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Compared with wild grass carp (Ctenopharyngodon idellus), intensively cultured
fish displayed disordered lipid metabolism, showing excess lipid deposition in the
hepatopancreas and muscle. Lotus leaf prevents fat accumulation in humans and may
have similar effects on fish. This study explored the regulatory mechanisms by which
the dietary addition of an alcoholic extract of lotus leaf (AELL) reduced lipid deposition
in the hepatopancreas and muscle of juvenile grass carp. The fish (average initial
weight: 34.00 ± 0.40 g) were fed four experimental diets containing different AELL
levels (0, 0.07, 0.14, and 0.21%) for 8 weeks. Serum components, lipid droplet size,
triacylglycerol (TAG) content, enzymatic activities, and mRNA levels of genes related
to lipid metabolism in the hepatopancreas and muscle were analyzed. The results
show that dietary AELL supplementation significantly reduced the TAG content and
lipid droplet area in the histological sections as well as the fatty acid synthase (FAS)
activity in both the hepatopancreas and muscle but enhanced the activities of lipoprotein
lipase (LPL) and carnitine palmitoyltransferase I (CPT1) in both tissues. In addition,
dietary AELL supplementation decreased the mRNA expression of genes involved in
fatty acid uptake (cd36, fatp1/fatp4/fatp6, fabp10/fabp11, acsl1/acsl4) and de novo
lipid synthesis (pgd, g6pd, and fasn) as well as the transcription factors pparg and srebf1
in the hepatopancreas and muscle but increased the mRNA levels of genes relating to
lipid catabolism (cpt1a, lipe, pnpla2, lpl), lipid transportation (apob), and the transcription
factor ppara in both tissues. In conclusion, dietary AELL supplementation reduced lipid
accumulation in the hepatopancreas and muscle by affecting the gene expression of
proteins with known effects on lipid metabolism in juvenile grass carp.

Keywords: Ctenopharyngodon idellus, plant extract, molecular pathway, lipogenesis, lipid catabolism, lipid
transportation
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INTRODUCTION

Grass carp (Ctenopharyngodon idellus) is an important
commercial freshwater fish in high demand within China (FAO,
2018). To meet market needs, modern intensive aquaculture
is based on formulated feeds that promote fish growth and
increase grass carp production (Zhao et al., 2018). However, the
formulated feeds induce lipid metabolism disorders, causing
excess fat deposition in the fish (especially in the hepatopancreas
and muscle), resulting in physiological impairment and the
degradation of flesh quality (Wang et al., 2018; Zhao et al., 2018).
Thus, maintaining lipid homeostasis has become an important
topic in modern aquaculture practice (Gui and Zhu, 2012).

In recent years, plant extracts have been used as functional
and environmentally friendly feed additives in aquaculture due
to their promotion of appetite and growth in fish and their ability
to control diseases (Hoseinifar et al., 2020). Some plant extracts
also show the potential to prevent fat deposition by regulating
energy intake and lipid metabolism (Song et al., 2016; Kim et al.,
2017). Lotus (Nelumbo nucifera) is a perennial aquatic herb that
is widely distributed throughout eastern Asia (Kim et al., 2009).
The seeds and flowers of the lotus, as well as extracts of the
rhizomes and leaves, are widely used in traditional medicine
due to their pharmacological actions (Mukherjee et al., 2009).
Investigation of phytochemicals in the lotus shows that dry lotus
leaves are rich in 11 flavonoids (up to 84.21 mg g−1) and 8
alkaloids (up to 2.132 mg g−1) as well as other active ingredients
(Ahn et al., 2013; Zhao and Deng, 2013). The flavonoids in the
alcoholic extract of the lotus leaf are a group of polyphenolic
compounds that mainly includes kaempferitrin, hyperoside,
astragalin, phloridzin, and quercetin (478.51, 232.74, 12.62, 5.67,
and 0.49 mg g−1, respectively) (Chen et al., 2020). These have
important physiological functions, including anti-inflammatory,
anti-allergic, anti-obesity, and antioxidant activities (Agrawal,
2011; Ahn et al., 2013). The alkaloids in lotus leaf extracts
also have other beneficial health effects, including alleviating
hyperlipemia, resisting karyokinesis (Ma et al., 2010), and
antimicrobial and antifungal properties (Agnihotri et al., 2008).
The biological potential to lower blood lipid and the anti-obesity
effects of lotus leaf extract have been shown in humans (Lee et al.,
2015; Zhang et al., 2015) and rats (Su et al., 2015; Ding et al.,
2017) and indicate that dietary lotus leaf extract also may have
the potential to suppress excess lipid accumulation in fish.

Lipid metabolism in tissues consists of a series of biological
processes, including circulating lipid uptake, lipid transportation,
de novo fatty acid synthesis (lipogenesis), and lipid catabolism
via β-oxidation (Chen et al., 2014), which results in lipid
deposition or depletion. The pathways of lipid metabolism
have been well defined in mammals and are considered to be
similar in fish (Zheng et al., 2015). Lipoprotein lipase (LPL)
hydrolyzes lipoprotein triacylglycerol (TAG) to supply free fatty
acids for lipid metabolism (Nilsson-Ehle et al., 1980). The
fatty acid transporters, such as fatty acid translocase/CD36,
cytoplasmic fatty acid binding proteins (FABPs), and fatty acid
transport proteins (FATPs), are indispensable for fatty acid
absorption (Sclafani et al., 2007). Fatty acid synthase (FAS)
(encoded by fasn), 6-phosphogluconate dehydrogenase (PGD),

