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implied in bile acid-binding activity using LC-ESI-
Q-TOF-MS/MS†

Peng Wan, ac Deke Chen,ac Hua Chen,ac Xiaolian Zhu,a Xin Chen,b Huili Sun,ac

Jianyu Pan*ac and Bingna Cai*ac

In the present work, analysis of the hypolipidemic properties of Trachinotus ovatus protein hydrolysates

(TOPHs) and identification of peptides with bile acid-binding activity were performed. Hydrolysates

prepared by trypsin digestion exhibited the highest in vitro bile acid-binding capacities compared with

hydrolysates prepared with the other four proteases and were mainly composed of small peptides and

amino acids with molecular weights <3 kDa, accounting for 77.30%. Among the five ultra-filtration

fractions of TOPHs, TOPHs-5 (<3 kDa) exhibited the highest in vitro bile acid-binding capacity, which

was equivalent to 77.97% of cholestyramine at the same concentration. A total of 68 peptides were

identified from TOPHs-5 by LC-ESI-Q-TOF-MS/MS and 9 of them had hydrophobicity of more than

60%. These highly hydrophobic peptides might be associated with the bile acid-binding activity of

TOPHs-5. In vivo experiments indicated that the TOPHs could effectively reduce total cholesterol (TC),

low-density lipoprotein cholesterol (LDL-C) and the atherogenic index (AI), while they could evidently

increase the high-density lipoprotein cholesterol (HDL-C) content. Furthermore, TOPHs exerted

a marked protective effect on hepatorenal function, as evidenced by decreased levels of aspartate

aminotransferase (AST), alanine aminotransferase (ALT) and creatinine (CREA). Histopathological studies

confirmed that TOPHs evidently protected the liver from histological alterations. In summary, for the first

time, hypolipidemic effects and subsequential identification were obtained from TOPHs, which are

promising natural ingredients that could potentially be employed in the management of hyperlipidemia.
1. Introduction

Hyperlipidemia is a common disorder in populations world-
wide.1 It is dened as an imbalance in blood lipid homeostasis
characterized by an elevation of lipids in the bloodstream,
including fats, fatty acids, cholesterol, cholesterol esters,
phospholipids, and triglycerides.2 Unhealthy living habits and
dietary preferences in parallel with the rapid increase in the
number of elderly people accentuate the onset of hyperlipid-
emia.3,4 Abnormalities in the plasma and serum lipid proles
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Ecology and Environmental Engineering

(ESI) available: The peptide sequences
ing LC-ESI-Q-TOF-MS/MS (Table S1).
gan indices in mice (Fig. S1). See DOI:

–20109
play a signicant role in the etiology of numerous chronic
diseases, such as hepatic and renal diseases and metabolic
disorders, such as obesity.5 In particular, hyperlipidemia is
documented as the major cause of atherosclerosis and
atherosclerosis-associated conditions, such as coronary heart
disease, ischemic cerebrovascular disease, and peripheral
vascular disease.6 In China, the morbidity of cerebrovascular
and cardiovascular disease is up to 8%, and the mortality is
almost 50%, which makes hyperlipidemia a leading cause of
death.7

Currently, the hypolipidemic drugs that are most frequently
used for managing hyperlipidemia are bile acid sequestrants,
statins, brates and nicotinic acids, which exhibit rapid lipid-
lowering effects and good efficacy, but the use of these drugs
is restricted due to an array of potential side effects, such as liver
injury and striated muscle dissolution.8,9 Therefore, the focus of
recent research has been on identifying efficient and natural
medicines with few side effects for the treatment of hyperlip-
idemia.10 Recent studies have corroborated that a wide variety of
dietary proteins and protein hydrolysates produced by
This journal is © The Royal Society of Chemistry 2020
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Table 1 Amino acid composition of T. ovatus proteins (%)a

Amino
acid Content Amino acid Content

Asp 5.37 Tau 0.56
Tyr 1.89 Thr* 2.47
Ser 2.13 Ile*# 2.50
Glu 7.82 Leu*# 4.26
Pro# 1.92 Val*# 2.74
Gly# 3.46 Phe*# 2.21
Ala# 3.56 Lys* 4.97
His 1.44 Met*# 1.65
Arg 3.40 Trp*# 0.51
TAA 52.86 HAA/TAA 43.15
EAA 21.30 Met/Gly 47.69
HAA 22.81 Lys/Arg 146.18

a *Essential amino acids. #Hydrophobic amino acids. TAA: total amino
acids. EAA: essential amino acids. HAA: hydrophobic amino acids.
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enzymatic hydrolysis from several origins exerted regulatory
effects on lipid proles in human subjects and animal
models.11–13

Dietary sh is considered to be benecial for human health
as sh proteins are rich in active peptides.14 Fish protein
hydrolysates are converted to smaller peptides containing 2 to
20 amino acids aer enzymatic hydrolysis.15 Due to the
balanced amino acid composition, the rich nutritional and
medicinal value of the active peptides,16 sh protein hydroly-
sates shown a variety of activities, such as hypolipidemic,17 anti-
obesity,18 antioxidative,15 antihypertensive19 and anti-diabetic20

activities, and have drawn considerable research attention.
Trachinotus ovatus, which belongs to Trachinotus sp., Tra-

chinotinae, Carangidae, Perciformes, is a species of temperate
water and carnivorous sh that mainly preys on some
zooplankton and small crustacean, shellsh and sh.21,22 This
sh is widely distributed in Southeast Asia, Australia, Japan,
Eastern Africa and the Atlantic ocean.23 It has been considered
as a good candidate species for aquaculture and an economi-
cally important marine sh due to its fast growth, palatability,
the nutritional quality of its esh, and its suitability for cage
culture.24 Articial breeding of this species has been success-
fully carried out on the southern coast of China, where it has
been a great source of economic revenues in recent years.25

However, there is a knowledge gap about the bioactive
substances of T. ovatus. Accordingly, the aim of the present
study was to investigate the potential hypolipidemic effects of
protein hydrolysates obtained by enzymatic hydrolysis from the
muscles of T. ovatus on mice fed a high-fat diet. Moreover, the
ultra-ltration fractions of the hydrolysates that possessed the
highest in vitro bile acid-binding capacity were further frac-
tionated, puried and subjected to amino acid sequence
analysis.

