49 group (Table 2).

3.2. Proximate Composition. Dietary lipid significantly
affected the moisture content in whole fish, muscle, and
crude lipid contents in muscle and liver (P<0:05). As dietary
lipid level increased, the moisture content in whole fish and
muscle decreased, while the crude lipid contents in muscle
and liver increased. The highest muscle and liver lipid con-
tents were found in the P44/L14 and P49/L14 groups, respec-
tively. Dietary protein, dietary lipid, and their interaction had
a significant effect on whole fish crude lipid contents
(P<0:05), which was increased by the increasing dietary
protein and lipid levels. In addition, dietary lipid and the
interaction of dietary protein and lipid also significantly
affected muscle and liver ash contents (P<0:05). There
was no difference observed in the crude protein contents of
whole fish, muscle, and liver across all the groups (P>0:05)
(Table 3).

3.3. Muscle Fatty Acids Composition. Dietary lipid signifi-
cantly affected n-3 PUFAs, n-6 PUFAs, PUFAs, and SFAs
contents (P<0:05). As dietary lipid level increased, n-3
PUFAs, n-6 PUFAs, and PUFAs contents increased, while
the opposite trend was observed for SFAs. Dietary protein
significantly affected muscle n-6 PUFAs content (P<0:05).
As dietary protein level increased, n-6 PUFAs content
decreased. In addition, dietary protein, dietary lipid, and their
interaction significantly affected MUFAs contents (P<0:05)
(Table 4).

3.4. Serum Biochemical Indicators. Dietary protein and lipid
significantly affected HDL-C levels (P<0:05), which
increased as dietary protein and lipid levels increased. Serum
TCHO contents were significantly influenced by dietary pro-
tein (P<0:05). As dietary protein level increased, TCHO
levels increased. Serum LDL-C was significantly affected by
dietary lipid (P<0:05), and it increased with increasing the
dietary lipid level. Dietary protein, dietary lipid, and their
interactions had no effects on TG levels (P>0:05) (Table 5).

3.5. Hepatic Metabolic Enzyme Activity. Dietary lipid signifi-
cantly affected ALT activity, while dietary protein, dietary
lipid, and their interaction significantly affected AST activity
(P<0:05). The increasing dietary protein level decreased
AST activity, while the increasing dietary lipid level
decreased both ALT and AST activities.

Dietary protein, dietary lipid, and their interaction signif-
icantly affected LPS and FAS activities (P<0:05). LPS and
FAS activities increased as dietary protein level increased,
and LPS activity also increased as dietary lipid level increased.
The increase of dietary lipid level from 4% to 9% significantly
increased FAS activity (P<0:05), however, the increase from
9% to 14% did not significantly increase FAS activity (P>0:05).

Dietary protein significantly affected the activity of
PEPCK, whereas dietary lipid significantly affected the activ-
ities of FBP and G6P (P<0:05). With increasing the dietary
protein level, PEPCK activity decreased, while FBP and G6P
activities increased with increasing the dietary lipid level
(Table 6).
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3.6. Hepatic Antioxidant Capacity. TNOS activity increased
with increasing the dietary protein level, while TSOD, TNOS,
and CAT activities were increased by the increasing dietary
lipid level. Dietary protein, dietary lipid, and their interaction
significantly affected MDA content (P<0:05). In P44 groups,
MDA content significantly decreased as dietary lipid level
increased, but in P49 groups, MDA content significantly
increased as dietary lipid level increased (P<0:05) (Table 7).

4. Discussion

4.1. Growth Performance and Whole Fish Composition. From
a cost-reduction perspective, the use of high-energy feed to
reduce dietary protein level is an effective strategy. If diets
were deficient in nonprotein energy, protein would be used
for energy consumption rather than for growth [33]. In the
present study, the P44/L4 group had the lowest WG and
highest FCR, which may be due to the insufficient supply
of energy and essential fatty acids. In addition, rainbow trout
fed diets containing 14% crude lipid showed higher WG,
PER, PR, and lower FCR than those fed diets containing
4%, 9% crude lipid, which indicated the protein-sparing
effect of dietary lipid [13, 14]. However, the significant
increase in whole-body fat contents of rainbow trout
(P<0:05) suggested that the sparing effect may be limited
under high-fat conditions. It has been reported that the
appropriate dietary lipid level for triploid rainbow trout (ini-
tial body weight 233 g) cultured in a reservoir cage (water
temperature 8–16°C) was 23.3% (crude protein level 46%)
[14], and the minimum lipid requirement was 22.8% [11].
The present study was conducted in RAS cultivation (water
temperature 12–16°C), and the optimal dietary lipid level of

