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This research was to assess how varying dietary lipid levels influence the growth,
body composition, antioxidant capacity of the liver, and the structure of liver and
intestine in A. davidianus. The juvenile A. davidianus (initial weight of 34.20 +
0.27g) were given isonitrogenous diets (crude protein 57%) that contained six
different levels of lipid (5.02%, 8.96%, 12.90%, 16.21%, 19.46%, and 22.80%,
respectively) for 105 days. The results revealed that WGR, SGR, PRR and
muscle RNA/DNA ratio were significantly enhanced by dietary lipid level up to
16.21%, beyond which these parameters declined; FCR exhibited an inverse trend
(P<0.05). The maximum activity of intestinal digestive enzymes and superoxide
dismutase (SOD) were observed at the 16.21% dietary lipid level, accompanied by
a significant reduction in liver malondialdehyde (MDA) concentration (P<0.05).
With the increase in dietary lipid level, the lipid content of both the whole body
and liver, along with skin collagen content, initially improved before subsequently
declining(P<0.05). At the 16.21% dietary lipid level, the height, number, and width
of intestinal mucosal folds significantly increase (P<0.05), and intestinal microvilli
were more orderly arranged. At the 22.80% dietary lipid level, the liver cells
exhibited degradation of the cell membrane, alongside an increased presence of
autophagosomes; additionally, the mitochondria demonstrated significant
swelling and rounding. Optimal lipid level could enhance feed utilization
efficiency and promote both intestinal and liver health in A. davidianus. In
contrast, high dietary lipid level has a detrimental effect on the health of
A. davidianus. According to WGR, skin collagen content, muscle RNA/DNA
ratio, total cholesterol (TCHO) and lipase activity, it has been determined
through quadratic curve model analysis that the optimal dietary lipid level for
juvenile A. davidianus ranges from 13.3% to 17.5%.
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1 Introduction

The giant salamander (Andrias davidianus), commonly known
as the baby fish, is the largest amphibian, with a history of more
than 350 million years, and is a key species for the development of
agricultural industrialization in China (Wang et al., 2004). It has
been listed in the World Conservation Union Red List and
Appendix I of the Washington Convention (CITES) (Zhang et al.,
2002). Additionally, this species holds significant nutritional and
medicinal benefits, as its skin, secretions, muscles, blood, and bones
are rich in proteins, amino acids, and trace elements, often referred
to as ginseng in water (He et al., 2018; Wang et al., 2021). At present,
the industrialization of artificial breeding and cultivation of A.
davidianus has taken place in various provinces across China;
nevertheless, challenges remain regarding feed supply, and there
has been limited research conducted on this topic (Cunningham
et al,, 2015). As the scale of farming continues to grow, the rising
cost of breeding and decreasing market price of A. davidianus have
made it imperative to advance the development of compound feed
and conduct nutrition research.

Lipid has a variety of physiological functions in the metabolic
process of fish, such as serving as a component of tissues and cells,
supplying energy to the body, promoting the absorption and
transportation of lipid-soluble vitamins, and providing essential
fatty acids, etc (De Carvalho and Caramujo, 2018). Carnivorous
aquatic animals have a poor ability to utilize carbohydrates,
therefore protein and lipid are the main source of sustaining their
life activities (Guo et al., 2023; Xie et al., 2021). Maintaining suitable
dietary lipid level in the feed is beneficial for conserving protein,
enhancing growth performance, and improving feed utilization
efficiency (Chatzifotis et al., 2010; Mata-Sotres et al., 2022).
However, long-term intake excessive lipid could result in liver
disorders, cause oxidative stress (Shearer et al., 2012), induce
oxidative damage (Yin et al., 2020), suppress immune responses,
promote structural abnormalities in both liver and intestine (Zhu
et al, 2017), and trigger inflammation (Naiel et al, 2023).
Deficiency in dietary intake may result in metabolic disorders,
decreased feed utilization efficiency, and inadequate nutrient
provision for fish (Meng et al., 2019; Picolo et al., 2021; Qiang
et al,, 2017; Yan et al,, 2015). Overall, the capacity to effectively use
lipid differs significantly among aquatic species, as both excessive
and inadequate consumption of lipid can affect ideal growth of fish.

Our research team has developed compound feed for A.
davidianus, which is under development. Research on nutritional
requirements and feed for A. davidianus by our research team has
included evaluating protein requirement (Wang et al, 2020),
functional feed additives (Lu et al., 2021), and herbal extract (Xu
et al,, 2021). However, the lipid requirement of A. davidianus and
the impact of lipid on their growth and metabolism remain
unreported. Considering this, we devised the experiment to
examine the effects of varying dietary lipid levels on juvenile A.
davidianus. Given the characteristics of feed for A. davidianus, it is
essential to store it for extended periods. In this context, soybean oil
emerges as a preferable option due to its ease of preservation and
significantly lower cost compared to fish oil, aligning more closely
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with actual production demands. Therefore, we formulated six
group of experimental feeds using soybean oil as the main lipid
source to assessed their growth, body composition, digestive and
absorptive capacity, and antioxidant under different lipid levels.
This study aims to elucidate the lipid requirement of juvenile A.
davidianus and provide valuable insights for the formulation of
artificial feeds tailored to their needs.