glucose 6-phosphate dehydrogenase (G6PD), and acetyl-CoA
carboxylase alpha (ACC) (encoded by acaca) play important roles
in lipogenesis (Tan et al., 2019). Carnitine palmitoyltransferase
I (CPT1) (encoded by cpt1a) catalyzes the conversion of fatty
acid CoAs into fatty acid carnitines, a key process of long-chain
fatty acid oxidation in the mitochondrial matrix (Kerner and
Hoppel, 2000). Several transcription factors, such as peroxisome
proliferator activated receptor alpha and gamma (PPARA and
PPARG) and sterol regulatory element binding transcription
factor 1 (SREBF1), are considered to play regulatory roles in
lipid metabolism via orchestrating the gene transcription of
the enzymes in these pathways (Duque-Guimarães et al., 2009;
Minghetti et al., 2011). In addition, lipid metabolism involves
several other functional proteins in different tissues. In the
liver, apolipoprotein B (APOB) plays a pivotal role in very low-
density lipoprotein (VLDL) assembly and secretion (Tanoli et al.,
2004), and in muscle cells, the low-density lipoprotein receptor-
related protein 1 (LRP1) or very low density lipoprotein receptor
(VLDLR) is important in mediating the endocytosis of these
lipoproteins (mainly VLDL) (Perman et al., 2011).

The regulatory mechanism of dietary lotus leaf extract on lipid
metabolism is well defined in mammals, such as humans (Lee
et al., 2015; Zhang et al., 2015) and rats (Su et al., 2015; Ding
et al., 2017). Very limited studies regarding the use of lotus leaf
extract in aquafeeds are reported, and only its growth-promoting
effects have been investigated (Munglue, 2015). Our previous
study reports that lotus leaf alcohol extract promotes the growth
of grass carp but also decreases the body fat content of the fish
(Zhu et al., 2019). However, the mechanism by which lotus leaf
extract regulates fat deposition is unclear. The aim of the present
study was to investigate the potential of lotus leaf extract to reduce
fat deposition in the hepatopancreas and muscle of grass carp
and determine the affected pathway(s) in order to provide better
insight into the nutritional regulation of fish lipid metabolism.

MATERIALS AND METHODS

All procedures were approved by the Institutional Animal
Care and Use Committee of Huazhong Agricultural University
(Wuhan, China) for laboratory animal use. Culturing of fish was
performed according to the common Organization for Economic
Cooperation and Development protocol for fish.

Diet Preparation and Feeding Trial
The preparation [including alcoholic extract of lotus leaf
(AELL)], ingredients, and proximate composition of the
experimental diets (Table 1) were the same as described by
Zhu et al. (2019). In brief, four experimental diets of four
groups, namely AELL0 (control), AELL7, AELL14, and AELL21,
were formulated by supplementing four levels of AELL (0,
0.07, 0.14, and 0.21%, respectively; that is, the flavonoids of
four experimental diets were 0, 0.26, 0.57, and 0.97 g/kg feed,
respectively) into a basal diet (30% crude protein and 7.8%
crude lipid). All the ingredients were ground into powder, sieved
through a 60-mesh screen, blended in a mixer to homogenize
thoroughly, and then pelleted (diameter: 2.0 mm, length: 6 mm)
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TABLE 1 | Diet formulation and composition of the experimental diets (%).

Ingredient Dietary lotus leaf extract levels

AELL0 AELL7 AELL144 AELL21

Fish meal 1.50 1.50 1.50 1.50

Soybean meal 30.00 30.00 30.00 30.00

Cottonseed meal 6.00 6.00 6.00 6.00

Rapeseed meal 30.00 30.00 30.00 30.00

Wheat flour 20.50 20.50 20.50 20.50

Soybean oil 4.00 4.00 4.00 4.00

Choline chloride (50%) 0.15 0.15 0.15 0.15

Ethoxyquin (30%) 0.05 0.05 0.05 0.05

Monocalcium phosphate 1.60 1.60 1.60 1.60

Microcrystalline cellulose 2.20 2.13 2.06 1.99

Salt 0.40 0.40 0.40 0.40

Compound premixa 1.00 1.00 1.00 1.00

AELL 0.00 0.07 0.14 0.21

Bentonite 2.50 2.50 2.50 2.50

Mould inhibitor 0.10 0.10 0.10 0.10

Nutrient content (%)

Crude protein 30.12 29.87 29.76 29.74

Crude lipid 7.98 7.85 7.81 7.82

Ash 4.71 4.66 4.58 4.61

Moisture 8.91 8.87 8.81 9.13

Flavonoids (g/kg) 0.00 0.26 0.57 0.97

aPer kilogram of compound premix containing vitamin A, 300,000 IU; vitamin D3,
100,000 IU; vitamin E, 1.2 g; vitamin k3, 0.5 g; vitamin B1, 0.5 g; vitamin B2, 0.7 g;
vitamin B6, 0.6 g; vitamin B12, 0.0015 g;. vitamin B5, 2.5 g; vitamin C, 10 g; folic
acid 0.15 g, D-calcium pantothenate 1.8 g, biotin 0.003 g, inositol 8 g, magnesium
10 g, manganese 2 g, iron 12 g, zinc 5 g, copper 0.4 g, iodine 0.1 g, cobalt 0.03 g,
selenium 0.01 g.

in a laboratory pelletizer. The pellets of the diets were air-dried
and stored at −20◦C for later use. The animal feeding trials were
the same as described in Zhu et al. (2019). Experimental fish were
acclimated to the culture conditions for 2 weeks. Afterward, 360
uniform-sized individuals (initial body weight: 34.00 ± 0.40 g)
were randomly assigned to 12 300-L circular fiberglass tanks with
30 fish per tank. During the 8-week feeding trial, the fish were
fed with the four experimental diets twice daily (8:30 am and
16:00 pm, respectively) to apparent satiation on the basis of visual
observation with each diet randomly distributed to the 3 tanks.
During the trial, fish were reared under a natural daylight cycle
of 12 h:12 h (light:dark) with continuous aeration and running
water (0.5 L min−1). During the trial, the water temperature
ranged from 24 to 29◦C and the pH was 6.7–7.7. The dissolved
oxygen level was more than 5 mg L−1, and ammonia nitrogen
was less than 0.3 mg L−1.