2. Experimental
2.1 Materials

T. ovatus were purchased from Huangsha Aquatic Products
Wholesale Market (Guangzhou, China) in the fresh state and
authenticated by Prof. Huili Sun (South China Sea Institute of
Oceanology, Chinese Academy of Sciences). The samples were
packed in polyethylene bags lled with enough water and
oxygen, and transported to the laboratory within 1 h. Aer
cleaning the sh with tap water, themuscles were separated and
rinsed with cold distilled water to remove the contaminants.
The samples were used immediately for protein hydrolysate
preparation or stored in sealed plastic bags at �20 �C. The
positive control drug cholestyramine was purchased from
Nanjing Lifecare Pharmaceutical Co., Ltd (Nanjing, China).
Soybean protein peptides (SPPs) were purchased from Heze
Zhongshitaihao Biology Produce Co. Ltd (Heze, China). Total
cholesterol (TC), triglyceride (TG), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-
C), aspartate aminotransferase (AST), alanine aminotransferase
(ALT), blood urea nitrogen (UREA), and creatinine (CREA) assay
kits were obtained from Biosino Bio-Technology and Science
Incorporation (Hong Kong, China). The high-fat diet (HFD)
This journal is © The Royal Society of Chemistry 2020
consisted of 73.6% normal diet, 10% egg yolk powder, 15% lard,
1.2% cholesterol and 0.2% sodium cholate, and it was supplied
by Guangdong Medicinal Laboratory Animal Center (Guangz-
hou, China). All other chemicals and reagents were of analytical
grade.

2.2 Preparation of T. ovatus protein hydrolysates (TOPHs)

The amino acid composition of the sh muscle was determined
according to the method described by Cai et al.26 and presented
in Table 1. Raw muscles from T. ovatus were homogenized in
a blender (Joyoung, JYL-Y910) for approximately 2 min. The
homogenate was mixed with 4-fold (g mL�1) of distilled water,
incubated at the working temperature for 2 h and then hydro-
lyzed with ve proteases at 2000 U g�1 for 4 h. The pH and
temperature of trypsin, papain, bromelain, Alcalase and Neu-
trase were 8.0, 37 �C; 6.0, 55 �C; 6.0, 55 �C; 8.0, 50 �C; and 7.0,
50 �C, respectively. The reaction was maintained at a constant
pH by adding 1 M NaOH or HCl and stopped in a boiling water
bath for 10 min to inactivate the enzyme. Then, the hydrolysates
were centrifuged at 8000 rpm (500 mL centrifuge tube, Avanti J-
26S XP Centrifuge, BECKMAN COULTER, Inc. 250 S. Kraemer
Blvd. Brea, CA 92821, USA) for 20 min at 4 �C. One portion of
supernatant was collected and concentrated in a vacuum and
spray dried (at 105 �C inlet temperature and 85 �C outlet
temperature) to obtain TOPHs. The other portion was frac-
tionated by ultra-ltration cassettes (Vivaow 200: 100k, 10k, 5k
and 3k molecular weight cut-off (MWCO) PES, Sartorius Stedim
Biotech GmbH Göttingen, Germany) in an ice-water bath. The
nonhydrolyzed large molecular proteins and proteolytic
enzymes were removed. Five ultra-ltration fractions were ob-
tained and assigned as TOPHs-1 (>100 kDa), TOPHs-2 (>10–100
kDa), TOPHs-3 (5–10 kDa), TOPHs-4 (3–5 kDa) and TOPHs-5 (<3
kDa), respectively.

2.3 Determination of molecular weight distribution

Molecular weight (MW) distributions of TOPHs were deter-
mined by gel permeation chromatography (GPC) using an LC-
RSC Adv., 2020, 10, 20098–20109 | 20099
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20AT HPLC system (Shimadzu, Kyoto, Japan) equipped with
a TSK-GEL G2000SWXL column (7.8 mm � 300 mm, Tosoh,
Tokyo, Japan), and the mobile phase was composed of
acetonitrile/water/triuoroacetic acid (TFA) (20/80/0.1, v/v/v).
The samples (10 mL) that had been ltered by a 0.22 mm
microltration membrane were loaded. Samples were eluted at
a ow rate of 0.5 mLmin�1 and detected at 220 nm. Cytochrome
C (12 400 Da), aprotinin (6511 Da), bacitracin (1450 Da),
oxidized glutathione (307 Da), and phenylalanine (165 Da) were
selected as standard samples to establish a calibration curve for
the relation between retention time and log Mw. All data were
collected and analyzed by GPC soware (Version 1.26 SP1,
Shimadzu, Japan). The calibration curve obtained from dupli-
cate runs was described as follows:

log MW ¼ 0.002t3 � 0.14t2 + 2.8567t � 14.014 (R2 ¼ 0.9963)

where t was the elution time in min; MW was the molecular
weight.
2.4 Bile acid-binding capacity assay

The in vitro bile-acid binding capacity was detected according to
the method of T. S. Kahlon et al.27 with some modications. The
test samples (1 mL; 100 mg mL�1) and the positive control
cholestyramine (1 mL; 20 mg mL�1) were added to the 25 mL
stoppered test tubes, respectively, and 1mL of HCl (0.01 mol L�1)
was added to digest the samples for 1 h in a 37 �C shaker bath
(simulating the stomach environment). Aer acid incubation to
simulate gastric digestion, the sample pH was adjusted to 6.3
with 0.1 M NaOH. Each sample was added to 4 mL of choline salt
solution (0.2 mmol L�1), including sodium cholate (SC), sodium
glycocholate (SGC), and sodium taurocholate (STC), and 4 mL
PBS was added to the blank. Then, 5 mL of porcine pancreatin (4
� USP, 10 mg mL�1 for simulating the intestinal environment)
was added, and the reaction mixture was shaken at 37 �C for 1 h.
In the bile salt blank, only 4 mL of the cholate standard solution
was added, and the remaining steps were replaced with phos-
phate buffer. The thermostat-vibrated samples were transferred
to a centrifuge tube and were centrifuged at 10 000 rpm for
15 min. Then, 2.5 mL of the supernatant was transferred into
a 25mL stoppered tube, and 7.5 mL of 60% sulfuric acid solution
was added. Aer incubation at 70 �C for 50min, the samples were
frozen at �20 �C for 10 min. Triplicate analysis of each sample
was performed, and values were determined from a cholate
standard curve at a concentration of 0.02, 0.04, 0.06, 0.08,
1.0 mmol L�1. The bile acid-binding capacity was calculated
according to the following equation:

Bile acid-binding capacityð%Þ ¼ ðC0 � C1Þ
C0

� 100

where C0 was the concentration of bile salt blank and C1 was the
concentration of cholate in the supernatant.
2.5 Purication of TOPHs-5

Based on the bile acid-binding capacity, TOPHs-5 with the
highest activity was redissolved in water at a concentration of
20100 | RSC Adv., 2020, 10, 20098–20109
100 mg mL�1 and loaded onto a Sephadex G-15 column (3.0 �
45 cm). The fraction was eluted with distilled water at a ow rate
of 10 mL min�1 and monitored at 220 and 280 nm using
automatic chromatography (EZ Purier III, Shanghai Lishui
Chemical Engineering Co., Ltd, Shanghai, China). Four frac-
tions (Fr. 1–Fr. 4) were obtained, and two (Fr. 1 and Fr. 2) of
which had a high yield. They were further puried through
reversed phase high performance liquid chromatography (RP-
HPLC) with Agilent 1260 HPLC (USA) on a YMC-Pack ODS-A
column (250 � 4.6 mm I.D. S-5 mm, 12 nm) at 40 �C. The
mobile phase was 0.1% TFA in water (solvent A) and 0.1% TFA
in acetonitrile (solvent B). Gradient elution was performed
according to the following process for each fraction: Fr. 1, 0–
5 min, 6% B; 5–45 min, 6–25% B; 45–47 min, 25–35% B; 47–
50 min, 35–75% B; 50–52 min, 75–90% B; 52–54 min, 90–6% B;
Fr. 2, 0–5 min, 6% B; 5–45 min, 6–25% B; 45–50 min, 25–40% B;
50–52 min, 40–75% B; 52–54 min, 75–90% B; 54–55 min, 90–6%
B, at a ow rate of 1.0 mL min�1. The eluted peptides were
monitored by absorbance at 220 nm.

2.6 Identication of peptides by LC-ESI-Q-TOF-MS/MS

The fractions derived from RP-HPLC purication were sub-
jected to LC-ESI-Q-TOF-MS/MS analysis in order to identify all
the potential peptides. The analysis was conducted on a HPLC
system (Agilent 1260, USA), connected to a Bruker Q-TOF
Premier mass spectrometer (Bruker Da; TPMOCS Inc., Bill-
erica, MA) equipped with an electrospray ion source. An aliquot
of 5 mL of the fractions were separated on a YMC-Pack ODS-AQ
column (250 � 4.6 mm, 5 mm) at 40 �C. The mobile phase used
for elution consisted of solvent A (0.1% formic acid in water, v/v)
and solvent B (0.1% formic acid in acetonitrile, v/v). The
gradient elution procedure was the same as mentioned above.
Detection by ESI-Q-TOF was carried out in the positive ionmode
at a capillary voltage of 4500 V and am/z range from 200 to 2000.
Other MS conditions were applied as follows: nebulizer gas,
nitrogen, 0.8 bar; dry gas, nitrogen, 5.0 L min�1, 180 �C; end-
plate offset, 500 V. The quadrupole ion energy and collision
induced dissociation energy were set at 5.0 and 10.0 eV,
respectively. The bioinformatics search engine Mascot Distiller
v 2.6.0 soware (Matrix Science, Boston, MA), UniProtKB/Swiss-
Prot database and NCBInr protein database were used for
analyzing the acquired MS/MS data, and peptides identied
above an appropriate �10 log P threshold were considered as
a true positive.

2.7 In vivo experiment

2.7.1 Animals and treatment. Male Kunming (KM) mice
(supplied by Guangdong Medical Laboratory Animal Center,
Foshan, China, certication no. SCXK 2013-0002) weighing 18–
22 g, were housed in a storage room. All the mice were kept in
stainless steel cages with a constant temperature of 23 � 1 �C,
a relative humidity of 50 � 5% and a 12 h light/dark cycle. The
mice were given a standard diet and allowed free access to tap
water. All animal procedures were performed in accordance
with the U.S. National Institutes of Health Guide for the Care
and Use of Laboratory Animals (publication no. 85-23, revised
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 In vitro bile acid-binding capacity of different samples and
cholestyramine was served as a positive control. (A) The in vitro binding
capacities of bile acids of five hydrolysates. SC, SGC and STC repre-
sented sodium cholate, sodium glycocholate and sodium taur-
ocholate, respectively. The concentration of the five hydrolysates was
100 mg mL�1, and the positive control group was 20 mg mL�1. (B) The
in vitro SGC binding capacity of the ultra-filtration fractions and the
positive control. The concentrations of the ultra-filtration fractions and
the positive control group were 20 mg mL�1. The different letters on
the histogram mean that there was a significant difference compared
with the others, p < 0.05.
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1996) and experiments were approved by the Animal Ethics
Committee of Sun Yat-sen University.

Aer one week of accommodation, sixty KM mice were
randomly divided into ten groups (six mice per group) and
gavaged once a day for 8 weeks.

CD group: mice were fed daily with a standard diet and
gavaged with deionized water at a dose of 1 mL daily for 8 weeks
(control diet group).

HFD group: mice were fed daily with the high-fat diet (HFD)
and gavaged daily with 1 mL of deionized water.

CD + SPPs group: mice were fed daily with a standard diet
and treated with SPPs by gastric gavage daily at a dose of 2 g
kg�1 body weight.

CD + TOPHs-H group: mice were fed daily with a standard
diet and treated with TOPHs by gastric gavage daily at a dose of
5 g kg�1 body weight.

CD + CHO group: mice were fed daily with a standard diet
and administered cholestyramine (CHO) at a daily dose of 0.2 g
kg�1 body weight.

HFD + SPPs group: mice were fed daily with the high-fat diet
and treated with SPPs at a daily dose of 2 g kg�1 body weight.

