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ABSTRACT

Objective(s): The effects of protein hydrolysates (FP) from Litopenaeus vannamei on oxidative stress,
and autophagy gene expression was investigated in the NAFLD-induced rats.

Materials and Methods: For this purpose, twenty-four male rats were divided into four groups:
Control, High-fat diet (HFD), FP20+HFD, and FP300+HFD (20 and 300 mg FP /kg rat body weight)
and fed for 70 days.

Results: The results indicated that the rat body and relative weight of the liver were not affected by
experimental treatments (P>0.05) although the highest relative weight of the liver was observed in
HFD treatment. The highest and lowest values for antioxidant enzymes and MDA concentration were
observed in FP treatments (P<0.05). Also, the results showed that FP significantly decreased liver
enzymes (ALT, AST) in the liver in comparison with HFD treatment (P<0.05). Plasma biochemical
indices were investigated and the lowest amylase, ALP, fasting glucose, insulin, HOMA-IR,
triglycerides, cholesterol, and inflammation cytokines (TNF-a, IL-6) were seen in the FP treatments
which had a significant difference with HFD (P<0.05). Autophagy gene expression in the liver cells
was affected by experimental diets and the lowest expression of Beclin-1 and Atg7 was observed in
HFD and FP300 treatments. Interestingly, the highest expression of LC3-1 and P62 was seen in HFD
and FP treatments, not in the control.

Conclusion: Overall, the results of this experiment indicated that FPs extracted from Whiteleg shrimp
at 50 °C improve the oxidative status, glucose metabolism, and autophagy gene expression and could
be used as a useful nutritional strategy in fatty liver prevention.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the
most common liver disease affecting 25% of the world’s
population. It is characterized by an increase in triglycerides
and intrahepatic free fatty acids content without alcohol
consumption (1). This disease, which is very common in
developed countries due to improper diets, is associated
with increased blood triglyceride levels after consumption
of calories and lipids in the body (2). Therefore, NAFLD
is often linked to obesity and dyslipidemia and can lead to
liver fibrosis, cirrhosis, and liver cell cancer (3). Moreover, it
is associated with complications such as insulin resistance,
type 2 diabetes, hyperlipidemia, and high blood pressure
(4). Other factors contributing to this disease include
abdominal surgery such as gallbladder removal, surgery
on the pancreas, removal of a part of the intestine or
stomach, and the use of some medications, like estrogen and
corticosteroids such as steroids, amiodarone, tamoxifen,
and sodium valproate. So far, few treatments such as insulin
sensitizers, lipid-lowering drugs, and Pentoxifylline have
been recommended to treat NAFLD. However, these drugs
have undesirable side effects including weight gain, nausea,
vomiting, and higher mortality limiting their use (5).

Therefore, scientists have been motivated to find methods
based on using natural anti-oxidants.

Based on global statistics, the aquaculture industry
generates huge amounts of protein-containing by-products
that can be enzymatically broken down into smaller
bioactive peptides. The latter substances can possibly be
applied as additives to nutraceuticals and functional foods
targeted for patients with NAFLD. Protein hydrolysates
or bioactive peptides contain 2 to 20 amino acids with
a molecular weight of 200 to 1800 DA and are normally
composed of different amino acid sequences (6). The
specific positions of these amino acids in the peptide
chain determine the bioactive properties of the protein
hydrolysates (6). As a result of bioactive properties, free
forms of these peptides have several physiological functions
such as immune system stimulation (7), antimicrobial
effects (8), anti-oxidant properties (9), antihypertensive
(3), and anti-inflammatory features (9). Several studies
indicated that protein hydrolysates modulate complications
in patients with NAFLD. A 2016 study revealed that the
use of the VHVYV peptide reduces the levels of low-density
triacylglycerol, lipoprotein cholesterol, as well as liver
cell fibrosis (10). Furthermore, in 2015 it was found that
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peptides extracted from salmon waste affect fat metabolism
and reduce the synthesis of fatty acids and expression of
lipogenic genes (11). Similarly, Huang et al. (2018) indicated
that oligopeptides extracted from oysters (Meretrix meretrix)
increased the expression of AMPk and PPAR genes and
reduced the expression of SREBP-lc (12). This ultimately
reduced the secretion of ALT and AST enzymes, and the
concentration of MDA in rats with NAFLD. A study (2020)
demonstrated that the use of protein hydrolysate extracted
from Anchovy (Engraulis encrasicolus) waste reduced total
cholesterol, serum triglycerides, liver enzyme activity, and
liver triacylglycerol levels (13).