Sample Collection
At the end of the feeding trial, all fish were fasted for 24 h
before the fish in each tank were rapidly anesthetized with
MS-222 (Sigma, United States) (75 mg/L). Blood samples were
taken through the caudal vein from 3 randomly selected fish
in each tank and stored on crushed ice. Serum was obtained
from the blood samples by centrifugation (3000 × g, 10 min,

4◦C) after clotting at 4◦C, aliquoted, and stored at −80◦C
until subsequent analyses. The hepatopancreas and white muscle
tissues were dissected from the 3 fish, aliquoted, and immersed
into liquid nitrogen immediately before storage at −80◦C for
gene expression analysis, enzyme activity measurements, TAG
content determination, and Oil Red O staining.

Hematological Analysis and TAG Content
Determination of Tissues
The concentrations of glucose, TAG, total cholesterol, high-
density lipoprotein (HDL) and low-density lipoprotein (LDL)
in the serum samples were determined on an automatic
biochemical analyzer (Abbott Aeroset Analyzer, Abbott
Laboratories, Abbott Park, IL, United States) by the glucose
oxidase, glycerol phosphate oxidase-PAP, cholesterol oxidase,
PTA-Mg precipitation, and PVS-precipitation methods,
respectively, using commercially available colorimetric kits
(Biosino Bio-Technology Science Inc., Beijing, China).

Triacylglycerol content in the hepatopancreas and muscle was
determined by the glycerol-3-phosphate oxidase p-aminophenol
(GPO-PAP) method using a commercial kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Enzymatic Activity Assays for
Hepatopancreas and Muscle
The enzymatic activities of LPL, FAS, and CPT1
in the hepatopancreas and muscle were detected
spectrophotometrically by commercial kits purchased from
Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai,
China). Hepatopancreas and muscle samples were homogenized
in ice-cold PBS (0.01 M, pH = 7.4) and then centrifuged at
5000 × g for 5 min at 4◦C. The supernatant was collected and
immediately used for enzymatic analyses. The optical density
(OD) at 450 nm was recorded within 15 min using a microtiter
plate reader (NanoQuant 200, Tecan, Austria). The enzyme
activities were expressed as units/mg of soluble protein. The
amount of enzyme required to convert 1 µmol of substrate per
minute at 37◦C was defined as a unit of enzyme activity (U). The
soluble protein concentration of homogenates was determined
based on the method described by Bradford (1976). All analyses
were conducted in triplicate.

Histological Analysis of Hepatopancreas
and Muscle
For histological observation of lipid storage in hepatopancreas
and muscle, frozen specimens were sectioned (8 µm) by a
cryostat microtome (CryoStar NX50, Thermo, United States).
Sections were fixed by using cold 10% neutral-buffered
formalin solution for 10 min, stained with Oil Red O, and
then prepared for light microscopy at 200 × magnification.
Five microscopic fields from each sample were randomly
selected for calculation of the areas of the lipid droplets,
and the results from the 5 individual observations were
then combined for the overall results. The area (%) of
lipid droplets in Oil Red O–stained sections were based
on the following formula: area of lipid droplets/area of
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randomly selected field from each sample × 100, and this was
quantified by Image-Pro Plus 6.0 according to previous reports
(Mehlem et al., 2013).

mRNA Expression Analysis by
Quantitative Real-Time PCR
The total RNA isolation and reverse transcription of each
sample were conducted based on the methods described by
Du et al. (2018). Before RNA extraction, hepatopancreas and
muscle tissues were thawed on ice. Total RNA was isolated
from these tissues using RNAiso Plus Kits (Takara, Dalian,
China) based on the manufacturer’s instructions. The total
RNA was dissolved in 50–100 µL RNase-free water, examined
on 1% agarose gel, and quantified with a BioTek SynergTM

2 Multi-detection Microplate Reader (BioTek Instruments,
United States). 1 µg of total RNA was used for reverse
transcription in a 20-µL reaction volume following the
manufacturer’s recommendation for the PrimeScriptTM RT
reagent Kit (Takara, Dalian, China). The mRNA expression
analysis was performed with a quantitative real-time PCR
(qPCR) method. All the gene-specific primer pairs (Table 2)
were designed using Primer Premier 6.0 software based
on the published sequences in the NCBI database and the
transcriptome sequences of our lab. The qPCR cycling program
consisted of an initial pre-denaturation at 95◦C for 30 s
and 40 cycles at 95◦C for 5 s, 57◦C for 10 s, and 72◦C for
30 s. Melting curves were monitored systematically, and
temperature gradually increased from 55 to 94◦C by 0.5◦C/s. The
amplification efficiency of each target gene was approximately
equal (98–102%). All reactions were performed in triplicate
and verified to have a single product of correct size by agarose
gel electrophoresis. In addition, a preliminary experiment
was conducted to check the stability of housekeeping genes
[β-actin, 18S RNA, beta-2-microglobulin (b2m), glyceraldehyde-
3-phosphate dehydrogenase (gapdh), hypoxanthine-guanine
phosphoribosyltransferase (hprt), ribosomal protein L7 (rpl7),
TATA-box-binding protein (tbp), and tubulin alpha chain
(tuba)] across all samples. The results show that the expression
of β-actin and ef1α were the most stable among samples
under the experimental conditions, and they were used as
reference genes in this study. The relative expression levels
of target genes were calculated using the 2−11Ct method
(Livak and Schmittgen, 2001).

