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High dietary lipid level alters the growth, hepatic
metabolism enzyme, and anti-oxidative capacity in juvenile
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Abstract The present study was conducted to investi-
gate the effects of high dietary lipid levels on growth,
metabolism, antioxidant capacity, and immune re-
sponses of largemouth bass. Fish (initial body weight
13.38+0.11 g) were fed three isonitrogenous semi-
purified diets containing 5%, 10%, and 20% lipid, re-
spectively. The results indicated that fish fed 10% lipid
diet showed significantly better final body weight, spe-
cific growth rate (SGR), protein efficiency ratio (PER),
and feed conversion ratio (FCR) compared with that fed
5% lipid diet. Meanwhile, fish fed 20% lipid diet had a
significantly higher viscera ratio (VR), hepatosomatic
index (HSI), intraperitoneal fat ratio (IPF), and liver
lipid content than those fed the other diets. Higher
alanine aminotransferase (ALT) and aspartate transami-
nase (AST) activities, total cholesterol (TC), triglyceride
(TG), free fatty acids (FFA), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein
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cholesterol (LDL-C) contents, and LDL-C/HDL-C val-
ue in plasma were recorded in fish fed 20% lipid diet,
while higher insulin contents were obtained in fish fed
5% lipid diet. In addition, the highest carnitine
palmitoyltransferase I (CPT1), AMP-activated protein
kinase (AMPK), fructose-1,6-bisphosphatase (FBPase),
and phosphoenolpyruvate carboxykinase (PEPCK) ac-
tivities in the liver were also observed in fish fed 20%
lipid diet. However, fish fed 20% lipid diet had a sig-
nificantly lower superoxide dismutase (SOD) and cata-
lase (CAT) activities and higher MDA contents in liver
than those fed the other diets. The higher nitric oxide
(NO) contents and inducible nitric oxide synthase
(INOS) activity in liver were recorded in fish fed 10%
lipid diet. Moreover, the alkaline phosphatase (ALP),
inducible nitric oxide synthase (iNOS) and lysozyme
activities, and nitric oxide (NO) contents in plasma were
higher in fish fed the 10% diets than the other groups. In
conclusion, high dietary lipid levels could suppress
growth performance and liver anti-oxidative capacity,
and reduce immune responses of largemouth bass.

Keywords Lipid level - Growth - Metabolism enzyme -
Antioxidant capacity - M. salmoides

Introduction

A large number of studies have reported health disad-
vantages of the high lipid diet, such as inducing obesity,
metabolic syndrome, and liver damage, along with
hypertriglyceridemia, hepatic insulin resistance, and
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steatosis (Figueiredo-Silva et al. 2012; Bargut et al.
2014; Borges et al. 2014; Bargut et al. 2015). The
changes observed in farmed fish fed a high lipid diet
are accompanied by an increase of ectopic lipid accu-
mulation in liver and abdominal adipose tissue, and lead
to metabolic disturbances (Du et al. 2008; Lu et al.
2014). In addition, excessive dietary fat also has nega-
tive effects on fish immunity, disease resistance, and
promoting inflammatory processes (Montero et al.
2010; Tan et al. 2016). However, high levels of dietary
lipid are incorporated in feeds for most teleost fish to
promote growth and reduce nitrogen waste in recent
years (Cho et al. 1994). In particular, in some carnivo-
rous species, high lipid diets have been reported to
promote better growth (Hillestad and Johnsen 1994;
Dias et al. 1998; Zhao et al. 2016), although it was
mostly due to increased fat deposition. Therefore, un-
derstanding how dietary lipid level regulates metabo-
lism is essential for fish health culture and environmen-
tal protection.