Whiteleg shrimp (Litopenaeus vannami), the most
important commercial species of shrimp, is produced
about 5 million tons per year (14). Since its production
includes 50% waste from different parts of the body, using
this capacity to extract bioactive substances can help the
pharmaceutical industry (15). According to the results of
the above studies, the present study aimed to investigate the
effects of protein hydrolysates extracted from L. Vannamei
waste at fixed temperature (50 °C) on liver anti-oxidant
indices, and expression of autophagy-related genes in
induced NAFLD male rats.

Materials and Methods
Peptide preparation

Pacific white shrimp waste was purchased from a shrimp
processing center (Persian Gulf Daryahodeh Co., Bushehr,
Iran). By-products were minced with a meat grinder using
a 3 mm hole plate (Pars Khazar Co., Tehran, Iran) and then
mixed at a 1:1 ratio with distilled water and homogenized for
2 min with a Heidolph DIAX900 homogenizer (Heidolph
Instruments GmbH, Schwabach, Germany). Hydrolysis
was done by Alcalase enzyme and according to the method
of Nikoo et al. (2021) at an initial pH (~7.1) using fixed
temperature (FT) (50 °C) for 3 hr (16). During autolysis,
the mixture was continuously stirred using an overhead
stirrer. The mixtures were heated in a boiling water bath
(~95 °C) for 10 min to stop the reaction, filtered using two
layers of cheesecloth followed by centrifugation at 4000 x g
for 20 min at 4 °C and the supernatants were freeze-dried.
The molecular weight distribution of produced protein
hydrolysates was determined and the results indicated
that the peptides with varying chain length were generated
following autolysis and the percentage of < 500 Da was 40%
of total peptides in the protein hydrolysate (16) (Figure 1).

Animals, diets, and experiment design

Twenty-four male Wistar rats with an initial average
weight of 230.2+23 g were prepared from the animal house
of the Department of Biology, Urmia University, and divided
into four cages (6 rats per treatment). The rats were fed a
standard diet during the adaptation period at 25 °C, and a 12
hr-light regime. After one week of adaptation, the animals
were divided into four experimental treatments (Control:
standard diet, HFD: High-fat diet, FP20: High-fat diet+20
mg/kg peptide per body weight of rat, FP300: High-fat diet
+300 mg/kg of peptide per body weight of rat) (5, 17). To
prepare a high-fat diet, 10% animal fat and 5% fructose
were added to 85% of normal diets (18). Bioactive peptide
solution at concentrations of 20 and 300 mg/kg body weight
of the rats were freshly prepared and dissolved in 4 ml of
distilled water daily and entered the gastrointestinal tract of
the rats by an oro-gastric feeding needle. It should be noted
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that a standard diet was used for the control group and 4 ml
distilled water was administered orally using an oro-gastric
feeding needle.

Blood collection and liver sampling

After 70 days, the rats were anesthetized to avoid any
stress during blood sampling. After weighing, the blood
samples were taken directly from the animal’s heart with
5-mm syringes impregnated with heparin anticoagulant. The
plasma of blood samples was isolated after centrifugation
at 3500 g for 10 min. The samples were kept at -80 °C to
measure inflammatory cytokines (TNF-a and IL6) and
other plasma indices. The autopsy was performed after
blood sampling, and the liver sample of the rats was divided
into two parts after weighing. The samples were taken to -80
°C for measuring the anti-oxidant enzymes, and expression
of autophagy genes. The second part was fixed in 10%
formalin for histological examinations.