triploid rainbow trout (initial weight of 65 g) was estimated
to be 14%, close to the reported lipid requirement (less than
12%) of rainbow trout (initial weight 333.25 g) cultured in
RAS (water temperature 14Æ 0.5°C) [34]. The lipid require-
ment might be affected by fish size and water temperature.
Imsland et al. [35] reported that the interaction of water
temperature and fish size significantly affected the growth
and feed efficiency of Atlantic cod (Gadus morhua). Further-
more, the relationship between fish growth and feed was also
dependent on water temperature [36]. For example, the
appropriate dietary lipid level for optimum growth of rohu
(Labeo rohita) was 8% and 13%, when the water temperature
was 21 and 30°C, respectively [37].

Fish in the rapid growth stage have high protein require-
ments, and low dietary protein level would reduce the growth
rate [38], high dietary protein level could also decrease the
growth rate of fish in growth plateau phase [39], and
increased feed costs and pollute water quality [16, 17]. In
this study, there was no difference in WG, FCR, PR, PER
between the P44 and P49 groups at the same dietary lipid
level (P>0:05), suggesting that 44% crude protein level
might have met the requirement of rainbow trout. The pres-
ent findings were similar to the reported protein requirement
of 45.8% [19] and 46.76% [28] (both at 20% crude lipid level)
for triploid rainbow trout.

Fish growth depends on nutrient intakes and utilization
[14], and the digestible energy requirement could be met by
adjusting FI [40]. Studies on largemouth bass [41] and grass
carp (Ctenopharyngodon idella) [40] have shown that FI was
decreased significantly with increasing the dietary lipid level
in diets. In this study, an increase in the level of dietary lipid
promoted a significant increase in FI (P<0:05), and the same

TABLE 5: Dietary effects of lipid and protein levels on serum biochemical indicators of triploid Oncorhynchus mykiss.

Diet TG (mmol/L) TCHO (mmol/L) HDL-C (mmol/L) LDL-C (mmol/L)

P44/L4 1.12Æ 0.11 1.82Æ 0.14b 3.30Æ 0.42d 1.69Æ 0.13
P44/L9 0.91Æ 0.09 1.86Æ 0.03b 4.35Æ 0.23c 1.91Æ 0.12
P44/L14 1.16Æ 0.01 1.84Æ 0.04b 5.19Æ 0.11abc 2.07Æ 0.08
P49/L4 0.99Æ 0.13 2.00Æ 0.06ab 4.60Æ 0.32bc 1.77Æ 0.14
P49/L9 0.96Æ 0.11 1.90Æ 0.03ab 5.63Æ 0.07a 1.78Æ 0.08
P49/L14 1.04Æ 0.02 2.12Æ 0.06a 5.33Æ 0.17ab 1.93Æ 0.12
Means of main effects
Dietary protein (%)

44 1.06Æ 0.14 1.84Æ 0.07b 4.42Æ 0.76b 1.89Æ 0.18
49 1.00Æ 0.09 2.01Æ 0.11a 5.08Æ 0.66a 1.82Æ 0.12

Dietary lipid (%)
4 1.04Æ 0.13 1.91Æ 0.14 4.01Æ 0.65b 1.73Æ 0.12b

9 0.93Æ 0.09 1.88Æ 0.03 5.13Æ 0.64a 1.86Æ 0.12ab

14 1.10Æ 0.07 1.95Æ 0.16 5.11Æ 0.36a 1.99Æ 0.12a

Two-way ANOVA
Dietary protein 0.281 0.003 0.010 0.361
Dietary lipid 0.111 0.140 0.002 0.037
Dietary protein× lipid 0.369 0.087 0.547 0.359

Note: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TCHO, total cholesterol; TG, triglyceride. Within multiple
comparisons or main effects analysis, data with different small letter superscripts indicate significant differences (P<0:05), while data for two-factor analysis of
variance are less than 0.05, indicating significant differences (P<0:05). Data are expressed as meanÆ standard deviation.
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result was also reported in another study about triploid rain-
bow trout [14]. Meng et al. [14], suggested that low level of
dietary lipid (<12.3%) resulted in reduced feeding activity in
rainbow trout. The reason may be related to the different
sensitivity of fish species to dietary energy and lipid levels.
The differences in stocking density and experimental scale
may also affect the requirement [42]. The nutritional status
of fish can be reflected by body morphometric indices such as
HSI and VSI. In this study, VSI was increased by the increas-
ing dietary lipid level, consistent with the results in whitefish
(Coregonus lavaretus) [43] and largemouth bass [41]. How-
ever, HSI was significantly decreased by the increasing die-
tary lipid level (P<0:05), and the similar results were also
reported in spotted knifejaw (Oplegnathus punctatus) [44]
and sea bass (Dicentrarchus labrax) [45].