Statistical Analysis
Data are presented as mean ± standard error (SE) of means.
All data were subjected to one-way ANOVA to test the
effect of the four-diet treatment in a fixed effect model.
Normality of distribution by the Kolmogorov–Smirnov test
and homogeneity of variance by Levene’s test were conducted
before fitting the linear model. When the effect of diet
treatment was significant, differences between the group means
were compared by Duncan’s multiple range test. Statistical
analyses were performed using SPSS 19 software (IBM, Armonk,
NY, United States). The statistically significant level was
set at P < 0.05.

RESULTS

AELL Effects on Serum Biochemical
Indices
The serum TAG content of grass carp decreased gradually as the
dietary AELL level increased (P < 0.05) (Table 3). The glucose
content in serum exhibited no significant differences between the
AELL7, AELL14, and AELL21 groups, but the glucose levels in
the AELL7 and AELL14 groups were lower than in the control
group (P < 0.05). The cholesterol content in the AELL14 and
AELL21 groups was lower than that in the control and AELL7
groups (P < 0.05). The HDL content in the AELL21 group was
higher than that in other groups (P < 0.05), and the LDL content
in the AELL14 and AELL21 groups was lower than that in the
control and AELL7 groups (P < 0.05).

Dietary AELL Effects on Lipid Content
and Enzyme activities
Based on the Oil Red O–stained hepatopancreas and muscle
sections, the lipid content in the hepatopancreas and muscle
decreased significantly as dietary AELL levels increased
(Figures 1, 2). Similarly, the TAG content in the hepatopancreas
and muscle decreased significantly as dietary AELL levels
increased (Figure 3).

In the hepatopancreas, the LPL and CPT1 enzyme activities
tended to increase with dietary AELL levels, and both activities
were lower in the AELL0 and AELL7 groups than in the AELL14
and AELL21 groups (P < 0.05). Correspondingly, FAS activity
decreased as the dietary AELL levels increased, and the AELL0
group had significantly greater FAS activity compared to the
AELL14 and AELL21 groups (Figure 4A).

In the muscle, the LPL and CPT1 enzyme activities also
increased with the dietary AELL levels (P < 0.05). Again, the
FAS activity decreased significantly as the dietary AELL levels
increased (Figure 4B).

Dietary AELL Effects on mRNA
Expression
The cd36 expression in the hepatopancreas was significantly
higher in the AELL0 group than in the other groups, but there
was no significant difference between the other three groups
(Figure 5A). The relative mRNA levels of fatps (fatp4, fatp6)
and fabp10 decreased with increasing AELL concentration. These
genes were downregulated significantly in the AELL21 group
compared with the control group. However, apob expression
was lower in the AELL0 control group than in the other
groups (P < 0.05). Moreover, acsl1 and acsl4 gene expression
reduced significantly as AELL levels increased, but there was
no difference between the AELL7 and AELL14 groups. The
gene expression of the lipogenic genes, including pgd and
fasn, decreased progressively (P < 0.05) as dietary AELL levels
increased (Figure 5B). The transcriptional levels of g6pd and
acaca were also higher in the AELL0 control group than in
the other groups (P < 0.05), but there were no differences
between the other three groups. The expression of all the
lipolytic genes (cpt1a, lipe, pnpla2, and lpl) increased significantly
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TABLE 2 | Primers and annealing temperatures for quantitative real-time PCR* of grass carp hepatopancreas and muscle.

Gene name Sequences of primers (5′-3′) Annealing temperature (◦C) Accession number Amplification efficiency (%)