Biochemical evaluations
Measurement of anti-oxidant enzymes in the liver

One gram of the liver tissue kept at -80 °C, was
homogenized at a temperature close to 0 °C at a 1:10 ratio
with physiological serum for 1 min using a homogenizer
(homogenizationfor20sec,stopfor5sec). Finally,the mixture
was transferred to the micro-centrifuge and centrifuged
(20000 rpm, 4 °C) for 10 min. The supernatant was separated
and transferred to a new microtube to evaluate the anti-
oxidant indices (TAC, GSH, SOD, and MDA concentration)
by using Arsam Farazist kits (Arsam Farazist, Urmia, Iran).
Reduced Glutathione (GSH) was assessed using the thiol
concentration (yellow) in glutathione which reacts with
the element reagent namely dinitrothiocyanatebenzene
(DNTB) and produces nitro thiobenzoate (TNB). The
produced yellow color was quantified at 412 nm. The color
intensity was directly proportional to the reductive thiol.
Finally, the amount of GSH in mmol/mg of protein was
expressed (19). Lipid peroxidation is one of the cell damage
mechanisms in animals and plants that can be measured
by malondialdehyde (MDA). The TBARS test is a direct
quantitative method to measure MDA. The samples and
MDA standards first react with TBA at 95 °C and MDA
concentration was expressed based on nmol of MDA per
mg of protein (20). Total anti-oxidant capacity (TAC) was
measured using the ABTS method which can be oxidized
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Figure 1. MWD of Pacific white shrimp hydrolysates obtained by alcalase
hydrolysis. Enzyme: Substrate ratio was 5% for 180 min at 50 °C
MWD: Molecular weight distribution
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to ABTS* (green) in the presence of a suitable oxidant, and
anti-oxidants inhibit the process. The TAC of the samples
can be determined by measuring ABTS* absorption at 414
nm. To measure SOD, the method developed by Sun et al.
(1988) was used (21). The amount of enzyme activity is
directly related to the degree of inhibition of oxidation of
Nitroblue tetrazolium by O, anion. The absorbance was
read at 580 nm, and the enzyme activity was expressed as a
unit in mg of protein. It is worth noting that the amount of
supernatant protein was measured according to the method
of Lowry (1951) and bovine serum albumin was used as the
standard (22).

Measuring the biochemical indices and pro-inflammatory
factors in plasma

Commercial kits of Darman Faraz Kave (Isfahan, Iran)
were used to measure amylase, alkaline phosphatase, liver
enzymes (ALT and AST), cholesterol, and triglyceride
concentration. To measure amylase activity, the amount
of produced p-nitrophenol was read at 405 nm, which is
directly related to amylase activity and reported according
to the kit protocol. The alkaline phosphatase separates
the phosphate group from 4-nitrophenol phosphate and
produces 4-nitrophenol, which is colorless in a weakly acidic
environment. Under alkaline conditions, 4-nitrophenol
forms a yellow phenoxide ion readable at 405 nm.

AST and ALT were measured according to the
commercial kit protocol and their concentration was
reported in Unit/l. To measure triglycerides, we used
the mechanism of its conversion to hydrogen peroxide
by lipase, glycerokinase, and glycerol phosphate oxidase
which produces colorful Quinoneimine by peroxidase in
the presence of 4-aminophenazone and 4-chlorophenol.
The Quinoneimine concentration was read at 500 nm
and the amount of triglyceride was reported in mg/dl. To
calculate the cholesterol concentration, the formation of
Qunioneimine using hydrogen peroxide in the presence
of 4-aminophenazen and 4-chlorophenol was used. The
amount of this color was read at 520 nm which is directly
proportional with the amount of plasma cholesterol (mg/
dl). Also, at the end of the experiment, the levels of pro-
inflammatory factors such as TNF-a and IL-6 in plasma
were calculated, using commercial Kits (Zelbio, Germany)
according to the kit protocol.

Determination of fasting blood glucose, glucose tolerance,
insulin, and HOMA-IR

To measure fasting glucose concentration and glucose
resistance, the animals were deprived of food for 14 hr but
had free access to water (23). The blood samples were taken
through the tail vein and the glucose concentration was
measured and reported using a commercial kit (Darman
Faraz kave, Esfahan, Iran). Resistance of the rats to glucose
was determined by glucose solution (2 g/kg body weight of
the rats), and its administration was orally using an oro-
gastric feeding needle. The blood glucose level was measured
using a glucometer at 0, 30, 60, 90, and 120 min, for which a
graph of glucose changes was plotted for all treatments. For
calculation of HOMA-IR, the method of Matthews et al,
(1985) (Insulin (uIU/ml) x fasting glucose (umol/L)/22.5) was
used (24). We measured plasma insulin levels using a kit from
Zelbio Company (Berlin, Germany) and the ELISA technique.