HFD + TOPHs-L, HFD + TOPHs-M and HFD + TOPHs-H
groups: mice were fed daily with the high-fat diet and treated
daily with TOPHs by gastric gavage at a dose of 0.5 g kg�1, 2.5 g
kg�1 and 5.0 g kg�1 body weight, respectively.

HFD + CHO group: mice were fed daily with the high-fat diet
and treated with cholestyramine at a daily dose of 0.2 g kg�1

body weight.
2.7.2 Blood and tissue sample collection. At the end of the

feeding period, the mice were deeply anesthetized with ether
and sacriced by cervical decapitation to avoid stress aer
a 12 h overnight fast. A blood sample was collected, then
centrifuged for 15 min at 4000 rpm for serum separation, and
frozen in liquid nitrogen at�80 �C prior to the determination of
the serum lipid prole. Livers, kidneys and spleens were excised
from the experimental mice, rinsed with cold phosphate-
buffered saline, and weighed for measuring and calculating
the organ index, which was dened as organ weight/body
weight.

2.7.3 Biochemical parameters assay. The blood urea
nitrogen (BUN), creatinine (CREA), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), total cholesterol (TC),
triglyceride (TG), low-density lipoprotein cholesterol (LDL-C),
and high-density lipoprotein cholesterol (HDL-C) concentra-
tions in serum were assayed enzymatically using commercial
kits according to the manufacturer's instructions (Biosino Bio-
Technology and Science, Inc.), and the atherogenic index (AI)
was calculated as (TC-HDL-C)/HDL-C.28

2.7.4 Histopathological analysis. Once the livers and
kidneys were obtained, they were immediately xed in cold 4%
paraformaldehyde in 0.01 M phosphate-buffered saline (PBS,
pH 7.4) for 48 h. Then, they were subjected to a standard routine
tissue processing technique and embedded in paraffin. The
paraffin sections of the organs were cut to a thickness of 5 mm
and adhered to coated glass. Aer the sections were dewaxed in
xylene and rehydrated through a decreasing series of ethanol,
they were stained with Harris's hematoxylin and eosin
This journal is © The Royal Society of Chemistry 2020
according to standard procedures and were examined under an
Olympus light microscope (CX31; Olympus, Japan).

2.8 Statistical analysis

The data were analyzed using SPSS 24.0 soware (BM INC., New
York, USA). All values were expressed as the mean � standard
deviation. One-way ANOVA with Tukey's post hoc test was used
to compare signicant differences. Differences between the two
groups were analyzed by the Student's t-test. The results were
considered to be statistically signicant if p < 0.05.

3. Results and discussion
3.1 Amino acid compositions

Several studies have indicated that the specic amino acid
compositions of dietary proteins were most likely involved in the
hypolipidemic effects of these proteins.29 The amino acid
composition of the undigested T. ovatus protein is shown in Table
RSC Adv., 2020, 10, 20098–20109 | 20101
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Table 2 Molecular weight distribution of TOPHs and their five ultra-
filtratesa

Area percentages (%)

>10 kDa 5–10 kDa 3–5 kDa <3 kDa

TOPHs 4.11 8.77 9.82 77.30
TOPHs-1 5.85 9.78 10.26 74.11
TOPHs-2 5.61 13.29 12.04 69.06
TOPHs-3 0.41 6.60 10.76 82.23
TOPHs-4 0 0.41 2.72 96.87
TOPHs-5 0 0.25 1.68 98.07

a TOPHs are the protein hydrolysates produced by trypsin; TOPHs-1,
TOPHs-2, TOPHs-3, TOPHs-4 and TOPHs-5 are ultra-ltration
fractions of TOPHs, that were produced sequentially by ultra-ltration
with 100 kDa, 10 kDa, 5 kDa and 3 kDa MWCO membranes. The
molecular weight distributions of 2–3 kDa, 1–2 kDa, and <1 kDa
fractions of the TOPHs account for 8.92%, 17.70% and 50.68%,
respectively.
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1. The sh protein was rich in amino acids and had a high
percentage of essential amino acids (Val, Met, Lys, Ile, Leu, Phe,
Trp and Thr), which was similar to the FAO/WHO reference
protein. Studies have suggested that dietary proteins with low
ratios of Met/Gly and Lys/Arg may contribute to the cholesterol-
lowering effect of dietary protein.30,31 Many studies have also
shown that sh protein hydrolysates that contain lower ratios of
Met/Gly and Lys/Arg compared to casein have cholesterol-
lowering effects.32,33 In addition, hydrophobic amino acids,
which facilitate protein hydrolysates immersion in lipid micelles,
play an important role in cholesterol-lowering activity, especially
affecting bile acid-binding ability. This effect could be attributed
to the interaction of the amino acid residues with the hydro-
phobic core and the anionic carboxylic acid group of the bile
acids, which are amphipathic to bind other hydrophobic amino
acids by weak hydrophobic forces, forming an insoluble complex
for fecal removal.34,35 In this study, the ratio of Met/Gly, Lys/Arg
and hydrophobic amino acids in sh protein was similar to that
reported in many previous studies,36,37 suggesting that T. ovatus
protein and its hydrolysates have potential lipid-lowering effects.
3.2 Preparation of T. ovatus protein hydrolysates (TOPHs)

Since the protein hydrolysates and peptides obtained by
protease hydrolysis have better bioactivity compared to their
parent proteins, the choice of enzymes, processing conditions,
the specicity of the proteases, and the degree of hydrolysis
oen affect the bioactive properties of the protein hydroly-
sates.38 In the present study, trypsin, papain, bromelain,
Alcalase and Neutrase were used for preparation of protein
hydrolysates from T. ovatus muscle proteins. The bile acid-
binding capacity was used as an assessment index to select
the optimum enzyme and the hydrolysis conditions. The
results comparing the bile acid-binding capacities of protein
hydrolysates processed by ve proteases are shown in Fig. 1A.
Fig. 2 Purification of TOPHs-5 by gel filtration chromatography and RP
Four fraction termed as Fr. 1, Fr. 2, Fr. 3 and Fr. 4 were obtained, and hig
identified using LC-ESI-Q-TOF-MS/MS system. (B) Total ion current (TIC)
2. The numbers on the chromatogram represented peptide sequences
(details are presented in Table S1 of the ESI†). RP-HPLC purification was p
(250 � 4.6 mm I.D. S-5 mm, 12 nm) at 40 �C. The mobile phase was 0.1%
eluted peptides were monitored by absorbance at 220 nm.