β-actin M25013

Forward TATGTTGGTGACGAGGCTCA 56 102

Reverse GCAGCTCGTTGTAGAAGGTG

ef1α GQ266394

Forward TGACTGTGCCGTGCTGAT 56 105

Reverse CGCTGACTTCCTTGGTGATT

fasn MF631003

Forward TGTATGCCACCGCTTATTATTCC 56 104

Reverse TCCTTTGCCCTGAGTGTTGA

srebf1 KJ162572

Forward GTAACAACAGTAGCGTCACCTT 55 100

Reverse CTTCAGCCAGATGTTCTTCCTC

acaca HM142590

Forward GCAACCACATCTTCCTCAACTT 57 103

Reverse TCCAGGTAGTAGCCACTCTCA

lpl FJ716100

Forward GCAACCACATCTTCCTCAACTT 56.5 102

Reverse TCCAGGTAGTAGCCACTCTCA

cd36

Forward TTGTGGATGTGGAACCGATTAC 53 KU821103 106

Reverse CAGGACTGCCGTCTCATTCA

pgd KP148259

Forward ATGAAGGATGTGCTGTGTAT 54 107

Reverse CGCTGTCTCTGATCTTGG

g6pd KP148257

Forward GAAGGTGGTAGACTCTGAAG 54.5 98

Reverse CTTGGTGACATCGTGGTAA

cpt1a KJ816747

Forward CAGACACATCGCCGTATT 56 102

Reverse TTCCACAGCATCCAGAGA

lipe HQ446238

Forward GAGTTCCAATCGCCAGAC 54 101

Reverse GCCAATGAGTAATCCACAGA

pnpla2

Forward CGTTATGTGGATGGTGGAA 55 HQ845211 98

Reverse TGCCTTGCTCAGTCTGTA

ppara

Forward ACAGGCAAGACCAGCACTC 57 FJ595500 102

Reverse CCACCGAGGCATACTGACA

Pparg

Forward CGAGTTCTCCGTCAAGTTCAA 57 EU847421 104

Reverse CGCAGGTCCGTCATCTTCT

fatp1

Forward ACAGCCGATATTACAGGATTGC 55 MK929571 101

Reverse TCTTCTTGACCACCACAGTTATAC

fatp4

Forward CGTCAATCAATCAGCCACTAATAAG 56 MK929565 100

Reverse CCACTCCATACACCACCACAT

fatp6

Forward CTTCAGGACCACAGAGACTTC 55 MK929572 99

Reverse AGCACAACAGCAGCCATTC

acsl1

Forward GTAATGAATATGCTCGTCGGTCTA 54 MK929568 108

Reverse CCTCTGTGGAGTAATGCTGAAC

(Continued)
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TABLE 2 | Continued

Gene name Sequences of primers (5′-3′) Annealing temperature (◦C) Accession number Amplification efficiency (%)

acsl4

Forward TCTGCTGTCCTGTTGGTCAA 56 MK929567 101

Reverse AGTCCTCATTATTACGGCTCTCA

Vldlr

Forward CAAGTGTCGGAGTGGAGAGT 55 MK929569 105

Reverse GTCAGGTCACGGCAGATGT

lrp1

Forward CACCACACCTCATAACAAGAAC 55 MK929570 101

Reverse GAGAGCCTTCCAACAATATAGC

fabp10

Forward AACGGCAACGACTTCATCATC 56 EU220990 102

Reverse ATCATGGTGGTTCCTCCTATTGT

fabp11

Forward GAAGGCTGTAGGTGCTGGTT 54 MK929566 106

Reverse CTGTCATCTGCTGTTGTCTCATC

apob

Forward TCAAGTTGGCAGTTACAGATAGC 55 MK929573 98

Reverse TAAGGTGGCAGTGGCAGAG

fasn, fatty acid synthase; srebf1, sterol-regulator element-binding protein; acaca, acetyl-CoA carboxylase alpha; lpl, lipoprotein lipase; cd36: CD36 molecule; pgd,
phosphogluconate dehydrogenase; g6pd, glucose-6-phosphate dehydrogenase; cpt1a, carnitine palmitoyltransferase 1A; lipe, lipase E, hormone sensitive type; pnpla2,
patatin-like phospholipase domain-containing protein 2; ppara: peroxisome proliferator-activated receptor alpha; pparg: peroxisome proliferator-activated receptor
gamma; fatp1, long-chain fatty acid transport protein 1; fatp4, long-chain fatty acid transport protein 4; fatp6, long-chain fatty acid transport protein 6; fabp10, fatty
acid binding protein 10; fabp11, fatty acid binding protein 11; acsl1, acyl-CoA synthetase long chain family member 1; acsl4, acyl-CoA synthetase long chain family
member 4; vldlr, very low-density lipoprotein receptor; lrp1, low-density lipoprotein receptor-related protein; apob, apolipoprotein B.

TABLE 3 | Effects of dietary alcoholic extract of lotus leaf (AELL) on serum biochemical parameters of juvenile grass carp.

Index Dietary lotus leaf extract levels4

AELL0 AELL7 AELL14 AELL21 P-values

Mean SEM Mean SEM Mean SEM Mean SEM

TAG1 (mmol/L) 2.51c 0.08 1.64b 0.03 1.49ab 0.07 1.36a 0.03 0.000

Glucose (mmol/L) 4.43b 0.23 3.40a 0.29 3.46a 0.18 3.81ab 0.09 0.031

Cholesterol (mmol/L) 5.52b 0.23 5.48b 0.09 4.43a 0.05 4.69a 0.07 0.001

HDL2 (mmol/L) 0.84a 0.01 0.84a 0.02 0.92a 0.06 1.07b 0.01 0.002

LDL3 (mmol/L) 0.99b 0.03 1.09b 0.03 0.73a 0.08 0.82a 0.02 0.002

All data are expressed as means and standard errors (n = 9, three replicate tanks, three fish were sampled from each tank). Means with unlike superscript letters were
significantly different between the different dietary AELL groups (P < 0.05).
1TAG, triacylglycerol.
2HDL, high-density lipoprotein.
3LDL, low-density lipoprotein.
4AELL levels: 0 = 0 AELL supplemented diet, 7 = 0.07% AELL supplemented diet, 14 = 0.14% AELL supplemented diet, 21 = 0.21% AELL supplemented diet.

with the AELL levels. In addition, the ppara expression was
upregulated significantly by dietary AELL addition, but there
was no difference between the AELL14 and AELL21 groups. In
contrast, the expression of the transcription factors pparg and
srebf1 decreased gradually as the AELL levels increased (P < 0.05)
although that srebf1 gene expression was not different between
the AELL14 and AELL21 groups.