2 Materials and methods
2.1 Experimental diets

According to the dietary characteristics of A. davidianus, we
selected soybean oil as the lipid source and fish meal as the primary
protein source. Consequently, six groups of isonitrogenous
(CP57%) feed were prepared (Table 1). The measured lipid levels
of feed (dry matter basis) were L1 (5.02%), L2 (8.96%), L3 (12.90%),
L4 (16.21%), L5 (19.46%), and L6 (22.80%). The raw feed materials
were processed through a 60-mesh sieve before being formed into
pellets with a diameter of approximately 4 mm using a soft pellet
feed granulator (Model 9FZ-35C from Sichuan Mianfeng
Agricultural Machinery Manufacturing Factory). Following this,
the pellets were dried in an oven at 40°C and subsequently packaged
in a double-layer plastic bag.

2.2 Experimental procedures

The A. davidianus used in this experiment were purchased from
the Luyuan Giant Salamander Farm in Hanzhong, Shaanxi
Province, China. They were treated with 1% NaCl solution for 5
minutes, followed by a 3-week acclimation period in an indoor
freshwater tank where they feeded with basic feed (57% crude
protein) before the formal experiment. A total of 144 healthy
A. davidianus(34.20 + 0.27g) were randomly allocated into six
experimental groups. Each of these groups was then subdivided
into three replicates, consisting of eight A. davidianus per replicate.
They were raised in square plastic containers (70x45x17.5cm)
sourced from the Aquaculture System at College of Fisheries
Southwest University. Clean and replace the water in the tank
twice daily, ensuring a consistent depth of 5 cm. Throughout the
105-day experimental period, the A. davidianus were fed for two
days (feeding to satiety daily) and then fasted for one day because
they need longer time for digesting (Guo et al., 2023). Each day, the
leftover feed was collected, and their weight recorded. They were
reared and provided the diet in dark condition throughout the 105-
day study, maintained at 19-23°C, dissolved oxygen>6.0 mg/L, and
ammonia-N concentration<0.10mg/L.

2.3 Sample collection

Our research team determined that the intestinal emptying time
in A. davidianus is four days. Therefore, they were deprived of food
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TABLE 1 Formulation and nutrient composition of the trial diets (%).

Dietary lipid levels (%)
L3 (12.90%) L4 (16.21%)

Ingredient (%)

L1 (5.02%) L2 (8.96%) L5 (19.46%) L6 (22.80%)

Fish meal 35 35 35 35 35 35
Casein 12 12 12 12 12 12
Gelatin 8 8 8 8 8 8
1Compound protein 9.8 9.8 9.8 9.8 9.8 9.8
Maltodextrin 3 3 3 3 3 3
o-pregelatinized starch 21 18 15 12 9 6
Soybean oil 0.0 3.0 6.0 9.0 12.0 15.0
Monocalcium phosphate 2.0 2.0 2.0 2.0 2.0 2.0
Choline chloride 0.4 0.4 0.4 0.4 0.4 0.4
2Composite premix 8.8 8.8 8.8 8.8 8.8 8.8
Total 100.0 100.0 100.0 100.0 100.0 100.0
Proximate composition (%, dry matter basis)

Crude protein (%) 57.28 57.09 57.11 57.75 57.11 57.74
Crude lipid (%) 5.02 8.96 12.90 16.21 19.46 22.80
Crude ash (%) 8.58 8.39 8.65 8.87 8.49 8.66
*Gross energy (MJ/Kg) 19.13 20.13 21.16 22.11 22.72 23.67

!“Compound protein: hydrolyzed protein of silk worm, dried yellow mealworms, plasma protein powder, linseed meal, ethanol clostridium protein. *Mineral premix (mg/kg of diet): Zn 34.1 mg;
Mn 14.0 mg; Fe 150 mg; Cu 3.2 mg; 1 0.8 mg; Co 4.0 mg; Se 0.3 mg. Vitamin premix (mg/kg of diet):vitamin A 2500.0 IU; vitamin B, 5.0 mg; vitamin B, 10.0 mg; vitamin B 10.0 mg; vitamin B,
0.02 mg; vitamin C 150 mg; vitamin D 2500.0 IU; vitamin E 100.0 mg; vitamin K3 10.0 mg; niacin 100.0 mg; folic acid 5.0 mg; calcium pantothenate 40.0 mg; biotin 1.0 mg; inositol 100.0 mg.
>Gross energy was calculated based on the fuel values of 23.6, 39.5 and 17.3 MJ/kg for crude protein, crude lipid and carbohydrate, respectively, while the other nutrient levels were

measured values.

for four days before being harvested at the conclusion of the
experiment. Growth data were gathered by documenting both the
weight and the count of individuals in each group. From each tank,
five A. davidianus individuals were chosen and anesthetized using
0.1 g/kg of MS-222 (75 mg/L; Sigma, St Louis, MO, USA). Blood
was collected from the caudal vein with a 1-mL syringe and
subsequently transferred into a centrifuge tube containing EDTA.
The samples were then centrifuged (4°C, 4000r/min,10min) to
obtain plasma, which was stored at —80°C for future analysis. The
viscera of the A. davidianus were subsequently dissected, and
during this process, the back muscles, skin, stomach, intestine,
and liver were separated and washed with phosphate-buffered saline
(PBS, 0.064 mol/L, pH 7.4). Furthermore, the liver and intestine
tissues designated for histological analysis were preserved in 4%
paraformaldehyde and 2.5% glutaraldehyde. The remaining
samples were rapidly frozen in liquid nitrogen and stored in the
ultralow temperature refrigerator at —80°C for future utilization. All
experiments conducted during this study adhered strictly to the
established standard protocols set forth by China regarding the care
and use of experimental animals. Additionally, this study received
formal approval from the Animal Ethics Committee at Southwest
University, affirming that the research methods and practices
utilized met the necessary ethical standards for animal welfare.
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2.4 Parameters of fish growth performance