20102 | RSC Adv., 2020, 10, 20098–20109
The in vitro bile acid-binding capacity of the protein hydroly-
sates produced by trypsin was better than that of other
proteases, and the binding rate of sodium cholate (SC),
sodium glycocholate (SGC) and sodium taurocholate (STC)
reached 42.07%, 33.55% and 30.07%, respectively. There are
two kinds of bile in healthy humans, conjugated bile acid and
free bile acid, and the former is dominant. Both SGC and STC
belong to conjugated cholate. It has been reported that STC
was a conjugated cholate that was difficult combine, and
substances with strong STC binding capacity tended to have
a stronger SGC binding capacity in the human body.39 There-
fore, the trypsin hydrolysis approach was used to prepare
protein hydrolysates, and the in vitro SGC binding rate was
used as an activity indicator.
-HPLC. (A) Sephadex G-15 gel filtration chromatography of TOPHs-5.
h yield fraction (Fr. 1 and Fr. 2) were further purified by RP-HPLC and
chromatogram of Fr. 1. (C) Total ion current (TIC) chromatogram of Fr.
identified by LC-ESI-Q-TOF-MS/MS from Fr. 1 and Fr. 2, respectively
erformedwith Agilent 1260 HPLC (USA) on a YMC-Pack ODS-A column

TFA in water (solvent A) and 0.1% TFA in acetonitrile (solvent B). The

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The peptides with hydrophobicity >60% identified in TOPHs-5. The identification was carried out using an Agilent 1260 HPLC system,
connected to a Bruker Q-TOF Premier mass spectrometer equipped with an electrospray ion source. An aliquot of 5 mL of the fractions were
separated on a YMC-Pack ODS-AQ column (250 � 4.6 mm, 5 mm), and then were subjected to mass spectrometry analysis. Mass spectrometry
was performed in the positive ions electrospray scan mode (ESI+) at a capillary voltage of 4500 V and am/z range from 200 to 2000. (A) LC-MS/
MS spectrum of ANALAANLDK. (B) LC-MS/MS spectrum of ITALAPSTMK. (C) LC-MS/MS spectrum of EITALAPSTM. (D) LC-MS/MS spectrum of
LNFDAFLPMLK. (E) LC-MS/MS spectrum of YVDIVVLK. (F) LC-MS/MS spectrum of LGVAAGA. (G) LC-MS/MS spectrum of AAADGPMK. (H) LC-MS/
MS spectrum of APALEGA. (I) LC-MS/MS spectrum of SFPLAEFL.
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3.3 Molecular weight distribution of TOPHs and their ultra-
ltrates

As presented in Table 2, the molecular weight of the TOPHs
were mainly distributed in <1 kDa (50.68%, as illustrated in the
This journal is © The Royal Society of Chemistry 2020
Table 2 footnote), indicating a large proportion of low molec-
ular weight peptides in TOPHs. The molecular weight of the
hydrolysates was mostly attributable to small peptides with
a molecular mass lower than 3 kDa, accounting for 77.30% of
RSC Adv., 2020, 10, 20098–20109 | 20103
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TOPHs. Meanwhile, the molecular weight distribution of the
ultra-ltration fractions was consistent with that of the TOPHs,
and the fraction of molecular weight <3 kDa in TOPHS-5
reached 98.07%. Related studies have pointed out that
peptides with a molecular weight below 3 kDa contained
a variety of biological activities, such as lowering cholesterol,
antioxidation, lowering blood pressure, and immunoregula-
tion,40 and they have broad application prospects in functional
foods. This result was validated in the following bile acid
binding experiments.

3.4 Bile acid-binding capacity of the ultra-ltration fractions

The bile acid-binding capacities of the ve ultra-ltration frac-
tions are shown in Fig. 1B. Among the ve fractions, TOPHs-3,
TOPHs-4 and TOPHs-5 exhibited strong bile acid-binding
capacity, up to 30.22%, 33.13%, and 35.09%, which were equiv-
alent to 67.10%, 73.56% and 77.97% of cholestyramine at the
same concentration. There was no signicant difference between
TOPHs-5 and TOPHs-4 (p > 0.05), but there were signicant
differences between TOPHs-5 and other fractions as well as the
positive control cholestyramine (p < 0.05).

According to the aforementioned study, the remarkable bile
acid-binding capacity of the ultra-ltration fractions may be
attributed to the amino acid composition and the ratio of
hydrophobic amino acids. In TOPHs-5, the components less than
3 kDa accounted for 98.07% (Table 2), suggesting that the main
substance that bound to bile acid was peptides of molecular
weight not more than 3 kDa. Some previous study had demon-
strated that the smaller the molecular weight, the more signi-
cant binding capacity to bile acid.41 These were pivotal fractions
with hypolipidemic potential and application prospects.