The muscle mRNA levels of fatty acid transporters (cd36,
fatp1, fatp4, and fabp11) and acsls (acsl1 and acsl4) decreased
progressively as the dietary AELL levels increased (P < 0.05)
(Figure 6A). However, vldlr and lrp1 expression showed no
significant difference among the four groups (P > 0.05). The

expression of the lipogenic genes, including pgd and acaca,
progressively decreased as the AELL levels increased (P < 0.05)
(Figure 6B). The transcriptional levels of g6pd and fasn were
significantly higher in the AELL0 group than other groups,
but there were no differences between the other three groups.
However, mRNA levels of all the lipolytic genes (cpt1a, lipe,
pnpla2, and lpl) increased with higher AELL levels. In addition,
ppara expression increased progressively with dietary AELL levels
(P < 0.05), and the relative mRNA level of srebf1 decreased.
The transcriptional level of pparg was significantly higher in
the control group than the other groups, but there were no
differences between the other three groups.
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FIGURE 1 | Hepatopancreas and muscle histochemistry (Oil-Red O staining) of grass carp fed with graded levels of dietary alcoholic extract of lotus leaf (AELL).
Magnification × 200, the bar means 50 um. H-A, H-B, H-C, H-D: hepatopancreatic histochemistry of group AELLO, AELL7, AELL14, and AELL21, respectively;
M-A, M-B, M-C, M-D: muscle histochemistry of group AELLO, AELL7, AELL14, and AELL21, respectively. AELLO = 0 AELL supplemented diet, AELL7 = 0.07%
AELL supplemented diet, AELL 14 = 0.14% AELL supplemented diet, AELL21 = 0.21% AELL supplemented diet.

FIGURE 2 | Relative area of lipid droplets in Oil-Red O stained sections of hepatopancreas and muscle of glass carp fed with graded levels of dietary alcoholic
extract of lotus leaf (AELL). AELLO = 0 AELL supplemented diet, AELL7 = 0.07% AELL supplemented diet, AELL 14 = 0.14% AELL supplemented diet,
AELL21 = 0.21% AELL supplemented diet. Values are expressed as means ± SE (n = 9). Different letters over columns indicate significant differences amongst
groups (P < 0.05, Duncan’s test) after one-way ANOVA with P values at 0.000 (hepatopancreas) and 0.000 (muscle), respectively.
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FIGURE 3 | TAG content in hepatopancreas and white muscle of grass carp
fed with graded levels of dietary alcoholic extract of lotus leaf (AELL).
AELLO = 0 AELL supplemented diet, AELL7 = 0.07% AELL supplemented
diet, AELL 14 = 0.14% AELL supplemented diet, AELL21 = 0.21% AELL
supplemented diet. Values are expressed as means + SE (n = 9, three
replicate tanks, three fish were sampled for each tank). Different letters over
columns indicate significant differences amongst groups (P < 0.05, Duncan’s
test) after one-way ANOVA with P values at 0.000 (hepatopancreas) and
0.000 (muscle), respectively.

DISCUSSION

To our knowledge, this is the first investigation on the effect
of dietary AELL on the lipid content of serum, muscle, and
hepatopancreas in fish and the related molecular effects. The
results show that dietary AELL can decrease serum TAG,
cholesterol, and LDL levels and increase the serum HDL level
of grass carp. Similar hypolipidemic effects of dietary lotus leaf
extract addition are reported in hamsters and rats (Du et al., 2010;
Lee and Lee, 2011; Guo et al., 2013; Lee et al., 2015). Thus, dietary
lotus leaf extract can improve the blood lipid profiles of animals
for better health.

Apart from the hypolipidemic effect, dietary supplementation
of lotus leaf extract is reported to decrease hepatic TAG in rats
and hamsters (Du et al., 2010; Lee and Lee, 2011; Guo et al.,
2013). Our study is in agreement with these results. Herein,
the TAG content and lipid droplets in the carp hepatopancreas
and muscle declined as dietary AELL increased. Given the
decrease in lipid within the serum, muscle, and hepatopancreas
of the grass carp in this study, the dietary AELL appears to be
preventing lipid deposition in the hepatopancreas and muscle
of grass carp by modulating the serum lipid and lipoprotein
concentrations. Furthermore, such an effect of the lotus leaf
extract may suppress adipose tissue differentiation and reduce
triacylglyceride accumulation (Siegner et al., 2010).

The mechanism by which dietary AELL inclusion reduces
lipid deposition was explored in gene expression experiments in
the present study. In the circulatory system, TAG, cholesterol,
free fatty acids, and lipoproteins are transported to different
tissues for metabolism. When fatty acids are absorbed into tissues,
fatty acid transporters, such as fatty acid translocase/CD36,

FABPs, and FATPs, are key contributors to the transmembrane
process (Sclafani et al., 2007). Overexpression of FATPs and
long-chain acyl-CoA synthetase (ACSL) lead to a significant
increase in acyl-CoA synthetase activity as well as the uptake
of fatty acids (Krammer et al., 2011). In this study, the mRNA
levels of fatty acid transporters, such as cd36, fabps, fatps, and
acsls, decreased significantly as AELL levels increased, which
indicates that AELL might result in the suppression of fatty acid
transportation and absorption into hepatopancreas and muscle.
Similar results regarding lotus leaf extract regulating the gene
expression of fatty acid transporters are reported in hamsters
(Guo et al., 2013). Interestingly, in the present study, fatp6 and
fabp10 gene expression were high in the hepatopancreas but very
low in muscle. In contrast, fatp1 and fabp11 gene expression were
high in muscle but low in the hepatopancreas. The differential
expression of these genes in the hepatopancreas and muscle
indicate potential tissue-specific absorption of fatty acids by
different tissues (Saxena et al., 1992). Similar differential gene
expression patterns of these fatty acid transporters are reported
in Atlantic salmon (Salmo salar L.) (Torstensen et al., 2009)
and hybrid grouper (Epinephelus lanceolatus♂ × Epinephelus
fuscoguttatus♀) (Tan et al., 2019). In mammals, fatp1 and fatp4
are expressed highly in adipose tissue, brain, liver, skin, and heart
(Doege and Stahl, 2006). Moreover, APOB is a key regulator
of newly synthesized TAG transportation from the liver to the
peripheral tissues via VLDL (Kawano and Cohen, 2013). The
increase in apob expression might suggest that AELL addition
stimulates hepatic lipid export and reduces lipid accumulation
in the hepatopancreas. In summary, AELL supplementation
resulted in the inhibition of TAG accumulation in the muscle and
liver by limiting the lipid absorption into tissues and promoting
the export of newly synthesized TAG from the liver.