The growth metrics were assessed as follows:

Initial body weight (IBW, g/fish)

Finial body weight (FBW, g/fish)

Weight gain rate(WGR, %)=100x(FBW-IBW)/IBW

Specific growth rate (SGR, %)=100x(Ln FBW-Ln IBW)/number
of feeding days

Feed conversion ratio (FCR) = Dry feed fed (g)/Wet weight
gain (g)

Protein retention ratio(PRR)=(FBWxfinal fish protein—
IBW xinitial fish protein)/(dry diet intake feedxfeed protein)x100%

2.5 Chemical analysis

2.5.1 Proximate composition analyses

The chemical composition analysis of the experimental feed,
whole body, and muscle was conducted to determine the moisture,
crude protein, crude lipid, and crude ash content. These were
assessed using the following methods: the 105°C oven drying
method (GB/T 6435-2006) for moisture, the Kjeldahl nitrogen
determination method (GB/T 6432-1994) for crude protein, the
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Soxhlet extraction method (GB/T 6433-1994) for crude lipid, and
the 550°C calcination method (GB/T 6438-1992) for crude ash.
Collagen was calculated by detecting the content of hydroxyproline
multiplied by 11.0. The content of RNA and DNA were assessed
according to the technique outlined by (Buckley, 1979).

2.5.2 Digestive and absorptive enzyme activities
Utilizing kits supplied by the Nanjing Jiancheng Institute of

Biological Engineering, we assessed the total activities of protease,

lipase, amylase, and Na+-K+-ATPase in the intestinal tissue.

2.5.3 Antioxidant enzymes activities in liver

The level of total antioxidant capacity (T-AOC), total
superoxide dismutase (T-SOD), and malondialdehyde (MDA) of
the liver were all assessed utilizing commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

2.5.4 Plasma biochemical indexes

The content of triglycerides (TG) and total cholesterol (TCHO)
in plasma were assessed using specialized kits (Nanjing Jiancheng
Institute of Biological Engineering), following the guidelines
provided by the manufacturer.

2.5.5 Preparation of tissue section

The liver and intestine paraffin tissue sections were dewaxed by
xylene, followed by hydration with a gradient of ethanol. After
staining with hematoxylin and eosin (HE), the light microscope
(McAuldie SK210) was employed to examine the internal structure
of the sections and capture photographs. The number, length and
width of intestinal mucosal folds were measured by image-pro plus.

2.5.6 Transmission electron microscopy and
scanning electron microscope for
ultrastructural examination

The liver tissue was fixed with osmic acid, dehydrated with
acetone, and finally embedded in the capsule. Following staining,
the samples were examined with a transmission electron

10.3389/fmars.2024.1515014

microscope (Hitachi HT 7700) and captured in photographs. The
intestinal tissues were fixed using osmium acid solution, after which
the liquid was poured off. Following this, the tissues were rinsed
with distilled water and subjected to dehydration using an ethanol
solution. Subsequently, they were treated twice with propylene
oxide, dried at the critical point, coated using an EIKO ion
sputtering apparatus, and then observed and photographed with a
scanning electron microscope (JSM-6380 LV).

2.6 Statistical analysis

One-Way ANOVA was employed to analyze the experimental
data, with Duncan’s multiple comparisons utilized to assess the
significance of differences between groups. The statistical
significance was established at P<0.05. Results are presented as
mean + standard deviation (SD). All analyses were conducted using
SPSS 22.0 on the Windows.

3 Results

3.1 Growth performance

The dietary lipid levels significantly affect the weight gain ratio
(WGR), specific growth rate (SGR), feed conversion ratio (FCR),
and protein retention ratio (PRR) in A. davidianus (P<0.05).
Among these groups, the L4 group (16.21%) exhibited the highest
value of FBW WGR, SGR, PRR, and the lowest FCR (P<0.05). WGR
in the L4 group increased by 79.5% and 217.2% compared to the L1
(5.02%) and L6 (22.80%) groups, respectively. The RNA/DNA ratio
of juvenile A. davidianus reached its highest value in L4 group
(16.21%) and lowest value in group L6 (22.80%), even lower than
that of the L1 group (Table 2). The quadratic analysis conducted on
WGR (Figure 1), muscle RNA/DNA ratio (Figure 2) in relation to
dietary lipid levels indicated that the optimal dietary lipid
requirement for juvenile A. davidianus were 13.3%,
13.4%, respectively.

TABLE 2 Effects of dietary lipid levels on the growth performance and feed utilization of juvenile Andrias davidianus.