Analysis of mRNA expression of autophagy genes by RT-gPCR
The TRIZOL method was used to extract mRNA to
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investigate the expression of autophagy genes, including
Beclin 1, Atg7, LC3- 1, and P62 in the rat liver. To this end,
20-30 mg of liver tissue was homogenized using TRIZOL
solution. After total extraction of mRNA, its quantity and
quality were measured by NanoDrop spectrophotometer
(260 nm). RNA with quality of more than 1.8-2 was
considered for the synthesis of cDNA. Then, cDNA was
synthesized in the reaction mixture of 20 ml containing
1 mg RNA, OLIGO Primer (1 pl), reaction buffer (4 ul),
RNAse inhibitor (1 ul), 10 mM of ANTP mixture (2 ul),
and M-MuLV reverse transcriptase (1 ul) according to
the manufacturer’s protocol (Pars Tous Company, CAT:
A101161, Iran). We also performed quantitative RT-qPCR
tests for each sample using a thermal mini-cycler MyGo
PCR (USA) in three versions. qQPCR reaction mixtures
contained 0.5 yl of the cDNA pattern, 10 ul of 2*SYBER
GREEN master (High ROX, Noavaran Teb Beynolmelal
company, Iran), and 0.5 pl of forward and reverse primers
of the target genes. Specific primers were selected using
Multiple alignment program for amino acid or nucleotide
sequences (MAFFT) V.7 (https://mafft.cbrc.jp/alignment/
server) which was designed and built by Gen Fanavaran
Company (Tehran, Iran). Table 1 presents the primer pair
sequence for each gene. The thermal cycling conditions of
qPCR are as follows: a general denaturation at 95 °C for
5 min followed by 40 denaturation cycles at 95 °C for 20
sec, annealing (Table 1) for 30 sec , and continuing at 72
°C for 30 sec . The average values of Ct (threshold cycle)
were normalized from triple readings of each gene with an
average CT value of the internal control gene (GAPDH)
and the relative expression level of each gene was calculated
using the ACt method: 27 (dCt gene of interest — dCt internal
control gene) (25).

Preparation and analysis of liver tissue

For liver histological investigations, fixed samples in 10%
formalin were used. Liver sections (5 pm) were stained with
hematoxylin & eosin and Sudan Black B using standard
techniques, and fat accumulation in liver sections was
observed by the method of Brunt et al. (1999) (26).

Statistical calculations

Data are presented as mean + standard deviation (SD)
for n = 6 rats per treatment. The data were examined for
normality (Kolmogorov — Smirnov test) and homogeneity
of variance (Levene’s test), then one-way ANOVA and
Kruskal-Wallis tests were used to compare the means. Excel
software V. 2013 was used to draw graphs and Spss software
V.21 was applied to examine statistical changes in research
treatments.

Results
Weight gain and relative weights of livers

The results of the effects of protein hydrolysate on weight
gain and relative weights of livers are presented in Table 1.
Based on these results, the rats fed experimental diets did
not reveal differences between experimental treatments
in the case of body weight and relative weights of livers
(P<0.05), although the highest relative weight of the liver
was observed in HFD treatment.

Oxidative status and serological parameters

At the end of the experiment, liver oxidative status
was evaluated in NAFLD-induced rats and the results are
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Table 1. Weight gain and relative weights of livers in induced Non-alcoholic fatty liver disease (NAFLD) rats after 70 days of the experiment period

Control HFD HFD+FP20 HFD+FP300
Weight gain
ght gain (¢) 62.6+11.2° 53.6+104° 56.5+7.3"° 59.0+55*
Relative weights of livers (g)
28+02° 32+02° 27+03° 27+02°

Data are expressed as mean + SD (n= 6 per treatment)
Different letters within a row indicate significant differences (P<0.05)

Table 2. Nucleotides sequences of primers used for PCR

Gene Primer AT Bp

P62 F: GCTGCTCTCTTCAGGCTTACAG 53°% 22
R: CCTGCTTCACAGTAGACGAAAG

Beclin-1 F: AGCACGCCATGTATAGCAAAGA 51°% 22
R: GGAAGAGGGAAAGGACAGCAT
Atg7 F: AGCCTGTTCATCCAAAGTTCT 46°c 21
R: CTGTGGTTGCTCAGACGGT
LC3-1 F: GATGTCCGACTTATTCGAGAGC 46°c 22
R: TTGAGCTGTAAGCGCCTTCTA
GAPDH F: AAGGTCATCCATGACAACTT 58° 20