It is demonstrated that pgd, g6pd, fasn, and acaca are
regulatory genes in de novo lipogenesis, and FAS is a key enzyme
in this process (Kawano and Cohen, 2013). This study reveals
that dietary AELL supplementation decreased FAS activity and
downregulated the gene expression of pgd, g6pd, fasn, and acaca
in both the hepatopancreas and muscle, which indicates that
dietary supplementation of AELL reduces lipid deposition in
the hepatopancreas and muscle of juvenile grass carp via the
reduction of fatty acid synthesis. Similarly, in hamsters, the
addition of lotus leaf extract to the diet decreased the mRNA
levels of lipogenesis-related genes and significantly decreased
lipid content in the liver and plasma (Guo et al., 2013). Other
flavonoid-rich plant extracts have shown similar regulation of
lipid metabolism (Madushani Herath et al., 2018; Veeramani
et al., 2018). Moreover, LPL is the principal enzyme to hydrolyze
lipoproteins within the cells and to supply free fatty acids
for further lipid metabolism (Nilsson-Ehle et al., 1980). The
supplementation of AELL in this study stimulated LPL activity
and upregulated lpl gene expression in the hepatopancreas and
muscle, resulting in the enhancement of lipoprotein hydrolysis.
Furthermore, pnpla2, cpt1a, and lipe are the main genes involved
in fatty acid β-oxidation (Kawano and Cohen, 2013). ATGL
(encoded by pnpla2) plays an important role in the initial step
of TAG hydrolysis, and CPT1 catalyzes the rate-limiting step in
lipid catabolism (Kawano and Cohen, 2013). The present study
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FIGURE 4 | Effect of graded levels of dietary alcoholic extract of lotus leaf (AELL) on enzyme activities involved in lipid metabolism in the hepatopancreas (A) and
white muscle (B) of juvenile glass caip. AELLO = 0 AELL supplemented diet, AELL7 = 0.07% AELL supplemented diet, AELL 14 = 0.14% AELL supplemented diet,
AELL21 = 0.21% AELL supplemented diet. Values are expressed as means ± SE (n = 9, three replicate tanks, three fish were sampled for each tank). Different
letters over columns indicate significant differences among groups (P < 0.05) after one-way ANOVA with P values at 0.000 (LPL), 0.000 (FAS), and 0.000 (CPT1) in
panel (A) as well as 0.001 (LPL), 0.000 (FAS), and 0.001 (CPT1) in panel (B), respectively LPL, lipoprotein lipase; FAS, fatty acid synthase; CPT1, carnitine
palmitoyltransferase I.

indicates that dietary AELL addition stimulates CPT1 activity
and upregulates the mRNA levels of pnpla2, cpt1a, and lipe in
both the hepatopancreas and muscle. These results might suggest
that dietary AELL addition exhibits a strong beta oxidation
stimulating effect. Guo et al. (2013) also report that the addition
of lotus leaf extract to the diet increased the mRNA levels of
genes involved in fatty acid β-oxidation in the liver of hamsters
as observed in the present study. Other flavonoid-rich plant

extracts also show similar regulation of lipid catabolism (Liu et al.,
2017; Dong et al., 2018). These results indicate that AELL, like
other flavonoid-rich plant extracts, have positive effects on lipid
catabolism through enhancement of fatty acid β-oxidation.

Previous studies indicate that genes in lipid metabolic
pathways are regulated by srebf1, ppara, and pparg at the
transcription level (Kawano and Cohen, 2013). During lipid
metabolism, PPARA works as a ligand-activated transcription
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FIGURE 5 | Effect of graded levels of dietary alcoholic extract of lotus leaf (AELL) on the mRNA levels of genes involved in lipid metabolism in the hepatopancreas of
juvenile grass carp. AELLO = 0 AELL supplemented diet, AELL7 = 0.07% AELL supplemented diet, AELL 14 = 0.14% AELL supplemented diet, AELL21 = 0.21%
AELL supplemented diet. (A) Genes involved in fatty acid uptake and transport about lipid metabolism; (B) Genes involved in fatty acid synthesis, catabolism and
transcription. Values are expressed as means ± SE (n = 9, three replicate tanks, three fish were sampled for each tank). Different letters over columns indicate
significant differences among groups (P < 0.05, Duncan’s test). In panel (A), P values for one-way ANOVA are 0.000 (cd36), 0.001 (fatp4), 0.002 (fatp6), 0.015
(fabplO), 0.000 (apob), 0.001 (acsll), and 0.001 (acsl4), respectively. In panel (B), P values for one-way ANOVA are 0.001 (pgd), 0.002 (g6pd), 0.002 (fas), 0.000
(acaca), 0.000 (cptla), 0.000 (lipe), 0.000 (pnpla2), 0.000 (Ipl), 0.000 (ppara), 0.000 (pparg), and 0.001 (srebfl), respectively. cd36: CD36 molecule; fap4, long-chain
fatty acid transport protein 1; fatp6, long-chain fatty acid transport protein 4; fabplO, fatty acid binding protein 11; apob, apolipoprotein B; acsll, acyl-CoA synthetase
long chain family member 1; acsl4, acyl-CoA synthetase long chain family member 4; pgd, 6-phosphogluconate dehydrogenase; gpd, glucose-6-phosphate
dehydrogenase,ya.OT, fatty acid synthase; acaca, acetyl-CoA carboxylase alpha; cptla, camitine palmitoyltransferase 1A; lipe, lipase E, hormone sensitive type;
pnplal, patatin like phospholipase domain-containing protein 2; Ipl, lipoprotein lipase, ppara: peroxisome proliferator-activated receptor alpha; pparg, peroxisome
proliferator-activated receptor gamma; serbfl, sterol regulator element binding transcription factor 1.