High levels of dietary lipid were assumed to signifi-
cantly affect the physiological status of fish, especially
the hepatic function, through increasing hepatic lipid
accumulation (Du et al. 2008; Zhao et al. 2016). Previ-
ous studies showed that the optimum dietary lipid level
of Micropterus salmoides ranged from 7 to 16% con-
taining above 13% starch (Bright et al. 2005; Chen et al.
2012), and the results were often difficult to compare.
To our knowledge, the effects of dietary lipid levels on
this phenomenon have not been investigated in detail
and no results are available regarding M. salmoides. The
largemouth bass (Micropterus salmoides) is a commer-
cially important carnivorous species for freshwater cul-
ture given its high market value in China. How
M. salmoides responds to a high dietary lipid level and
to what extent this would affect fish health status remain
unclear. Thus, the specific objective of this study was to
comprehensively investigate the response of
M. salmoides to a higher level of dietary lipid (compared
with optimal lipid requirement). The results can also be
useful in the formulation of diets for largemouth bass.

Materials and methods
Experimental diets

Three isonitrogenous (47% crude protein) semi-purified
diets were formulated to contain 5%, 10%, and 20%

@ Springer

lipid, respectively (Table 1). Fish meal, wheat protein,
cottonseed protein, and isolated soy protein (no sugar)
were used as protein sources, and fish oil and soybean
oil were used as the lipid source. All ingredients were
ground through a 320-um mesh before final mixing
through a commercial food mixer and then blended with
the oils. Pellets were prepared using a dry power press
MUZL180 (Muyang Group, Jiangsu, China), then air-
dried and stored at 4 °C until used.

Experimental procedures
Largemouth bass was obtained from a commercial farm

(Changshou, Chongqing, China). Prior to the trial, fish
were acclimated and fed a commercial feed (Guangzhou

Table 1 Formulation and proximate chemical composition of trial
diets (dry matter)

Ingredient (%) Dietary lipid

levels (%)

5 10 20
Fish meal (660 g kg™' protein) 35 35 35
Wheat protein (800 g kg ' protein) 12 12 12
Isolated soy protein (900 g kg ' protein, no 12 12 12

sugar)

Cottonseed protein (520 g kg ' protein) 8 8 8
Wheat starch 7 7 7
Fish oil 0.5 3.0 80
Soybean oil 0.5 3.0 80
Soybean lecithin (50%) 1.0 1.0 1.0
Monocalcium phosphate 1 1 1
Sodium alginate 1 1 1
Mineral premix® 20 20 20
Vitamin premix® 1.5 15 15
Choline chloride 02 02 02
«-cellulose 18.3 133 83
Chemical composition (%)
Crude protein 472 473 473
Crude lipid 51 102 20.1
Ash 10.3 103 104
GE MJ/kg) 146 163 204

# Mineral premix (mg kg1 of diet): Na, 30; K, 50; Mg, 100; Cu, 4;
Fe, 25; Zn, 35; Mn,12; 1, 1.6; Se, 0.2; Co, 0.8

® Vitamin premix (mg kg ' of diet): VA, 18; VD3, 5; VE, 150; VC
(350 g kg™'), 500; VBI, 16; VB6, 20; VBI12, 6; VK3, 18;
riboflavin, 40; inositol, 320; calcium-D-pantothenate, 60; niacin-
amide, 80; folic acid, 5; biotin, 2; ethoxyquin, 100
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Haid Group Co., LTD, China) for 10 days. The exper-
imental design and procedure were approved by the
Animal Care and Use of Committee of Southwest Uni-
versity following the requirements of the Regulations
for the Administration of Affairs Concerning Experi-
mental Animals of China (The State Science and Tech-
nology Commission 1988).

At the start of the experiment, the fish were fasted for
24 h and weighed after being anesthetized with
0.1 g kg ' MS-222 (Sigma, USA). Largemouth bass
(mean initial weight 13.38+0.11 g) were randomly
allocated into 12 cylindrical plastic tanks (capacity
280 L) with screened covers for the growth trial (25 fish
per tank). Each dietary treatment was randomly
assigned to four tanks. Fish were fed to apparent satia-
tion by hand three times (08:30, 12:30, and 18:00) daily
for 56 days. The water was allowed to flow into each
tank at 600 mL min '. During the growth period, the
water temperature ranged from 26.3 to 28.7 °C,
ammonia-N was < 0.43 mg L', dissolved oxygen was
above 6.5 mg L', and pH was around 6.9. The photo-
period was 12 L:12 D, with the light period from 08:00
to 20:00.