4.2. Lipid Deposition and Metabolism.Muscle fatty acid com-
position and fat content are important parameters for asses-
sing the nutritional quality and flavor of fish [46]. Previous
studies have shown that rainbow trout flesh with high lipid
content may have high quality [11]. In addition, fish flesh
with high PUFAs and low SFAs might indicate higher quality
for consumers. It has been shown that PUFAs is essential for
maintaining cell membrane structure and function [47],
while high levels of SFAs may increase the risk of type II
diabetes in humans [48]. In the present study, muscle PUFAs
content significantly increased and SFAs content decreased
with increasing the dietary lipid level (P<0:05), which is
consistent with the findings on Senegal sole (Solea senega-
lensis) [49], tilapia (Oreochromis niloticus) [50]. Both the
PUFAs maxima and SFAs minima were found in the
P44/L14 group, suggesting a higher quality of fatty acid

composition in the flesh of this group. Compared to DHA,
EPA may be preferentially utilized for oxidation [51]. In this
study, EPA, DHA, n-3 PUFAs, and n-6 PUFAs contents
increased with increasing the dietary lipid level, but EPA
levels were much lower than DHA levels. The possible reason
is that the increased dietary lipid level came from the addi-
tion of fish oil.

TCHO and TG are important components of blood
lipids, which are mainly synthesized in the liver. In Siberian
sturgeon (Acipenser baerii), the serum TCHO content was
not significantly affected by low dietary lipid levels (5.11%,
16.93%), but significantly increased by high dietary lipid level
of 20.84% [52]. Similarly, the serum TG contents of hybrid
sturgeon (Acipenser baerii♀×A. gueldenstaedtii♂) were sig-
nificantly increased by a high dietary lipid level (11.5%) [53].
In the present study, serum TG and TCHO contents were
not significantly affected by the increasing dietary lipid level
(P>0:05). The possible reason is that dietary lipid level of
14%may be not sufficient to activate endogenous lipid trans-
port in the liver. Studies have shown that lipoprotein levels
would respond to feed nutrient levels [54]. With the increase
of dietary lipid level from 4% to 16.5%, serum LDL-C was
significantly increased in hybrid sturgeon [53]. Ren et al. [52]
reported that an increase in dietary lipid level from 5.11% to
16.93% also significantly increased serum HDL-C and LDL-
C levels in Siberian sturgeon. In this study, serum HDL-C
and LDL-C levels were increased by the increasing dietary
lipid level. The increase in serum LDL-C level reflects a
decrease in cholesterol deposition in the liver, which may
explain the lack of significance in serum TCHO level.

In this study, LPS activity increased with increasing the
dietary lipid contents, which reflected the increasing ability

TABLE 7: Dietary effects of lipid and protein levels on antioxidant capacity in the liver of triploid Oncorhynchus mykiss.

Diet TSOD (U/mg prot) CAT (U/mg prot) TNOS (U/mg prot) MDA (nmol/mg prot)

P44L4 72.24Æ 9.25c 13.20Æ 2.04b 623.57Æ 48.72c 0.88Æ 0.05a

P44L9 84.90Æ 4.03abc 18.56Æ 2.73ab 647.48Æ 22.42bc 0.61Æ 0.01b

P44L14 93.77Æ 4.48ab 20.73Æ 3.30a 756.44Æ 7.07b 0.47Æ 0.04c

P49L4 78.44Æ 9.88bc 12.95Æ 1.13b 739.82Æ 49.04bc 0.62Æ 0.01b

P49L9 88.36Æ 4.97abc 18.18Æ 2.84ab 748.37Æ 42.41bc 0.76Æ 0.03a

P49L14 103.38Æ 9.06a 19.78Æ 2.55ab 899.70Æ 43.68a 0.78Æ 0.01a

Means of main effects
Dietary protein (%)