R: GGCCATCCACAGTCTTCTGG

presented in Figure 2. The results showed that the use of the
protein hydrolysates affected the TAC and the highest values
were observed in the control and HFD+FP20 treatments
which differed from the others (P<0.05). Also, the rats fed
the HFD and high dose of the peptides showed a low level of
TAC, and the lowest value was seen in HFD+FP300 which
had a significant difference with HFD (P<0.05). A similar
pattern was observed for SOD enzyme activity as seen for
TAC. The concentration of MDA was increased significantly
when the rats were fed HFD treatment as compared with the
others (P<0.05). No significant difference was seen between
control and peptides treatments (P>0.05).
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Data in Figure 3, show the effect of the protein
hydrolysates extracted from Whiteleg shrimp waste on
serum triglycerides and cholesterol. The data showed that
the rats fed HFD had a significantly higher triglyceride
concentration when compared with the others (P<0.05). At
the end of the experiment, no significant difference was seen
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Figure 3. Effects of protein hydrolysates extracted from Whiteleg shrimp
waste on serum triglyceride and cholesterol in induced NAFLD rats.
Data are presented as the mean + SD (n=6 per treatment). Results were
statistically analyzed using one-way ANOVA followed by Duncan's
multiple-comparison test, and values with different labels (a-c) are
significantly different (P<0.05)

NAFLD: Non-alcoholic fatty liver disease; Control: Standard diet; HFD:
High-fat diet; FP20: High-fat diet+20 mg/kg peptide per body weight of
rat; FP300: High-fat diet +300 mg/kg of peptide per body weight of rat
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Figure 2. Effects of protein hydrolysates on TAC, SOD, and MDA concentrations in liver tissue in induced NAFLD rats. Data are presented as the mean + SD
(n = 6 per treatment). Results were statistically analyzed using one-way ANOVA followed by Duncan's multiple-comparison test, and values with different
labels (a—c) are significantly different (P<0.05)

TAC: Total anti-oxidant capacity; MAD: Malondialdehyde; NAFLD: Non-alcoholic fatty liver disease; Control: Standard diet; HFD: High-fat diet; FP20:
High-fat diet+20 mg/kg peptide per body weight of rat; FP300: High-fat diet +300 mg/kg of peptide per body weight of rat
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Figure 4. Effects of protein hydrolysates extracted from Whiteleg shrimp waste on serum amylase and alkaline phosphatase in induced NAFLD rats. Data
are presented as the mean + SD (n = 6 per treatment). Results were statistically analyzed using one-way ANOVA followed by Duncan's multiple-comparison
test, and values with different labels (a—c) are significantly different (P<0.05)

NAFLD: Non-alcoholic fatty liver disease; Control: Standard diet; HFD: High-fat diet; FP20: High-fat diet+20 mg/kg peptide per body weight of rat; FP300:

High-fat diet +300 mg/kg of peptide per body weight of rat

between peptide treatments and control (P>0.05). Protein
hydrolysates affected the cholesterol concentration and the
rats fed the HFD and FP treatments (HFD + FP20, HFD
+FP300) showed a significantly higher concentration in
comparison with the control (P<0.05).

The serum content of the amylase and alkaline
phosphatase activity are presented in Figure 4. HFD
treatments were characterized by their higher amylase
content as compared with those in the other treatments
(P<0.05). No significant difference was found between
control and FP treatments (P>0.05). All the rats fed HFD
and FP treatments showed a significantly high alkaline
phosphatase activity when compared with control (P<0.05).
Furthermore, peptide treatments showed a significantly
lower alkaline phosphatase activity as compared with HFD
(P<0.05), and the lowest activity was observed in HFD+FP20
which differed from HFD300 (P<0.05).

ALT, AST, and pro-inflammatory cytokines

Figure 5 illustrates the data of serum ALT, AST, and AST/
ALT ratio as affected by protein hydrolysates. The activity of
ALT and AST increased significantly when the rats fed HFD
treatment as compared with the other treatments (P<0.05).
Also, the results indicated that feeding with shrimp protein
hydrolysates significantly lowered serum ALT and AST
levels as compared with HFD (P<0.05). However, the
activity of both enzymes was lowest in the control which
had a significant difference from the others (P<0.05). The

AST/ALT ratio in the present study was calculated and the
result is presented in Figure 5. Based on these results, the
rats fed HFD had a significantly higher ratio than the other
treatments (P<0.05). No significant difference was found
between control and HFD+FP20 treatments (P>0.05), but
feeding with a high dose of peptides decreased significantly
this ratio (P<0.05).