L1 (5.02%) L2 (8.96%)

L3 (12.90%)

Dietary lipid levels

L4 (16.21%) L5 (19.46%) L6 (22.80%)

IBW (g/fish) 33.77 £ 0.20 3434 + 048 34.00 + 0.62 34.48 + 0.37 34.21 + 0.42 34.42 + 0.40
FBW (g/fish) 53.76 + 2.45° 60.38 + 2.74° 66.95 + 3.61° 71.13 + 1.88¢ 60.17 + 2.31° 4595 + 4.67°
WGR (%) 59.20 + 1.78" 75.83 + 3.63 96.90 + 5.08¢ 106.28 + 2.89¢ 75.87 + 5.32° 3351 + 1.39°
SGR (%/day) 0.44 + 0.02° 0.54 + 0.05° 0.65 + 0.03¢ 0.69 + 0.01¢ 0.54 + 0.02° 0.28 + 0.01*
FCR 0.82 + 0.04° 0.76 + 0.04° 0.50 + 0.02* 0.49 + 0.03* 0.80 + 0.03° 1.89 + 0.10°
PRR (%) 43.11 + 2.65° 52,67 + 1.61° 56.77 + 2.12¢ 63.76 + 3.01¢ 50.74+ 1.46° 23.73 + 2.88"
RNA/DNA ratio 1.56 + 0.02° 220 + 0.03° 3.27 + 0.05¢ 3.40 + 0.07¢ 2.48 + 0.06° 0.36 + 0.03*

“Data are presented as the mean + SD (n=3),with distinct letters signifying significant differences (P < 0.05).
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FIGURE 1

Relationship between the weight growth rate (WGR, %) and the
dietary lipid levels of juvenile Andrias davidianus.

3.2 Proximate composition and
collagen content

The whole-body ash and moisture content of A. davidianus
were not significantly influenced by the dietary lipid level (P>0.05),
whereas crude protein initially rose and subsequently fell as the
dietary lipid level increased (P<0.05). As the dietary lipid levels
increased, there was a notable decrease in muscle moisture content
(P<0.05), while crude protein first climbed and subsequently
declined, peaking in the L4 group (16.21%). In contrast to the
trend of crude protein, the ash content exhibited an opposite trend.

The lipid level in whole-body and liver of A. davidianus showed
an initial increase followed by a decline with the increasing dietary
lipid levels. The highest lipid content in the whole body was
observed in the L4 group (16.21%), while liver lipid reached its
maximum in the L3 group (12.90%). Additionally, the lipid content
in both muscle and uropygial gland rose with higher dietary lipid
levels, peaking at 16.21% (P<0.05), and subsequently plateaued
beyond this level. The maximum skin collagen content was found
in the L4(16.21%) group(P<0.05). The quadratic analysis conducted

y2 =-0.0303x% + 0.8085x - 2.0454
R2=0.8977

Muscle RNA/DNA ratio

10 15
Dietary lipid levels (%)

20 25

FIGURE 2
Relationship between muscle RNA/DNA ratio and dietary lipid levels
of juvenile Andrias davidianus.
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on skin collagen in relation to dietary lipid levels indicated that the
optimal dietary lipid requirement for juvenile A. davidianus was
16.0% (Figure 3). No notable variation in muscle collagen level was
observed among the groups (P>0.05, Table 3).

3.3 Intestinal digestive and absorptive
enzyme activity

Dietary lipid levels significantly influenced intestinal trypsin, lipase,
amylase, and Na+-K+-ATPase; the L3 group exhibited the highest
concentration of trypsin and Na+-K+-ATPase (P<0.05), the maximum
activity of the other enzymes was observed in the L4 group. The
quadratic analysis conducted on lipase activity in relation to dietary
lipid levels indicated that the optimal dietary lipid requirement for
juvenile A. davidianus were 17.5% (Table 4; Figure 4).

3.4 Intestinal morphology

The height, number, and width of intestinal mucosal folds in
juvenile A. davidianus showed remarkably increases in the L4
(16.21%) group when compared to those in L1(5.02%) group and
L6 (22.80%) group (P < 0.05, Figure 5; Table 5).

Intestinal microvilli in the 16.21% group were more neatly
arranged and densely packed, with matchhead-like heads of the
microvilli (Figure 6B), compared with those in the L1(Figure 6A)
and L6 group (Figure 6C). Although the heads of the microvilli in
the L1 group were seen to be matchhead-like but not full, and the
heads of the microvilli was severely damaged in the L6 group.

3.5 Plasma lipid metabolism indexes

Both triglycerides (TG) and total cholesterol (TCHO) in the
plasma of A. davidianus, initially increased significantly with rising

2.9 y3 =-0.0043x%+0.1374x + 1.4975
R2=0.9991
g 2.7
E» 2.5 !
5 :
3 :
s 23 ;
g i
S 21 ;
£ ;
-~ I
@19 ! /X=l6.0
1.7 :
0 5 10 15 20 25
Dietary lipid levels (%)
FIGURE 3

Relationship between skin collagen lipid (%) and dietary lipid levels
of juvenile Andrias davidianus.
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TABLE 3 Effects of dietary lipid levels on body composition and skin collagen protein of juvenile Andrias davidianus (%).