Sample collection

At the end of the trial, fish were fasted for 24 h before
harvest. Total numbers were counted, and mean body
weight of fish was measured. Three fish per tank were
anesthetized with an overdose of MS-222 (Sigma, USA)
to assess the whole-body composition.

Six hours after feeding, five fish from each tank were
randomly selected and anesthetized with 0.1 gkg ' MS-
222 (Sigma, USA), and blood sample was collected
from the caudal vein using a 1-mL syringe with a 27-
gauge needle. Blood was centrifuged (3500g, 10 min) to
isolate the plasma, flash frozen in liquid nitrogen, and
stored at — 80 °C for further analysis. The bloodless fish
were then dissected to obtain viscera and liver for cal-
culating morphological parameters. Pooled livers of
another four fish per tank were also immediately frozen
in liquid nitrogen and stored at — 80 °C until analyzed.

Chemical analysis

All chemical composition analyses of diets and whole
body were conducted by standard methods (AOAC
2005). Moisture was determined by oven drying to a
constant weight at 105 °C in DHG-9240A (Keelrein

Instrument Co., Ltd., China). Protein was determined
by measuring nitrogen (N x 6.25) using the Kjeldahl
method in FOSS Kjeltec 2300 (Foss Analytical Instru-
ments Co., Ltd., Sweden); lipid by ether extraction
(without acid hydrolysis) using Soxtec, liver lipid by
chloroform-methanol (2:1); ash by combustion at
550 °C for 12 h in a muffle furnace (Shenyang
Energy-Saving Electric Furnace Factory, China). Gross
energy was analyzed using a Parr 1281 Automatic
Bomb Calorimeter (Parr, Moline, IL, USA).

Plasma globulin, total cholesterol (TC), triglyceride
(TG), free fatty acids (FFA), high-density lipoprotein
cholesterol (HDL-C) and low-density lipoprotein cho-
lesterol (LDL-C) contents, and alanine aminotransferase
(ALT), aspartate transaminase (AST), and alkaline
phosphatase (ALP) activities were assayed using auto-
matic biochemical analyzer HITACHI 7100 (ISE) and
attached kit (Sichuan Maker Biotechnology Co., Ltd.,
Chengdu, China). Plasma insulin was measured by ra-
dioimmunoassay (RIA) using bonito insulin as the stan-
dard and rabbit anti-bonito insulin as antiserum, accord-
ing to the method described by Gutiérrez et al. (1984).

Lysozyme level in plasma was determined by turbi-
dimetric assay according to the method described by
Ellis (1990) with previously described modifications
(Lin et al. 2017). One unit of lysozyme activity was
defined as the amount of enzyme producing a disease in
absorbance of 0.001 min™".

The activities of carnitine palmitoyltransferase I
(CPT1), AMP-activated protein kinase (AMPK), phos-
phoenolpyruvate carboxykinase (PEPCK), glucose-6-
phosphatase (G6Pase), fructose-1,6-bisphosphatase
(FBPase) and glucose-6-phosphate dehydrogenase
(G6PDH), and in liver were determined by the commer-
cial kit (Sinobest Biological Technology Co., Ltd.,
Shanghai, China). Superoxide dismutase (SOD), cata-
lase (CAT), glutathione peroxidase (GPx), inducible
nitric oxide synthase (iNOS) activities, and
malondialdehyde (MDA) and nitric oxide (NO) con-
tents in liver or plasma were assayed by the commercial
kit (Nanjing Jiancheng Bioengineering Institute, Nan-
jing, China). The protein concentration of the enzyme
extracts was determined according to Bradford (1976).
All enzyme assays were performed in triplicate.

Statistical analysis

All statistical procedures were performed with the aid of
the SPSS software version 22.0 for Windows.
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Differences between groups were evaluated by one-way
ANOVA followed by Tukey’s multiple comparison. All
results were presented as the mean + standard error (SE).
The level of significance was chosen at P <0.05.