3.5 Purication and identication of peptides derived from
TOPHs-5

Initially, TOPHs-5 was separated into four fractions (Fr. 1–Fr. 4)
on a Sephadex G-15 chromatography column (Fig. 2A). Among
the separated fractions, Fr. 3 and Fr. 4 had a low yield. There-
fore, Fr. 1 and Fr. 2 were further puried with reverse phase
HPLC on an analytical RP-column (ODS-AQ) and identied by
LC-ESI-Q-TOF-MS/MS. As showed in Table S1 of ESI,† a total of
62 peptide sequences with relative molecular mass values
between 527 and 2557 Da and between 7 and 24 amino acids in
length were identied in Fr. 1, while a total of 7 peptide
sequences with relative molecular mass values between 517 and
1762 Da and between 7 and 14 amino acids in length were
identied in Fr. 2. The total ion current chromatograms of Fr. 1
and Fr. 2 were shown in Fig. 2B and C, in which the numbers on
the chromatogram represented the identied peptides corre-
sponding to the retention time. In fact, some studies have re-
ported that high proportion of hydrophobic amino acid
contributed signicantly to the hypolipidemic effect of
peptides. For instance, Lin et al. found that the hypocholester-
olemic peptides comprised Val and Pro, and exerted a correla-
tion between the hydrophobicity and the capacity to bind to bile
acids.42 Zhong et al. found that the higher the content of
hydrophobic amino acids in the fractions of soy protein
20104 | RSC Adv., 2020, 10, 20098–20109
hydrolysate, the stronger the inhibition of cholesterol micelle
solubility in vitro, demonstrating a remarkable hypocholester-
olemic effect.43 In the present study, there were eight peptides
with hydrophobicity more than 60% in Fr. 1 and their
sequences were identied as ANALAANLDK, ITALAPSTMK,
EITALAPSTM, LNFDAFLPMLK, AAADGPMK, YVDIVVLK,
LGVAAGA and APALEGA, respectively. There were two peptides
with hydrophobicity more than 70% in Fr. 2 and their
sequences were LNFDAFLPMLK and SFPLAEFL, respectively.
Since LNFDAFLPMLK was the same peptide identied simul-
taneously in Fr. 1 and Fr. 2, a total of 9 peptides with hydro-
phobicity greater than 60% were identied from TOPHs-5
(Fig. 3). They were mainly composed of hydrophobic amino
acid residues such as Pro, Ala and Leu, which could also be
responsible for the bile acid-binding effect of TOPHs-5.

3.6 Effects of TOPHs on body weight and organ indices in
mice

Currently, dietary protein sources with the function of hypo-
lipidemic effect mainly composed of soybean protein, milk
protein, egg white protein, buckwheat protein and sh protein.
However, most papers on hypolipidemic effect focused on
soybean protein hydrolysates and peptides, and a series of
studies covered various types of soybean protein, which made
soybean protein and its peptides an ideal reference model for
the hypolipidemic research.44 The growth parameters of the
different groups of mice during the eight weeks are presented in
Fig. S1 of ESI.† At the end of the experiment, body weight and
organ indices of the mice in all the groups had an obvious
increase. However, no signicant differences were observed
between the treatment groups, except for the decrease of liver
index and the increase of spleen index in the SPPs combined
with standard diet group caused by individual differences,
indicating that the administration of TOPHs had no toxic effect
at the experimental dose. The body weight change could be
attributed to the high-fat diet formula, which contained a high
proportion of cholesterol and cholate that affected the taste and
showed an appetite-suppressing effect on mice. Therefore, the
improvement of blood lipid proles was more pronounced than
the measurable difference in body weight. These results were
consistent with those of Nasri et al.45

3.7 Effect of TOPHs on serum lipids in mice

The effects of TOPHs on the serum lipid proles in experi-
mental mice are shown in Table 3. A signicant increase was
observed in serum total cholesterol (TC), low-density lipopro-
tein cholesterol (LDL-C) levels and atherogenic index (AI) value
by 112.20%, 77.92%, 621.05%, respectively, and there was
a 33.53% decrease in the serum high-density lipoprotein
cholesterol (HDL-C) levels in the HFD group compared to those
of the CD group (p < 0.05). However, there were no signicant
differences in the serum TG content between the HFD group
and the CD group (p > 0.05), which could be a typical hyper-
cholesterolemia. In addition, mice fed with a standard diet and
simultaneously treated with a 2 g kg�1 d�1 dose of SPPs, a 5 g
kg�1 d�1 dose of TOPHs or a 0.2 g kg�1 d�1 dose of
This journal is © The Royal Society of Chemistry 2020
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Table 3 Serum TC, TG, HDL-C, LDL-C and AI in different KM mice groupsa

Groups TC (mmol L�1) TG (mmol L�1) HDL-C (mmol L�1) LDL-C (mmol L�1) AI

CD 2.54 � 0.50 1.04 � 0.11 1.67 � 0.27 1.54 � 0.19 0.57 � 0.42
HFD 5.39 � 0.86a 0.98 � 0.08 1.11 � 0.19a 2.74 � 0.56a 4.11 � 1.79a

CD + SPPs 2.68 � 0.31b 1.05 � 0.10 1.16 � 0.08b 1.56 � 0.22b 0.84 � 0.27b

CD + TOPHs-H 2.74 � 0.23b 1.45 � 0.50ab 1.30 � 0.15a 1.58� 0.12b 1.11 � 0.19b

CD + CHO 2.48 � 0.27b 1.36 � 0.16ab 1.95 � 0.55b 1.83 � 0.28b 0.36 � 0.41b

HFD + SPPs 4.81 � 0.30ab 0.84 � 0.08 1.55 � 0.25b 2.51 � 0.06a 2.18 � 0.58ab

HFD + TOPHs-L 4.39 � 0.39ab 0.91� 0.21 1.46 � 0.30b 2.41 � 0.26ab 2.11 � 68ab

HFD + TOPHs-M 4.28 � 0.47ab 0.86 � 0.07 1.51 � 0.04b 2.11� 0.14abc 1.83 � 0.31ab

HFD + TOPHs-H 3.97 � 0.19abc 0.76 � 0.11a 1.67 � 0.11b 1.97 � 0.17abcd 1.38 � 0.20ab

HFD + CHO 3.47 � 0.51abcde 0.70 � 0.13ab 1.56 � 0.29b 1.76 � 0.25bcde 1.28 � 0.47bcd

a Values are expressed as the mean� SD of six mice in each group. aRepresents p < 0.05 compared to the CD groups. bRepresents p < 0.05 compared
to the HFD group. cRepresents p < 0.05 compared to the HFD + SPPs group. dRepresents p < 0.05 compared to the HFD + TOPHs-L group.
eRepresents p < 0.05 compared to the HFD + TOPHs-M group. No signicant differences were observed between HFD + TOPHs-H and HFD +
CHO groups (p > 0.05), for which no superscript letters are marked.
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cholestyramine (CD + SPPs, CD + TOPHs-H and CD + CHO
groups) did not have signicant different serum lipid levels
compared with those of the CD group, but there was a signi-
cant difference compared with those of the HFD group. The
overall results indicated that the hyperlipidemic model was
successfully established. Moreover, SPPs, TOPHs and chole-
styramine have no obvious adverse effect on the serum lipids of
normal mice.