Dietary lipid levels

L1 (5.02%) L2 (8.96%) L3 (12.90%) L4 (16.21%) L5 (19.46%) L6 (22.80%)
Whole Body
Moisture 83.69 + 1.76 82.34 + 1.03 81.68 + 1.77 81.22 + 0.89 81.42 + 0.21 81.89 + 0.88
Crude protein 11.79 + 0.06 12.81 + 0.49 12.84 +0.32 13.71 £ 0.36 12.98 + 0.62 10.77 + 0.50°
Crude lipid 2.05 + 0.06* 2.40 + 0.10° 2.92 +0.05 3.35 +0.14° 3.22 +0.17° 271 +0.13
Ash 212+ 029 229 +0.15 2.38 +0.35 244 +0.13 2.41 + 045 235+ 021
Muscle
Moisture 83.91 + 0.38" 81.35 + 0.70* 81.30 + 0.66" 81.91 + 0.68" 81.83 + 0.40° 81.78 + 0.05"
Crude protein 11.96 + 1.00° 15.15 + 3.76%, ° 15.46 + 1.78% ° 16.97 + 2.47° 1513 + 1.53° 13.88 + 1.01%°
Crude lipid 0.94 + 0.16 139 + 0.10° 134 +0.08" 1.64 + 0.14> 1.82 + 037 1.83 +0.25
Ash 0.31 + 0.03™ 0.33 +0.02%, ° 0.31 + 0.04% ° 0.31 + 0.09% * 0.38 + 0.09% ° 0.46 + 0.05"
Collagen 0.84 + 0.02 0.85 + 0.04 0.83 + 0.03 0.84 + 0.03 0.82 + 0.05 0.85 + 0.03
Liver
Crude lipid ‘ 571 + 0.72°° ‘ 6.25 + 1.00™* ‘ 7.51 + 0.59 6.58 + 2.20* 6.39 + 158 5.07 + 0.69"
Uropyagial gland
Crude lipid ‘ 59.74 + 5.62° ‘ 67.18 + 8.42° ‘ 72.9 + 2.94" 76.17 + 1.88 75.92 + 2.61 74.67 + 1.55
Skin
Collagen ‘ 2.08 + 0.08" 2.39 +0.22° ‘ 2.55 + 0.01" 2.61 % 0.02 2.56 + 0.08™ 2.41 % 0.01°

“Data are presented as the mean + SD (n=3),with distinct letters signifying significant differences (P < 0.05).

dietary lipid levels, followed by a notable decrease, with maximum 3.7 |jver morphology
values observed between the L3 and L4 groups (P<0.05, Figure 7).

The quadratic analysis conducted on Total cholesterol (TCHO) in Compared with the L1 group (Figure 10A), the L4 group
relation to dietary lipid levels indicated that the optimal dietary lipid  (Figure 10B) exhibited a small amount of brownish-yellow
requirement for juvenile A. davidianus was 13.83% (Figure 8). pigment phagocytosed by macrophages (Figure 10B, red arrow)

and well-aligned hepatocytes, with no additional lesions observed.

Conversely, the L6 group has extensive hepatocyte swelling with

3.6 Liver antioxidant indices loose cytoplasm and vacuolization (Figure 10C, black arrow),

diftuse central venous as well as periportal hepatocyte necrosis in

As shown in Figure 9, highest SOD and T-AOC activities was  the confluent area, and a substantial quantity of brownish-yellow

noted in the L4(18.1%) group and then decreased with a further pigment phagocytosed by macrophages was evident (Figure 10C,
increase in lipid(P<0.05). MDA content decreased with the  red arrow).

increasing lipid levels in the diet up t016.21% and then increased Ultrastructural analysis revealed that the livers of A. davidianus

with further inclusion of lipid in the diet (P<0.05). in the L1 group appeared normal, characterized by hepatocytes with

TABLE 4 Effects of dietary lipid levels on intestinal digestive and absorptive enzyme activity of juvenile A. davidianus.

Dietary lipid levels

L1 (5.02%) L2 (8.96%) L3 (12.90%) L4 (16.21%) L5 (19.46%) L6 (22.80%)
Trypsin (U/mgprot) 547.38 + 9.00” 770.1 + 36.26° 850.05 + 29.76 799.58 + 13.16 761.7 £ 28.99° 290.38 + 30.50°
Lipase (U/mgprot) 151.19 + 7.98" 188.05 + 18.09 251.34 £ 17.38° 299.04 + 24.52¢ 254.83 + 18.83° 247.67 + 23.39°
Amylase (U/mgprot) 0.16 + 0.010° 0.28 + 0.006” 0.38 +0.023¢ 0.38 + 0.055° 0.32 + 0.005° 033 +0.012°

Na*-K*-ATPase

1.86 + 0.04° 2.41 + 0.04° 2.84 +0.17¢ 2.67 + 0.10¢ 2.28 +0.16° 1.20 +0.11°
(U/mgprot)

“Data are presented as the mean + SD (n=3),with distinct letters signifying significant differences (P < 0.05).
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FIGURE 4

Relationship between Intestinal lipase activity (U/mg) and dietary
lipid levels of juvenile Andrias davidianus.

large, centrally located round nuclei and moderate amounts of
cytoplasm (Figure 11D). In contrast, the hepatocytes found in the
L4 group showed a significant buildup of lipid droplets in addition
to the occurrence of autophagosomes (Figure 11E). The livers of A.
davidianus fed the high-lipid diet exhibited numerous irregularities.
In the L6 group, there was an increase in hepatocyte
autophagosomes accompanied by a decrease in lipid droplets.
Additionally, the nucleus was displaced towards the cell
periphery, while the cell membrane exhibited signs of degradation
and the cytoplasmic volume was reduced. Furthermore,
mitochondria in the L6 group were notably swollen and
rounded (Figure 11F).