Results
Growth performance

The growth performance of largemouth bass is shown in
Table 2. Fish fed 10% lipid diet showed significantly better
final body weight and specific growth rate (SGR) com-
pared with the other diets, and the lowest SGR was record-
ed in fish fed 5% lipid diet (P < 0.05). Feed intake (FI) of
fish fed 20% lipid level was significantly lower than those
fed the other diets. In addition, the protein efficiency ratio
(PER) in fish fed 5% lipid diets was lower than the other
groups, whereas the feed conversion ratio (FCR) showed
the opposite trend (P < 0.05), and no significant differences
were observed between the 10% lipid level and the 20%
lipid level. However, the survival rate (SR) was not affect-
ed by dietary lipid levels (P> 0.05).

Whole-body composition

The VR, HSI and IPF values, liver lipid, the whole-body
moisture, and lipid contents increased significantly with
dietary lipid levels (P < 0.05, Table 3). However, the lower
whole-body protein content was recorded in fish fed 20%

Table 3 Morphological measurements and body composition of
M. salmoides fed diets containing different lipid levels for 56 days
(mean = S.E.M)

Items Dietary lipid levels (%)

5 10 20

Morphological measurements (g 100 g ")

VR* 758 015 827+0.17° 9.12+021°
HSI** 218+ 0.07° 257+009° 283+ 008
[PFs 145 £0.06° 1.67+008° 232+0.12°
Carcass composition (g 100 g ' wet weight)
Liver lipid ~ 4.17£0.10° 530=0.15°  6.54 £ 021°
Moisture 6932 £0.15° 69.57 £0.12° 70.72 £ 0.18°
Crude protein  18.52 + 0.21* 17.58 + 0.13®™ 17.12 + 0.16"
Crude lipid 432 £0.04°> 4.54+0.07° 5.63 £ 0.09°
Crude ash 3.65 +0.07 3.72 +£0.09 3.52 +0.06

Values in each row with different superscripts have significant
differences (P <0.05). Data are presented as means from four
replicate tanks (4 fish per tank)

*Viscera ratio (VR) = 100 X viscera weight (g)/body weight (g)

**Hepatosomatic index (HSI)=100 x hepatic weight (g)/body
weight (g)

*##*[ntraperitoneal fat ratio (IPF) = 100 x intraperitoneal fat weight
(g)/body weight (g)

lipid diet. No significant differences were found in the
whole-body ash contents among dietary treatments
(P>0.05).

Table 2 Growth response of M. salmoides fed diets with different lipid levels for 56 days (mean + S.E.M)

Productivity index

Dietary lipid levels (%)

5 10 20

Initial body weight (g) 13.42 £0.12 1333 + 0.09 1338 £ 0.15
Final body weight (g) 33.03 + 0.78° 41.82 + 1.28° 38.75 + 0.22°
FI* (g 100 g ' BW/day) 1.82 +0.02° 1.77 + 0.02° 1.63 + 0.04°
SGR** (%/d) 1.29 + 0.03° 1.63 £ 0.04° 1.52 £0.01°
PER* 1.45 £ 0.01° 1.82 + 0.05° 1.79 + 0.04°
FCR** 1.54 +0.01° 1.22 +0.03° 1.25 £ 0.03°
Survival (%) 100.00 = 0.00 100.00 + 0.00 98.67 + 1.33

Values in each row with different superscripts have significant differences (P < 0.05)

* Feed intake (FI) = feed consumption (g)/[(initial weight + final weight)/2 x 84 days]
*% Specific growth rate (SGR) = [In (mean final weight) — In (mean initial weight)/84 days] x 100

# Protein efficiency ratio (PER) = total weight gain (g)/protein intake (g)

# Feed conversion ratio (FCR) = total feed intake in dry basis (g)/weight gain (g)
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Plasma biochemistry parameters and innate immune
indices

TG, TC, FFA, and LDL-C contents in plasma increased
significantly with dietary lipid levels (P < 0.05, Table 4).
Higher ALT and AST activities and HDL-C content in
plasma were recorded in fish fed 20% lipid diet, but no
significant differences were observed between the 5%
lipid level and the 10% lipid level. However, lower
LDL-C/HDL-C value and higher insulin content were
showed in 5% lipid group (P < 0.05).