Aer 8 weeks gavage administration, the contol sample of
SPPs, the different doses of TOPHs and the positive control drug
of cholestyramine all signicantly decrease the serum TC and
LDL-C levels (excluding SPPs treatment group) and AI value of
the hyperlipidemic mice (p < 0.05). Meanwhile, the treatments
also led to a marked increase in serum HDL-C levels (p < 0.05).
Changes in the TOPHs treatment groups revealed a dose-
dependent manner. In comparison to HFD group, the TC, TG,
LDL-C levels and AI value of the HFD + TOPHs-H group
decreased by 26.28%, 22.53%, 28.20% and 66.37%, respectively,
and the HDL-C increased by 51.43%, which was higher than
that in the positive drug group (HFD + CHO group, 40.72%).
However, there were no signicant difference in serum lipid
proles and AI value between the HFD + TOPHs-M, HFD +
TOPHs-H and the positive drug groups (p > 0.05). Compared
with the HFD + SPPs group, the HFD + TOPHs-M and HFD +
TOPHs-H groups had stronger effects on reducing TC and LDL-
C levels. Although there was no statistical difference in reducing
AI index, it was obvious that the TOPHs-H and TOPHs-M treated
group had a better effect (66.37% and 55.52% compared with
48.72%). In general, the HFD + TOPHs-L group and the HFD +
SPPs group had roughly similar effects in improving lipid
proles and AI index. The results showed that the improvement
effect on the blood lipids and AI values in the middle-dose
group and the high-dose group of TOPHs was similar to that
of cholestyramine, but the effect was better than that of SPPs.

Previous studies have corroborated that high-fat feeding
caused an elevation in serum TC, TG, LDL-C, and AI, and caused
a reduction in HDL-C in laboratory animals. It led to abnormal
lipid metabolism and consequent hyperlipidemia, which were
simultaneously associated with increased risk of cardiovascular
This journal is © The Royal Society of Chemistry 2020
disease.46–49 Excessive cholesterol, particularly LDL-C, with
elevated deposition in blood vessel walls leads to atheroscle-
rosis. However, HDL-C facilitates cholesterol transport from
peripheral tissues to the liver for catabolism. Decreasing the
serum LDL-C and increasing HDL-C can lower the risk of
developing cardiovascular disease.50,51 On the basis of the
current literature, the hypolipidemic effects of dietary food
proteins could be associated with the amino acid composition
and sequence of the bioactive peptides, which are released by
enzymatic hydrolysis.38

Numerous studies have suggested that the possible mech-
anisms of the hypolipidemic effects of dietary peptides and
proteins include the following major aspects. Firstly, dietary
peptides and proteins can disrupt the cholesterol micellar
solubility. Secondly, they can bind bile acids by hydrophobic
or ionic forces to form insoluble adducts. Thirdly, they can
alter hepatic and adipocytic enzyme activities and gene
expression associated with cholesterol metabolism.52,53 In the
present study, administration of sh protein hydrolysates
generated by trypsin obviously improved lipid metabolism and
lowered the incidence of hyperlipoidemia in mice, but the
precise hypolipidemic mechanisms of protein hydrolysates
were not clear. However, several hypolipidemic mechanisms of
sh protein hydrolysates have been reported in the literature,
and several hypotheses may be proposed to explain the
potential mechanisms of our study. One explanation could be
that TOPHs inhibited cholesterol biosynthesis through
a decrease in 3-hydroxyl-3-methyl-glutaryl-coenzyme A (HMG-
CoA) reductase activity and an increase in the low density
lipoprotein receptor (LDL-R).11,30 Another explanation could be
that TOPHs enhanced the metabolism and decomposition of
cholesterols and inhibited the enterohepatic cycle of bile
acids. It mainly acted by upregulating the expression of liver X
receptor (LXR) a and cholesterol 7a-hydroxylase (CYP7a-1)
genes and by downregulating the expression of the hepatic
farnesoid X receptor (FXR).54 Furthermore, TOPHs could
effectively inhibit the absorption of cholesterol in the jejunum
and bile acid in the ileum, which could attributed to their
strong bile acid-binding capacity.55 These possible
RSC Adv., 2020, 10, 20098–20109 | 20105
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Table 4 Serum ALT, AST, BUN and CREA in different KM mice groupsa

Groups ALT (U L�1) AST (U L�1) BUN (mmol L�1) CREA (mmol L�1)

CD 19.78 � 1.05 91.81 � 3.46 5.21 � 0.30 163.07 � 8.39
HFD 30.88 � 9.38a 110.93 � 22.22a 5.63 � 0.21 160.46 � 10.02
CD + SPPs 20.62 � 3.17b 94.13 � 6.71b 5.53 � 0.36 160.87 � 14.44
CD + TOPHs-H 18.02 � 1.81b 87.82 � 6.08b 5.77 � 0.55a 166.65 � 13.48
CD + CHO 12.47 � 2.66b 77.88 �4.82ab 5.14� 0.24 161.19 � 7.69
HFD + SPPs 26.85 � 6.94 90.72 � 6.61b 5.83 � 0.51a 186.09 � 8.54ab

HFD + TOPHs-L 29.75� 10.81a 98.91 �11.47 6.18 �0.69ab 150.18 � 2.31ac

HFD + TOPHs-M 25.01 � 8.30 88.71 � 19.04b 5.92 � 0.67a 148.88 � 5.37abc

HFD + TOPHs-H 15.64 � 6.01bcde 75.12 � 11.17abcd 5.83 � 0.09a 146.55 � 5.56abc

HFD + CHO 19.76 � 4.55bd 83.80 � 10.21bd 5.41 � 0.47d 148.99 � 8.29abc

a Values are expressed as the mean � SD of six mice in each group. aRepresents p < 0.05 compared with the CD group. bRepresents p < 0.05
compared with the HFD group. cRepresents p < 0.05 compared with the HFD + SPPs group. dRepresents p < 0.05 compared with the HFD +
TOPHs-L group. eRepresents p < 0.05 compared with the HFD + TOPHs-M group. Except for the difference in ALT between the HFD + TOPHs-M
and the HFD + TOPHs-H groups, there was no signicant difference between the HFD + TOPHs-M, HFD + TOPHs-H and HFD + CHO groups (p
> 0.05).
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mechanisms are supported by several previous studies on
hypolipidemic effects of sh protein hydrolysates.56–58 Further
studies for the underlying mechanism of TOPHs on the
hypolipidemic effect are warranted.
3.8 Effect of TOPHs on hepatorenal function of mice