4 Discussion

Numerous studies have evidenced that the ideal dietary lipid
level differ among various fish species (NRC, 2011). This research
indicated that the dietary lipid level had a considerable impact on
the growth performance of juvenile A. davidianus. Comparable

500um a 500um

FIGURE 5

10.3389/fmars.2024.1515014

results were observed in Rainbow Trout, Oncorhynchus mykiss
(Chen et al., 2023), Rockfish, Acipenser schrenckii (Li et al.,
2023a), white seabass, Atractoscion nobilis (Lopez et al., 2009),
silver barb, Puntius gonionotus (Mohanta et al., 2008). Notably, the
WGR and SGR reached their peak at the dietary lipid level of
16.21%. Juvenile A. davidianus fed high lipid diet appear growth
depression may because of the damage to the intestinal structure
resulting in decreased digestion and absorption (Chang et al., 2018).
In addition, high-lipid diet could cause abnormal lipid metabolism
in liver, resulting in pathological changes of liver. Through
quadratic regression analysis of weight gain rate (WGR), muscle
RNA/DNA ratio, lipase activity, total cholesterol and skin collagen
content with dietary lipid level concluded that the optimal dietary
lipid level for juvenile A. davidianus is 13.3%-17.5%.

Increasing dietary lipid levels has been shown to promote
growth and protein utilization (Ai et al,, 2004; Han et al,, 2014).
The experimental findings indicate that the optimal levels of FCR
and PRR were achieved at the dietary lipid level of 16.21%. While
growth and feed efficiency indicate the protein-sparing benefits of
higher lipid content, the PRR may be influenced when the dietary
lipid surpasses 16.21%. Furthermore, the synthesis of proteins relies
on RNA, which normally maintains a consistent level of DNA
within cells (Clemmesen, 1994). The RNA/DNA ratio governs the
ability of cell to generate RNA and synthesize protein, and the
decrease of RNA/DNA ratio indicates that there are factors
influencing growth of juvenile A. davidianus. In the present
experiment, the RNA/DNA ratio increased to 16.21% with the
dietary inclusion of lipid. This finding implies that such dietary lipid
level favor optimal protein synthesis in A. davidianus, subsequently
enhancing growth performance. This result is consistent with the
earlier studies in largemouth bass, Micropterus salmoides (Guo
et al., 2019), totoaba, Totoaba macdonaldi (Perez-Velazquez et al.,
2017). Appropriate lipid intake can increase the metabolic energy of
A. davidianus, improve protein utilization efficiency, and
promote growth.

Collagen, abundantly in the skin, bones, muscles, and various
other tissues, represents the predominant structural protein found
in all animal species (Shoulders and Raines, 2009). The result of this
experiment shows that the collagen of A. davidianus skin is higher
than that of muscle. This study has demonstrated that optimal

Effects of dietary lipid levels on intestinal morphology of juvenile Andrias davidianus, HE staining was performed. (A) L1 (5.02%), (B) L4 (16.21%) (C) L6

(22.80%), MFH, mucosal fold heigh; MFH, mucosal fold width.
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TABLE 5 Effects of dietary lipid level on intestinal morphology indices of
juvenile Andrias davidianus.

Dietary lipid levels

L1 L4 L6
(5.02%) (16.21%) (22.80%)
Mucosal fold 1050 £ 0.58°  12. 80 + 0.84° 9.75 + 0.96°
number (Unit)
Mucosal fold height (um) 55.08 + 4.21° 67.96 + 8.03° 42.55 + 6.25%
Mucosal fold width (um) | 30.17 + 343° 3118 + 4.11° 23.68 + 2.16

“Data are presented as the mean + SD (n=3),with distinct letters signifying significant
differences (P < 0.05).

dietary lipid level is conducive to the synthesis of skin collagen,
while excessive or insufficient lipid levels exert adverse effects. This
phenomenon may be attributed to the fact that when lipid level is
too low, the body primarily uses lipid to provide energy for the
synthesis of skeletal muscles and other proteins (Guillard and
Schworer, 2024). Conversely, excessively high lipid level could
lead to significant damage to the intestinal and liver structures,
impairing intestinal digestion and absorption, as well as causing
liver dysfunction. This impairment reduces the ability to
metabolize lipid, consequently decreasing the availability of
dietary fatty acids and inhibiting collagen synthesis (Meng et al.,
2006). The result of this experiment showed a quadratic
relationship between skin collagen and dietary lipid levels, with
an optimal lipid level of 16.0%. Nevertheless, the exact mechanism
by which appropriate lipid level promote collagen formation
requires further investigation.