Compared with the 5% and 10% lipid, the 20% lipid
group could significantly reduce NO contents, and
ALP, iNOS, and lysozyme activities in plasma
(P<0.05). However, no significant differences were
observed in plasma globulin among dietary treatments
(P >0.05).

Liver key metabolic enzymes

There were significant differences in hepatic metab-
olism enzymes in fish fed diets with different dietary

lipid levels (Table 5). CPT1 and AMPK activities in
liver increased significantly as dietary lipid levels
increased. Moreover, higher FBPase and PEPCK ac-
tivities in the liver were recorded in fish fed 20%
lipid diet. However, there were no significant differ-
ences in G6PDH and G6Pase activities among die-
tary treatments (P> 0.05).

Liver antioxidant indices

The lowest SOD and CAT activities and higher
MDA contents in the liver were observed in fish
fed 20% lipid diet (P <0.05, Table 6). Compared
with the 5% and 20% lipid, the 10% lipid group
could enhance significantly the liver nitric oxide
(NO) content, and increase the activities of inducible
nitric oxide synthase (iNOS) in liver (P <0.05),
while no significant differences were observed be-
tween the 5% lipid level and the 10% lipid level.
Moreover, there was no significant difference in the
glutathione peroxidase (GPx) activity among dietary
treatments (P > 0.05).

Table 4 Effects of dietary lipid levels on plasma biochemical indices of M. salmoides (mean + S.E.M)

Items Dietary lipid levels (%)

5 10 20
Alanine aminotransferase (U L") 233 +0.18° 3.62 +0.35° 6.78+0.59°
Aspartate transaminase (U LY 46.10 + 4.36° 52.78 +3.25° 71.62+£536%
Alkaline phosphatase (U L™ 82.73 + 3.56" 103.26 + 4.18* 65.24+2.3°
Inducible nitric oxide synthase (U mL ) 3.49 +0.15° 5.06 £ 0.32% 2.06.£0.07°
Nitric oxide content (imol L") 4237 +3.42° 57.26 + 3.42° 27.36+225°
Lysozyme activity (units mL ") 2137 +1.72° 32.51 +2.26° 15.64 +1.08°
Globulin (g L™") 25.14 + 1.82 24.77 + 1.65 26.36+2.08
Triglyceride (mmol L") 6.48 £ 0.76° 11.36 + 1.25° 19.73 +2.44°
Total cholesterol (mmol L) 538 +0.27° 10.37 + 0.31° 14.18 £0.53°
Free fatty acids (umol L") 169.72 + 8.35°¢ 624.49 + 52.19° 1813.78 £70.48*
HDL-C (mmol L™ H* 235+021° 3.12 £ 0.29° 472+037*
LDL-C (mmol L™ ")#* 1.12 + 0.08° 2.03 +0.15° 3.65+031°
LDL-C/HDL-C 0.48 + 0.04° 0.65 + 0.06° 0.77 +0.06
Insulin (pu mL ™) 12.74 + 0.93* 7.62 + 1.16° 6.37+1.02°

Values in each row with different superscripts have significant differences (P < 0.05). Data are presented as means from four replicate tanks

(6 fish per tank)
*HDL-C high-density lipoprotein cholesterol
#*LDL-C low-density lipoprotein cholesterol

*##*HDL-C/LDL-C high-density lipoprotein cholesterol/low-density lipoprotein cholesterol
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Table S Effects of dietary lipid levels on hepatic metabolism enzymes of M. salmoides (mean = S.E.M)

Items

Dietary lipid levels (%)

5

10 20

Lipid metabolism
Carnitine palmitoyltransferase I (nmol min ' mg prot ")
AMP-activated protein kinase (U ml™h)

628.51 + 36.25°
35847 +39.26°

1389.15 + 83.60°
1337.93 + 81.75%

1015.77 + 57.82°
773.37 + 52.95°

Gluconeogenesis
Fructose-1,6-bisphosphatase (U mg prot ') 8421 + 1.76° 92.71 + 3.85° 127.52 + 4.82°
Phosphoenolpyruvate carboxykinase (ng mg prot ') 87.35 +2.14° 98.32 + 3.65° 124.35 £ 457*
Glucose-6-phosphate dehydrogenase (mU mg prot-1) 624 £0.12 597 £0.17 5.46 +0.15