44 83.64Æ 10.88 17.50Æ 4.11 679.37Æ 70.25b 0.68Æ 0.19b

49 90.06Æ 13.01 16.97Æ 3.68 810.78Æ 90.92a 0.72Æ 0.08a

Dietary lipid (%)
4 75.34Æ 9.21b 13.08Æ 1.48b 670.07Æ 76.43b 0.78Æ 0.15a

9 86.63Æ 4.46b 18.37Æ 2.50a 697.92Æ 64.50b 0.68Æ 0.09b

14 98.58Æ 8.28a 20.26Æ 2.68a 828.07Æ 83.31a 0.62Æ 0.08b

Two-way ANOVA
Dietary protein 0.089 0.666 0.000 0.002
Dietary lipid 0.001 0.001 0.000 0.006
Dietary protein× lipid 0.773 0.968 0.688 0.000

Note: CAT, catalase; MDA, malondialdehyde; TNOS, total nitric oxide; TSOD, total superoxide dismutase. Within multiple comparisons or main effects
analysis, data with different small letter superscripts indicate significant differences (P<0:05), while data for two-factor analysis of variance are less than 0.05,
indicating significant differences (P<0:05). Data are expressed as meanÆ standard deviation.
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of liver to degrade lipid. In general, when exogenous lipid is
sufficiently supplied, less lipid would be synthesized in the
body with low FAS activity. In largemouth bass [41] and
European seabass [55], the FAS activity was significantly
decreased by the increasing dietary lipid level. In the present
study, liver FAS activity has increased significantly as the
dietary lipid level increased from 4% to 9% (P<0:05), but
did not further significantly increase when the dietary lipid
level increased from 9% to 14% (P>0:05), suggesting that
dietary lipid level of 14% might have met the requirement of
rainbow trout. In addition, gluconeogenesis is essential for
maintaining homeostatic balance of glucose in vertebrates
[56]. The present result was consistent with the findings on
largemouth bass [41], where an increase in the dietary lipid
level was accompanied by an increase in FBP and PEPCK
activities, reflecting an improved gluconeogenesis process.

4.3. Antioxidant Capacity and Transaminase Activity of the
Liver. SOD, NOS, and CAT activities are often used to assess
the effect of dietary lipid on the antioxidant capacity of tis-
sues [41, 57]. In this study, T-SOD, T-NOS, and CAT activi-
ties increased as dietary lipid level increased, suggesting that
the increased dietary lipid level exacerbated lipid oxidation,
thus, antioxidant enzyme activity was promoted. Also, as the
increase of dietary lipid level came from the increase of fish
oil, the high level of HUFA from fish oil may also exacerbate
the production of ROS [41]. In the present study, T-NOS
activity increased as dietary protein level increased, while
T-SOD activity did not significantly change, which reflected
that high protein level may exacerbate lipid deposition in the
liver. As one important product of fatty acid peroxidation in
the liver, MDA content can be used to reflect the oxidation
degree in tissues [41]. In this study, MDA content signifi-
cantly decreased as dietary lipid level increased in P44 diets,
while in P49 diets, MDA significantly increased with increas-
ing the dietary lipid level (P<0:05), indicating that high lipid
level exacerbated the lipid oxidation of rainbow trout fed a
high protein diet, but not the fish fed a low protein diet.

As the main site of protein metabolism in fish, AST and
ALT activities in the liver can reflect the status of protein
metabolism. In general, the increase of digestible protein in
the diet would increase the AST and ALT activities in the liver
[58, 59]. However, in white sea bream (Diplodus sargus), AST
and ALT activities did not further increase with increasing the
dietary protein level when dietary protein level has met the
requirement [60]. In this study, AST activity decreased with
increasing the dietary protein level. Similar to the findings on
rohu [61] and brown trout [62], the AST and ALT activities
were also decreased with increasing the dietary lipid level in
this study, reflecting the protein-sparing effects of dietary
lipid. However, FAS and LPS activities also increased with
increasing the dietary protein level, which indicated that
high protein diets may burden the lipid deposition in the liver.

5. Conclusion

The present results showed that increasing the dietary lipid
level from 4% to 14% significantly improved the growth
performance and feed utilization of triploid rainbow trout

with an initial weight of 65.0 g, but the increase of dietary
protein level from 44% to 49% did not significantly affect the
growth performance, while increased whole fish lipid content
and reduced PR. The P44/L14 group had the highest PER,
PR, whole fish protein, n-3 PUFAs, n-6 PUFAs, and PUFAs.
Therefore, based on growth performance and feed utiliza-
tion, dietary protein level of 44% and dietary lipid level of
14% (measured value, 43.71%, 13.62%) were suggested for
young triploid rainbow trout.
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