After being digested and absorbed, the lipid is used for tissue
construction and energy storage, mainly in viscera, liver, muscles
and other tissues (Guo et al., 2019). In contrast, the lipid of A.
davidianus is mainly concentrated in the tail, in which unsaturated
fatty acids account for 71.3%. Numerous earlier studies have shown

10.3389/fmars.2024.1515014

that excessive dietary lipid level in lumpfish, Cyclopterus lumpus
(Berge et al., 2023), rockfish, Sebastes schlegeli (Li et al., 2023b), and
red-tailed catfish, Hemibagrus wyckioides (Hung et al., 2017), can
lead to an accumulation of lipid in the visceral cavity and liver
tissue, which in turn raises the whole body lipid concentration. This
findings indicated that higher dietary lipid level resulted in reduced
lipid content in both the liver and body of juvenile A.davidianus.
This phenomenon may be due to the damage of liver function
caused by metabolic disorder and the obstruction of lipid synthesis,
as confirmed by the liver antioxidant indices. The lipid content of
muscle and uropygial gland remained stable following elevated
dietary lipid, suggesting that the liver of A. davidianus is more
sensitive compared to other tissues. This sensitivity represents a
significant limiting factor in its capacity to effectively utilize
lipid resources.

Intestinal digestive enzyme activity and intestinal tissue
development directly reflect the ability of the intestine to digest and
absorb nutrients (Ghasemi et al., 2020; Sesay et al, 2016). The
findings indicated a significant inhibition of trypsin activity in the
intestine with the consumption of the high-lipid diet, as evidenced by
a decrease in activity when dietary lipid levels exceeded 12.90%.
Furthermore, earlier research has demonstrated that increased lipid
content was associated with increased lipase activity in larval sea bass,
Dicentrarchus labrax (Morais et al., 2004), teleost pejerrey,
Odontesthes bonariensis (Gomez-Requeni et al., 2013), and Atlantic
salmon, Salmo salar (Krogdahl et al., 2015). It suggests that the A.
davidianus could adapt to the increasing lipid levels in the diet by
regulating their own lipase activity, but when the dietary lipid level
exceeded 16.21%, the lipase activity decreased significantly. These
results are related to the species of experimental animals, feed
composition and living environment. Based on the liver antioxidant
index and transmission electron microscopy analysis, it was observed
that the liver of A. davidianus experienced impairment because of the
high-lipid diet, potentially leading to compromised bile secretion and
decreased availability of substrates for lipase binding. Comparable
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Scanning electron microscope (SEM) of juvenile Andrias davidianus. (A) L1 (5.02%), (B) L4 (16.21%), (C) L6 (22.80%), H: microvilli head.
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Effects of dietary lipid levels on plasma lipid metabolism indexes of juvenile Andrias davidianus. Values (mean + SE) in the same row with different

superscripts are significantly different using Duncan's test (p < 0.05).

outcomes have been identified in the whiteleg shrimp, Litopenaeus
vannamei investigation (Hamidoghli et al.,, 2019).

The intestine, as the largest immune system and digestive organ
in the body, could selectively absorb essential nutrients that aid in
combating external pathogens and other detrimental substances
(Lee et al.,, 2017). The interior wall of intestine, whose
morphological integrity is the basis for the function of intestine,
is composed of folds, villi and microvilli. The increase in mucosal
fold height and number implies an increase in nutrient-absorbing
surface area (Ramos et al, 2017). In the present investigation,
appropriate dietary lipid can improve the intestinal morphology
of fish by increasing the width and height of intestinal mucosal fold.
Additionally, the findings from the electron microscope analysis an
overabundance of dietary lipid hindered the development of
intestinal villi in A. davidianus, leading to a reduction in
absorptive surface area. Moreover, Na+-K+-ATPases are proteins
embedded in cell membranes that provide energy for ion transport

47 y =-231.89x" + 64.128x - 1.8148
R2=0.959

Total cholesterol (mmol/L)
N
)

1-
0 1
0 5 10 15 20 25
Dietary lipid levels(%)
FIGURE 8

Relationship between the Total cholesterol (mmol/L) and dietary
lipid levels of juvenile Andrias davidianus.
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by hydrolyzing ATPases (Gorini et al., 2002), thus enhancing the
active transport and absorption capacity of amino acids, glucose
and other nutrients in the intestine (Kopecka-Pilarczyk, 2010). It
has been demonstrated that Na+-K+-ATPase activity is directly
related to intestinal digestion and absorption capacity (Almansa
et al.,, 2003). The experimental results show that appropriate lipid
inclusion in the diet can improve the activity of Na+-K+-ATPase in
the intestine of A. davidianus, thus promoting the absorption and
deposition of nutrients.

Triglyceride (TG) is mainly involved in the production and
storage of energy in the body, serving as a crucial substrate for
energy metabolism. TCHO is the raw material for the synthesis of
bile acids, vitamin D, and steroid hormones, and is also involved in
the formation of cell membranes. TCHO and TG in plasma are
regarded as key indicators connected to lipid metabolism, providing
insight into the nutritional condition of fish. Earlier research efforts
concerning various fish species have observed that TG and TCHO
consistently rose as dietary lipid levels increased (Du et al., 20065
Hansen et al., 2008; Yan et al,, 2015). In the current investigation, a
markedly reduced concentration of TG and TCHO in plasma was
observed in the lowest dietary lipid group. Additionally, as the
dietary lipid level rose, the content of TG and TCHO exhibited a
rising tendency. This observation suggests that the transport of
endogenous lipid becomes more active in reaction to elevated
dietary lipid level (Du et al, 2005). However, when the dietary
lipid level exceeds 16.21%, the level of TCHO and TG decreases
significantly. Similar conclusion to the present experiment were
reached in the studies of the Hiphaestus fuliginosus) (Wang et al.,
2010) and Sebastiscus marmoratus (Shi et al., 2013), in which the
reduction of TG and TCHO levels in the blood could be the result of
bile secretion abnormality or liver dysfunction.