Glucose-6-phosphatase (mU mg prot ')

520.16 + 24.48

507.31 £19.43 562.34 + 23.98

Values in each row with different superscripts have significant differences (P < 0.05). Data are presented as means from four replicate tanks

(4 fish per tank)
Discussion

The present findings extend the growth of fish is sensi-
tive to the effects of a high lipid diet. Influences of
dietary lipid level on growth have been evaluated in
some aquaculture species with varying results. In the
present study, high dietary lipid level (20%) was detri-
mental to fish growth, which was consistent with some
previous studies conducted in meager (Chatzifotis et al.
2010), Totoaba (Rueda-Lopez et al. 2011), and giant
croaker (Han et al. 2014). However, several studies have
shown that an increase in dietary lipid can promote
growth (Hillestad and Johnsen 1994; Dias et al. 1998;
Zhao et al. 2016). The growth-promoting effect of high
dietary lipids was generally correlated with the protein-
sparing effect of dietary lipids (Boujard et al. 2004;
Loépez et al. 2009). Similarly, this phenomenon was also
observed in largemouth bass fed diets with lipid level

from 5 to 10%. In contrast, the growth of fish was not
significantly affected by dietary lipid levels in other
species (Peres and Oliva-Teles 1999; Wang et al.
2015). Moreover, recent studies found that high dietary
lipids did reduce growth and feed utilization without a
protein-sparing effect in some fishes (Akpinar et al.
2012; Sevgili et al. 2014). Therefore, the effects of
dietary lipid level on fish growth are complex, which
may be related to fish species, fish sizes, feed composi-
tion, and environment. Further studies on possible
protein-sparing effect of lipid in diets containing limited
protein levels are required.

The lipid content in both the whole body and liver
was significantly increased with increasing dietary lipid
level in this study. The increase of dietary lipid levels
leading to higher lipid deposition has also been observed
in snakehead (Zhao et al. 2016), large yellow croaker
(Wang et al. 2015), and Atlantic cod (Hansen et al.

Table 6 Effects of dietary starch levels on liver antioxidant indices of M. salmoides (mean + S.E.M)

Items Dietary starch levels (%)
5 10 20

Superoxide dismutase (U mg prot ") 82.65 + 4.76° 103.80 + 6.28% 64.57 +3.42°
Catalase (U mg prot ') 3.44 +0.24° 6.49 +0.16" 1.69 + 0.08°
Glutathione peroxidase (U mg prot ') 48.72 £ 2.41 39.52 £3.53 43.75 £ 1.75
Malondialdehyde (nmol ml™") 0.76 + 0.07° 0.95 +0.11° 2.03 + 0.09°
Inducible nitric oxide synthase (U mg prot ') 1.17 + 0.05° 225 +0.12* 132 +0.13°
Nitric oxide content (tmol mg prot ') 1.69 + 0.08° 2.96 +0.15° 1.87 +0.11°

Values in each row with different superscripts have significant differences (P < 0.05). Data are presented as means from four replicate tanks