The results of the effects of protein hydrolysates on serum
pro-inflammatory cytokines are presented in Figure 6. Our
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Figure 6. Effects of protein hydrolysates extracted from Whiteleg shrimp
waste on serum pro-inflammatory cytokines (IL6 and TNF-a) in induced
NAFLD rats. Data are presented as the mean + SD (n = 6 per treatment).
Results were statistically analyzed using one-way ANOVA followed by
Duncan's multiple-comparison test, and values with different labels (a—c)
are significantly different (P<0.05)

Control: Standard diet; HFD: High-fat diet; FP20: High-fat diet+20 mg/kg
peptide per body weight of rat; FP300: High-fat diet +300 mg/kg of peptide
per body weight of rat
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Figure 5. Effects of protein hydrolysates extracted from Whiteleg shrimp waste on serum ALT, AST and AST/ALT ratio in induced NAFLD rats. Data are
presented as the mean + SD (n = 6 per treatment). Results were statistically analyzed using one-way ANOVA followed by Duncan's multiple-comparison
test, and values with different labels (a—c) are significantly different (P<0.05)

ALT: Alanine transferase; AST: Aspartate transaminase; NAFLD: Non-alcoholic fatty liver disease; Control: Standard diet, HFD: High-fat diet, FP20: High-
fat diet+20 mg/kg peptide per body weight of rat, FP300: High-fat diet +300 mg/kg of peptide per body weight of rat
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Figure 7. Effects of protein hydrolysates extracted from Whiteleg shrimp waste on serum fasting glucose, glucose tolerance, insulin secretion, and HOMA-IR
in induced NAFLD rats. Data are presented as the mean + SD (n = 6 per treatment). Results were statistically analyzed using one-way ANOVA followed by
Duncan's multiple-comparison test, and values with different labels (a—c) are significantly different (P<0.05)

Control: Standard diet, HFD: High-fat diet, FP20: High-fat diet+20 mg/kg peptide per body weight of rat, FP300: High-fat diet +300 mg/kg of peptide per

body weight of rat

findings indicated that the rats fed HFD showed significantly
higher IL6 and TNF-a levels in their serum than the others
(P<0.05). Based on these results no significant difference
was seen between control and FP treatments (P>0.05).

Effects on fasting glucose, glucose tolerance, insulin
secretion, and HOMA-IR

Results, shown in Figure 7, revealed that HFD increased
significantly glucose concentration, insulin secretion, and
HOMA-IR in the rats’ serum when compared with the others
(P<0.05). No significant difference was observed between
the rats fed control and FP treatments (P<0.05). Also, the
results indicated that HFD induced a hyperglycemic state in
the experimental rats. Based on these results, HFD increased
glucose tolerance while protein hydrolysates extracted from
Whiteleg shrimp decreased the aforementioned parameter
in the rats. The lowest glucose tolerance was observed in the
control treatment.

Effects of HFD on the expression of liver autophagy genes;
Becline 1, Atg7, LC3-1, and P62

To find the effects of HFD on liver autophagy, the
alterations of Becline 1, Atg7, LC3-1, and P62 expression were
investigated in the rat’s liver. At the end of the experiment,
the results indicated that the rats fed HFD and HFD+FP300
showed significantly lower Becline 1 expression when
compared with control and HFD+FP20 treatments (P<0.05).
The highest expression for Becline 1 was seen in HFD+FP20
which differed from control (P<0.05). Based on these results,
feeding on HFD, HFD+FP20, and HFD+FP300 treatments
significantly decreased Atg7 expression compared with the
control (P<0.05). The lowest expression of Atg7 was seen
in HFD+FP300, then HFD, and finally HFD+FP20, which
were significantly different (P<0.05). Dietary treatments
significantly affected the expression of LC3-1and the highest
values were observed in HFD and FP treatments which
differed from control (P<0.05). No significant difference
was seen between HFD and FP treatments (P>0.05). The
rats fed HFD showed significantly highest expression of
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P62 among experimental treatments (P<0.05). Peptides
significantly decreased the expression of P62, however, the
lowest expression was found in the control.

Discussion

Non-alcoholic fatty liver disease (NAFLD) is a common
disease in different societies due to high-fat accumulation
(5%) and inadequate triglyceride metabolism in liver cells
(27). Excessive accumulation of lipids and oxidation of
fatty acids (w-oxidation) in various organelles such as
mitochondria, cytochrome, and peroxisome causes the
production of free radicals (ROS), oxidative stress, and toxic
substances including dicarboxylic acids, eventually causing
inflammation and disease progression (28-30). It also
causes mitochondrial dysfunction and apoptosis which can
damage liver cells and stimulate the immune system against
free radicals (31).