ALT and AST are the main indicators of liver function, and BUN
and CREA are the main indicators of kidney function. The
increase of the four indicators mentioned above reects the
extent of liver damage and renal dysfunction, suggesting
hepatocyte leakage and loss of functional integrity of the cell
membrane and changes in glomerular structure and function.59

Changes in biochemical parameters in all the experimental
mouse groups are shown in Table 4. Compared with the normal
control group, the HFD group gave rise to a signicant increase
in ALT and AST (p < 0.05), demonstrating that the high-fat diet
led to dysfunction of the liver. However, oral administration of
TOPHs and cholestyramine decreased the levels of the two
enzymes in the serum, and TOPHs acted in a dose-dependent
manner. Moreover, the serum ALT and AST values of the HFD
+ TOPHs-H group declined by 49.35% and 32.28%, respectively,
higher than those in the HFD + CHO group (36.02% and
24.45%, respectively). It was interesting to note that there were
no signicant changes in the BUN level of the treatment group
(p > 0.05), although the CREA level in the TOPHs groups
decreased in a dose-dependent manner compared with that in
the HFD group (p < 0.05). The improvement effect of SPPs
treatment group on liver and kidney function was similar to that
of TOPHs-M treatment group. We speculated that the admin-
istration of TOPHs can signicantly correct the disturbances of
the hepatorenal function with no fat deposition in the liver,
resulting in a protective effect on renal histological changes.60

This hypothesis would be validated in subsequent histopatho-
logical observations. Thus, the present study indicated that
TOPHs treatment could effectively improve liver and kidney
function and prevent the organ damages induced by high-fat
diet.
20106 | RSC Adv., 2020, 10, 20098–20109
3.9 Effect of TOPHs on hepatic and renal histopathological
changes

The results of histological examination of mouse liver and
kidney are shown in Fig. 4(a) and (b), respectively. As shown in
Fig. 4(a-A), the liver of the CD group showed a normal hepatic
lobule architecture and normal hepatocytes structure. In
contrast, the arrangement of the hepatic cords of mice in the
HFD group was disordered or disappeared in the light micro-
scope, and a large number of hepatocytes were swollen and had
undergone hydropic degeneration. Moreover, hepatocytes
showed typical steatosis and cytoplasmic vacuoles, and diffuse
steatosis was observed in the liver cells of some samples. A
small number of lymphocytes and macrophages were observed
in the portal areas, where pseudo lobules along with spotty and
focal necrosis of hepatocytes were also observed (Fig. 4(a-B)). As
shown in Fig. 4(a-F), the hepatocytes of HFD mice treated with
SPPs showed focal mild to moderate steatosis, which was
concentrated around the portal area, and a few hepatocytes
were edematous. The effects of TOPHs on hepatocyte cells of
HFD mice are presented in Fig. 4(a-(G–I)). With increasing
intervention doses, the fat droplets and fat vacuoles decreased
and became smaller until they gradually disappeared, the
hepatocyte edema and degeneration was gradually ameliorated,
and the structure of hepatocytes tended to become normal.
Healthy mice, which fed SPPS, TOPHs-H and cholestyramine,
exhibited a normal liver histological appearance (Fig. 4(a-(C–
E))). Interestingly, hepatocytes from HFD mice treated with
cholestyramine revealed improvement with mild steatosis,
edema, and fewer fat vacuoles, and an essentially normal liver
cell structure (Fig. 4(a-J)). The kidneys of healthy control mice
showed normal histologies with clear renal cortex and medulla
structures (Fig. 4(b-A)). No signicant histological changes were
observed in the kidneys of the HFD, SPPs, TOPHs, or chole-
styramine treated groups (Fig. 4(b-(B–J))). This result was
consistent with the biochemical parameters determination of
the aforementioned serum BUN and CREA, which proved our
previous hypothesis.
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Effect of TOPHs on the histopathological changes in mouse liver and kidney tissue. (a) Liver and (b) kidney sections were stained with
hematoxylin and eosin. (A) CD group. (B) HFD group. (C) CD + SPPs group. (D) CD + TOPHs-H group. (E) CD + CHO group. (F) HFD + SPPs group.
(G) HFD + TOPHs-L group. (H) HFD + TOPHs-M group. (I) HFD + TOPHs-H group. (J) HFD + CHO group. Arrows indicate in (a): ( )
hepatocyte; ( ) central vein; ( ) steatosis; ( ) hydropic degeneration; ( ) vacuolization; ( ) leucocyte infiltration; ( ) vascular
congestion. Arrows indicate in (b): ( ) Bowman's space; ( ) tubular lumen.
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4. Conclusions

In this study, hydrolysates obtained from T. ovatus muscle
proteins by treatment with trypsin hydrolysis were analyzed for
their hypolipidemic effect on hyperlipidemic mice. The hydro-
lysates were mainly composed of small molecules below 3 kDa,
up to 77.30%, revealed strong bile acid binding capability.
Fractions of the ultra-ltration, which showed the highest bile
acid binding capability, were puried by gel ltration chroma-
tography and RP-HPLC and identied using LC-ESI-Q-TOF-MS/
This journal is © The Royal Society of Chemistry 2020
MS. A total of 68 peptides were identied from TOHPs-5, of
which 9 peptides were hydrophobic more than 60%, which
could be a signicant contributor to the hypolipidemic effect of
the protein hydrolysates and peptides. The sh protein hydro-
lysates had no toxic effect at the experimental dose, signicantly
improved the lipid prole and hepatorenal function, and
reduced the risk of development of hepatocellular injury and
atherosclerosis-associated conditions. The overall results
suggest that T. ovatus muscle is an excellent dietary protein
resource for the production of benecial proteins and peptides,
RSC Adv., 2020, 10, 20098–20109 | 20107
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and they could be used to develop functional foods or thera-
peutic agents aimed at preventing or treatment of hyperlipid-
emia and atherosclerosis-related disease.
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