(4 fish per tank)
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2008). Also, increased dietary lipid levels resulted in
increased HSI, plasma TG, TC, FFA, HDL-c, and LDL-
c levels, indicating an active endogenous lipid transport,
which was consistent with results previously obtained in
snakehead (Zhao et al. 2016) and large yellow croaker
(Wang et al. 2015). The increased plasma FFA level in
fish fed the high lipid diet may be an important source of
lipid accumulation in the liver of largemouth bass. This
suggested that largemouth bass mobilized adaptive
mechanisms to maintain lipid homeostasis in the liver.
At the same time, the activity of hepatic CPT I was
significantly elevated with increasing dietary lipid level.
Generally, CPT 1 is considered to be the main regulatory
enzyme in mitochondrial fatty acid oxidation (Morash
et al. 2009). This result was also confirmed in mammals
(Tabarin et al. 2005) and in other fish species (Yan et al.
2015; Yuan et al. 2016) that feeding high-fat diets will
increase CPT I expression compared with low-fat diets.
By contrast, Lu et al. (2014) reported that the activity
and expression of CPT I were significantly downregu-
lated in fish fed the high-fat diet. As expected, in this
study, high dietary lipid exhibited enhanced activation
of AMPK in liver of largemouth bass. As master regu-
lator of sensing oxidative stress, AMPK plays a key role
in controlling fat metabolism. Once activated, AMPK
increases fatty acid oxidation and decreases lipogenesis
(Tang et al. 2013). However, previous studies reported
that upregulating AMPK can attenuate lipid accumula-
tion in rat liver (Rui et al. 2016). Activated AMPK plays
a vital role in attenuating fatty acid synthesis in livers.
Consequently, both CPT I and AMPK did not play its
proper role in lowering hepatic lipid deposits in this
study, and these results suggested that the elevation of
CPT I and AMPK activities might be only a kind of
compensatory response to high dietary lipid. Unfortu-
nately, this compensatory response could not complete-
ly mitigate the hepatic lipogenesis of fish which was
caused by excess intake of fat. Therefore, the mecha-
nism of liver fat deposition needs to be further explored.
Taken together, combined with fat deposition from die-
tary lipid, this appears to oxidize fat at rates that are
lower than the lipogenesis capacity of largemouth bass,
causing increases in the liver lipid content.
Surprisingly, the present study showed that insulin
resistance, the lipid ratios (LDL-C/HDL-C), and TG
increased, while plasma insulin secretion decreased with
increasing dietary lipid level. Many studies have shown
that increasing TG and decreasing HDL-C could cause
insulin resistance (Zhang et al. 2015; Gu et al. 2019).

Moreover, high FFAs could result in insulin resistance
via oxidative stress pathways (Li et al. 2008; Jin et al.
2017; Guetal. 2019). A similar result was also observed
in this study, in which plasma FFAs were significantly
negatively associated with plasma insulin secretion. The
rise of triglyceride is accompanied by the rise of FFA
level, which can inhibit the phosphorylation of IR (in-
sulin receptor) and IRS (insulin receptor substrate) tyro-
sine, and the inhibition degree increases with the in-
crease of FFA concentration. In addition, insulin en-
hanced lipogenesis in the liver of fish (Kao et al. 1999;
Zhuo et al. 2014), in coincidence with increased TG
content. It is generally known that insulin exhibits an
anti-lipolytic function by inhibiting fatty acid catabo-
lism. Thus, it is predicted that decreased insulin content
will affect the FA content of the liver. However, infor-
mation about insulin action on lipid metabolism in fish
is scarce and contradictory (Plagnes-Juan et al. 2008; Jin
et al. 2017). The underlying mechanisms remained un-
known. On the other hand, gluconeogenesis potential
was upregulated as indicated by an increase in the
activities of gluconeogenic enzymes (PEPCK and
FBPase) in the current study. Enhanced gluconeogene-
sis, which triggers the de novo synthesis of glucose from
non-carbohydrate precursors, in combination with the
glycogenolysis progress, contributes to glucose homeo-
stasis in low starch diet of largemouth bass (<8-10%
digestible carbohydrate in commercial feeds). Gluco-
neogenesis is crucial to glucose homeostasis in verte-
brates (Moon 2011). Similarly, Jiang et al. (2017) re-
ported that the liver PEPCK activity of largemouth bass
was enhanced during fasting. Generally, gluconeogene-
sis is induced by nutritional history in most fish species.
Although glycogen was not measured specifically in the
liver, we cannot exclude the possibility of a greater
glycogen accumulation in the liver of largemouth bass
fed the high lipid diet having at least partly contributed
towards the HSI in our study, in addition to FA biosyn-
thesis and lipid storage. Even though lipogenesis is not
directly linked to glucose metabolism, this pathway may
play an important role in glucose homeostasis due to the
conversion of fat (in excess) into glucose. The above
results revealed potential adaptive strategies of main-
taining metabolic balance in largemouth bass.