In the present study, lipid accumulation in liver cells
was confirmed through tissue results (Figure 8) in the
HFD treatment. Moreover, the levels of triglycerides and
cholesterol in this treatment were significantly higher
than in control and FP treatments. This indicates the high
accumulation of lipids in the most important regulatory
organ of lipid metabolism in the body (32). According to
Lemus-Conejo et al. (2020), bioactive peptides regulate
enzymes related to triglyceride synthesis (33). They also
increase lipoprotein lipase activity and fatty acid oxidation
and reduce triglyceride concentration by suppressing the
expression of fatty acid synthetic genes (34). It has been
reported that there is a direct strong relationship between
triglyceride concentration in plasma, liver enzymes (ALT
and AST), and NAFLD (35). Therefore based on previous
findings, an increase in liver enzymes was expected in the
rats fed the HFD due to free radicals, cell damage, and lipid
accumulation, which was another sign of liver cell damage
in HFD treatment (36).

The rats fed HFD treatments had lower anti-oxidant
capacity, GSH, and SOD activity whereas the highest
MDA concentration was observed in HFD. Dysfunction
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Figure 8. Expression of autophagy genes (Becline 1, Atg7, LC3-1, and P62) in the liver of the induced NAFLD rats. Data are presented as the mean + SD (n =
6 per treatment). Results were statistically analyzed using one-way ANOVA followed by Duncan's multiple-comparison test, and values with different labels

(a—c) are significantly different (P<0.05).

Control: Standard diet, HFD: High-fat diet, FP20: High-fat diet+20 mg/kg peptide per body weight of rat, FP300: High-fat diet +300 mg/kg of peptide per

body weight of rat

of mitochondria as metabolic organ plays a key role in the
production of free radicals in NFLD eventually leading to
inflammation, apoptosis, and increased oxidative stress
(37). In this regard, GSH plays a crucial role in free radical
elimination, and protein hydrolysates provide cysteine as
a glutathione precursor thus reducing free radicals (38).
Also, SOD as a leading enzyme plays an important role in
eliminating free radicals and its reduced secretion in the
HFD can be caused by a sharp increase in free radicals and
its resultant continuous use in the cells. MDA is a product
of lipid peroxidation in cells, and when increasing, it causes
an inflammatory response, consequently, cell damage (39).
Several studies reported that bioactive peptides reduce
stress levels in different cells using various mechanisms
including free radical scavenging, chelating, production of a
stable product with electron donor, and finally by increasing
the expression of some genes involved in oxidative stress
(40). Ultimately, these functions reduce oxidative stress and
MDA concentration.

Unlike FP treatments, the rats fed HFD had the highest
concentration of alkaline phosphatase in their plasma.
Various studies reported that different factors such as
heat stress, hypoxia, and cell damage increase alkaline
phosphatase (41). It should also be noted that alkaline
phosphatase is a membrane hydrolysis enzyme and one
of the main biomarkers of cholestasis due to hepatic
steatosis and imbalance in the metabolism of lipids and

carbohydrates. Eventually, when increasing, it leads to an
increase in inflammatory factors such as TNF-a and IL-6,
resulting in insulin resistance in the body (42, 43). Burski
et al. (2014) reported that amylase activity is known as an
indicator of pancreas dysfunctions (44). In this study, the rats
fed HFD showed a significant increase in amylase activity.
The pancreatic function was not evaluated in the current
study, and the relationship between increased amylase and
pancreatic function needs further investigation. In contrast,
FP treatments showed an inhibitory impact on amylase
activity and it seems that protein hydrolysate may delay
the carbohydrate metabolism and this may in part account
for the weight loss observed in the rats fed HFD, affecting
through the inhibition of carbohydrate metabolism (45).
Also, it seems that bioactive peptides decrease the amylase
activity when compared with HFD, it is possible that feeding
on bioactive peptides improves pancreatic function (46).

In addition to oxidative stress, inflammation mainly
contributes to liver disease and pro-inflammatory factors
such as IL6 and TNF-a significantly increase fatty liver
disease (5). The results of this study showed that the use of
HFD increased TNF-a and IL-6 while bioactive peptides
significantly reduced the aforementioned cytokines. Lemus-
Conejo et al. (2020) indicated that pro-inflammatory
cytokines decrease lipid degradation and lipolysis, resulting
in lipid accumulation, which are the main reasons for the
higher accumulation of lipids in the liver and plasma in HFD

Figure 9. Hematoxylin and eosin (H&E) and (above) and Sudan black (down) staining of liver tissue sections from Control, HFD, HFD+FP20, and

HFD+FP300 (left to right, respectively) (*400)
HFD: High-fat diet
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(34). Also, based on previous findings bioactive peptides
(especially with low molecular weight) decrease free
radicals produced from lipid metabolism and mitochondrial
disorders by scavenging properties which help to improve
the oxidative status and inflammatory responses (47). These
results were consistent with our findings obtained in the
section on oxidative stress and tissue observations in HFD
and FP diets.