factor to activate lipolytic genes by binding to corresponding
response elements (Minghetti et al., 2011). In the present study,
the upregulation of ppara expression in the hepatopancreas
and muscle, together with the increased expression of lipolytic
genes (pnpla2, cpt1a, and lipe), suggest that dietary AELL might
suppress lipid accumulation by enhancing lipolysis with the
participation of ppara. In addition, the upregulation of ppara
expression corresponding to the increased cpt1a expression in
the liver was also observed in hamsters fed a high dosage
of nuciferine in their diet (Guo et al., 2013). Lipogenesis is
controlled primarily at the transcriptional level, and SREBF1 is
the transcription factor that promotes the expression of many

lipogenic genes, including fasn and acaca (Csaki and Reue, 2010).
It is demonstrated that srebf1 and pparg regulate lipogenic gene
expression so as to mediate TAG synthesis and lipid accumulation
(Amemiya-Kudo et al., 2002; Barish, 2006). Hence, the reduction
in lipid deposition of both hepatopancreas and muscle by dietary
AELL supplementation in this study may be partly due to the
inhibition of lipogenesis through the downregulation of the
expression of both srebf1 and pparg, followed by the decrease
in FAS activity and mRNA levels of pgd, g6pd, and fasn. Similar
pathways of lipid metabolism and their regulatory mechanisms
have been elucidated in hamsters (Guo et al., 2013), hybrid
grouper (Tan et al., 2019), and yellow catfish (Pelteobagrus
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FIGURE 6 | Effect of graded levels of dietary lotus leaf extract (AELL) on the mRNA levels of genes involved in lipid metabolism in the muscle of juvenile grass carp.
AELLO = 0 AELL supplemented diet, AELL7 = 0.07% AELL supplemented diet, AELL 14 = 0.14% AELL supplemented diet, AELL21 = 0.21% AELL supplemented
diet. (A) Genes involved in fatty acid uptake about lipid metabolism; (B) Genes involved in fatty acid synthesis, catabolism and transcription. Values are expressed as
means ± SE (n = 9, three replicate tanks, three fish were sampled for each tank). Different letters over columns indicate significant differences among groups
(P < 0.05, Duncan’s test). In panel (A), P values for one-way ANOVA are 0.000 (cd36), 0.000 (fatpl), 0.007 (fatp4), 0.037 (fabpll), 0.002 (acsll), 0.000 (acsl4), 0.500
(vldlr), and 0.730 (Irpl), respectively. In panel (B), P values for one-way ANOVA are 0.002 (pgd), 0.002 (g6pd), 0.008 (fasti), 0.000 (acaca), 0.000 (cptla), 0.000 (lipe),
0.000 (pnplal), 0.000 (Ipl), 0.000 (ppara), 0.000 (pparg), and 0.002 (srebfl), respectively. cd36: CD36 molecule; fatpl, long-chain fatty acid transport protein 1; fatp4,
long-chain fatty acid transport protein 4; fabpll, fatty acid binding protein 11; acsll, acyl-CoA synthetase long chain family member 1; acsl4, acyl-CoA synthetase long
chain family member 4; vldlr, very low density lipoprotein receptor; Irpl, low-density lipoprotein receptor-related protein; pgd, phosphogluconate dehydrogenase;
g6pd, glucose-6-phosphate dehydrogenase; fasn, fatty acid synthase; acaca, acetyl-CoA carboxylase alpha; cptla, camitine palmitoyltransferase 1A; lipe, lipase E,
hormone sensitive type; pnpla2, patatin like phospholipase domain-containing protein 2; Ipl, lipoprotein lipase; ppara, peroxisome proliferator-activated receptor
alpha; pparg, peroxisome proliferator-activated receptor gamma; serbfl, sterol regulator element binding transcription factor 1.

fulvidraco) (Zheng et al., 2015). In this regard, the present study
indicates that dietary AELL may regulate lipid metabolism and
deposition via transcription factors (srebf1, ppara, and pparg) in
the hepatopancreas and muscle of grass carp.

To conclude, the dietary supplementation of AELL shows
a positive effect on serum lipid content, suppressed fatty acid
lipogenesis, and enhanced lipid catabolism and exportation.
Thus, the TAG accumulation is inhibited in the hepatopancreas
and muscle of grass carp in a dose-dependent manner. These
results reveal similar regulatory mechanisms of dietary AELL on

the lipid metabolism in both the hepatopancreas and muscle of
juvenile grass carp. The results of this study provide new insights
into the application of AELL as a feed additive in aquaculture for
the control of fish health and meat quality.
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