Fat deposition in the liver causes the generation of
reactive oxygen species (ROSs), and ROSs induce dam-
age that impairs organelle integrity (Halliwell and
Gutteridge 1999). In the current study, SOD and CAT
activities decreased and MDA levels dramatically
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increased in fish fed a high-fat diet, which implies high
ROS production. This indicated that consuming high fat
causes injuries to the largemouth bass. Previous studies
also have demonstrated that the largemouth bass is a fish
species very sensitive to peroxidation (Yun et al. 2013).
Moreover, the increased plasma ALT and AST levels of
the high-fat group indicated that oxidative stress could
induce hepatic dysfunction and hepatotoxicity in
largemouth bass, which was further proved by histo-
pathological examination which showed obvious injury
in the liver tissue (unpublished). The liver plays a central
role in metabolic homeostasis and coordinates body
metabolism in response to various dietary lipid level,
and plasma transaminase has been proposed as an im-
portant index for the diagnosis of liver function and
damage (Pohl et al. 2001; Pérez-Jiménez et al. 2017).
However, little is known about how liver of fish re-
sponds to changes in dietary lipid intake. Thus, the
correlation between dietary lipid level and liver function
of fish deserves to be studied further.

Although the interplay between nutrition and im-
mune system is well recognized, basic and applied
research on the interactions between diet and health in
fish is lagging behind the mammalian studies (Martin
and Kro6l 2017). Interest in nutrition immune of fish has
grown dramatically in recent years, and the links be-
tween diet and fish health will almost certainly become a
major focus in the next few years. Some studies reported
that deficient or excessive dietary lipid contents could
suppress innate immune indexes in carnivorous fish
(Zhao et al. 2016; Mu et al. 2018). Similarly, in turbot,
a high-fat diet could also impair health by downregulat-
ing the immune ability (Jia et al. 2017). Generally,
research into the impacts of dietary nutrition level on
fish immunity has recently gained momentum by com-
bining feeding trials with large-scale analyses of immu-
nization indicators (Wang et al. 2015). Nowadays, both
lysozyme and ALP activities have been shown as the
biomarker of immune defense mechanisms (Zhao et al.
2016; Lin et al. 2017). Our study indicated that plasma
ALP and lysozyme activities were significantly affected
by the dietary lipid level, suggesting that high dietary
lipid level causes stress in fish and significantly reduced
immunity. Different immune responses to dietary levels
have been reported in other fish species (Montero et al.
2010; Tan et al. 2016). In addition, as two key immu-
noregulatory factors in human and fish (Sakai et al.
1996; Oner et al. 2008), both iNOS and NO levels were
also obviously affected by the dietary lipid level in this
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study. Low iNOS and NO levels were observed in
largemouth bass fed high lipid levels, which furtherly
showed higher lipid level may have detrimental effects
on hepatic immune function, weakening fish health.
Based on these findings, it can be assumed that excess
lipid intake will aggravate lipid metabolic disorder, and
consequently lead to reducing immune ability of
largemouth bass. Understanding of the mechanisms that
underpin the links between nutrition and immune is
waiting for further studies.

In conclusion, the high dietary lipid level could sup-
press the growth performance of largemouth bass, and
increase the lipid deposition in the liver. Meanwhile, it
induced the immune response reflected by downregu-
lating the activation of enzymes in largemouth bass. In
addition, intrahepatic adaptations of largemouth bass in
response to high lipid intake were to induce mitochon-
drial FA oxidative (CPT1 and AMPK) and simulta-
neously increase gluconeogenesis (PEPCK and
FBPase) to deal with excessive lipid intake. More spe-
cifically, consuming excessive fat increases plasma lipid
levels, decreases oxidative status, and also inhibits in-
sulin sensitivity. The present findings would be not only
helpful to feed management in largemouth bass farming,
but also provide new mechanistic targets by which high
lipid could exert their harmful metabolic effects. There-
fore, additional studies should further pay attention to
the relationships between dietary lipid and health status
of largemouth bass in order to facilitate the dietary lipid
utilization.
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