The process of lipid metabolism in the liver is intricate, and
abnormalities at any stage can result in disorder associated with
lipid metabolism (Karavia et al., 2013). Excessive lipid diet leads to
cell swelling, nuclear translocation, accumulation of lipid droplets
(Cao et al, 2018), and hepatocellular hypertrophy with increased
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FIGURE 9
Effects of dietary lipid levels on liver antioxidant indices of juvenile Andrias davidianus. Values (mean + SE) in the same row with different superscripts

are significantly different using Duncan'’s test (p < 0.05).

FIGURE 10
Effects of dietary lipid levels on liver morphology of juvenile Andrias davidianus, HE staining was performed. (A) L1 (5.02%), (B) L4 (16.21%) (C) L6

(22.80%), red arrow: brownish-yellow pigment, black arrow: hepatocyte swelling.

FIGURE 11
Transmission electron microscope (TEM) images of juvenile Andrias davidianus (A) L1 (5.02%), (B) L4 (16.21%), (C) L6 (22.80%), (D) L1 (5.02%), (E) L4

(16.21%), (F) L6 (22.80%), N, Nucleus; A, Autophagosome; M, Mitochondria.
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cell diameters (Ragab et al, 2015). The impacts have been
comprehensively documented among different fish species (Lin
and Yeh, 2022; Zhao et al,, 2023). These changes in liver of A.
davidianus in this study also support this assertion. During cell
growth and development, intracellular biomolecules and damaged
organelles can be degraded and recycled by cellular autophagy (Van
den Bossche et al,, 2017). Under normal physiological condition,
autophagy actively participates in cellular differentiation, growth,
and development, as well as in the prevention of neurodegeneration
and the regulation of immune responses at the cellular level
(Papackova and Cahova, 2014). Additionally, autophagy can be
upregulated in response to stressors such as starvation, hypoxia, and
DNA damage, thereby has offering cellular protective mechanisms.
However, if cellular autophagy is overactive, it can damage normal
organelles and cause autophagic death (Murray and Wynn, 2011).
Significant changes in the ultrastructural composition were noted
after the intake of diet excessive in lipid in the current research. As
the level of feed lipid increased, the number of autophagosomes in
liver cells also rose, and the mitochondria in the highest lipid level
exhibited swelling and rounding. The result suggests that high-lipid
diet leads to oxidative stress in the liver of A. davidianus, resulting
in enhanced cellular autophagy, liver damage and significant
growth inhibition. A deeper insight into these histological
alterations in the liver could be essential for exploring metabolic
disorders (Lu et al., 2013).

Chronic consumption of high-lipid diet results in the
accumulation of lipid within cells, which in turn causes an
overproduction of reactive oxygen species (ROS) (Schieber and
Chandel, 2014). These ROS can trigger permanent alterations in
both cells and tissues (Chen et al., 2024). This study found that MDA
content in A. davidianus livers increased significantly as dietary fat
content increased, suggesting that extremely high dietary lipid
content increases lipid peroxidation (Mas-Bargues et al., 2021;
Baskol et al.,, 2007). T-AOC reflects the total antioxidant level of
the organism, and SOD, as an important antioxidant enzyme in the
antioxidant system of aquatic animals. Reactive oxygen species,
including superoxide anion radicals, free oxygen, and H,0,, can be
efficiently scavenged by them, helping to reduce the harm caused to
tissues and cells by free radicals resulting from PUFA peroxidation
(Valko et al., 2004). In the current investigation, the activity of those
enzymes increased when dietary lipid levels increased from 5.02% to
16.21% and declined when dietary lipid levels exceeded 16.21%. The
increase in enzyme activity might be the result of maintaining the
proper ratio of ROS to antioxidant, shielding the liver cells from their
harmful effects (Paital and Chainy, 2010) Therefore, to mitigate
significant oxidative stress, it is anticipated to uphold elevated levels
of antioxidant enzyme production. When the generation of reactive
oxygen species (ROS) exceeds the capacity of antioxidant defenses,
organisms experience oxidative stress, leading to detrimental effects
(Bize et al., 2008). Consequently, the antioxidant enzymes displayed a
declining trend when the A. davidianus was fed diet beyond 16.21%
lipid level, indicating the possibility of oxidative stress. Comparable
findings were observed in prior studies involving different species
(Deng et al., 2021; Ebadi et al., 2021; Liou et al., 2023).

Frontiers in Marine Science

11

10.3389/fmars.2024.1515014

5 Conclusion

Through quadratic regression analysis using WGR, skin
collagen content, muscle RNA/DNA ratio, total cholesterol
(TCHO), and lipase activity as indicators, it was determined that
the optimal lipid level of A. davidianus is 13.3% to 17.5%. This
dietary lipid level can significantly improve skin collagen content,
antioxidant capacity and the health of intestine and liver, thereby
positively influencing grow perform. Diet that contains either
insufficient or excessive lipid can adversely affect health of A.
davidianus, and excessive lipid diet has the most serious impact.
Specifically, high-lipid diet result in lipid metabolism disorder,
oxidative stress, and detrimental effects on the intestinal and liver
health of A. davidianus.
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