The results related to the effects of marine protein
hydrolysates on glucose metabolism in NAFLD rodents are
contradictory. Drotningsvik et al. (2016, 2015) reported
that the feeding of obese rats with cod, salmon, and herring
protein decreased 2-h postprandial glucose whereas it
did not affect fasting glucose and insulin concentration,
indicating that the aforementioned sources did not affect
fasting glucose regulation (48, 49). In contrast, Sarteshnizi
et al. (2021) revealed that protein hydrolysates extracted
from sardines delay the hydrolysis of carbohydrates by
inhibiting a-glucosidase and a-amylase, thus increasing its
digestion time, and decreasing glucose uptake and insulin
secretion (50). Also, a study (2015) reported that lipid
accumulation in the liver stimulates the secretion of pro-
inflammatory factors (TNF-a, IL-6), thus reducing insulin
signaling, which ultimately causes more lipid accumulation
and insulin resistance (23). In the current study, the results
of the fasting glucose and insulin concentration indicated
that the rats fed protein hydrolysates had significantly lower
fasting glucose and insulin secretion when compared with
HFD treatment. Based on these results, glucose reduction
was greater than that of insulin, indicating that glucose
was reduced in ways other than insulin secretion. Also,
Das et al. (2020) and Kulakowski et al. (1984) reported that
the Taurine has hypoglycemic effect in rats and decreases
glucose uptake without increasing insulin secretion (51, 52).
To the best of our knowledge, taurine is an amino acid that
is abundant in fish meals but limited in plant protein sources
(53). Also, our results showed that the average decrease
in glucose was significantly greater after 60 min in the 20
mg/BWKkg treatments in comparison with 300 mg/BW kg,
indicating an effective postprandial glucose regulation in
low-dose protein hydrolysates.

Autophagy is an important intracellular mechanism
in the homeostasis of cells and their long-term survival
(25). This mechanism controls the amount and quality of
cytoplasmic contents in eukaryotic cells, which includes
digestion of damaged proteins and organelles, lipids, and
carbohydrates (54). A set of factors such as oxidative stress,
chronic inflammation, and lipotoxicity as well as response
to autophagy suppression often increase hepatocyte cell
death (55). In selecting medicines, efforts should be made
to increase liver autophagy to reduce the progression of liver
diseases involving inflammation or injury, including non-
alcoholic fatty liver (NAFL) or non-alcoholic steatohepatitis
(NASH) (56). Among the genes involved in autophagy,
Beclin-1, Atg7, LC3-1, and P62 genes play a major role in
this process. Beclin-1 builds the primary autophagosomal
nucleus in this process, Atg7 and LC3-1 complete the
autophagosome wall with the help of some proteins (57).
Gene P62 is the main and influential gene in autophagy
and transfers the damaged organelles and lipid droplets
to autophagosomes for decomposition and completes the
autophagy process (58). In this study, the expression of
the aforementioned genes was investigated, for which the
results are presented in Figure 8. Based on the results, the
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lowest expression of Beclin-1 and Atg7 genes was observed
in HFD treatment, indicating oxidative conditions, lipid
accumulation, and lack of homeostasis inside the liver cells.
The findings were confirmed by the results of anti-oxidant
status, liver enzymes (ALT and AST), histopathological
observations, and the presence of inflammatory factors in
the treatment. Furthermore, the use of bioactive peptides,
especially at low concentrations significantly increased the
expression rates of Beclin-1 and Atg7 genes. Interestingly,
the highest expression of LC3-1 and P62 was seen in HFD,
FP20, and FP300 treatments not in the control. Koga et
al. (2010) and Gonzalez-Rodriguez et al. (2014) reported
that lipid changes in autophagosome membrane decrease
vesicles’ ability to connect with lysosomes, resulting in
reduction in the autophagy process. This reduction in
autophagosome clearance could explain the accumulation
of LC3-II and p62 observed in NAFL and NASH patients
and is positively related to disease severity (59, 60).

Conclusion

The results of the current study showed that the protein
hydrolysates extracted from L. vannamei waste did not affect
the rats’ weight gain and liver weight. In contrast, protein
hydrolysates improved oxidative status, liver enzymes, and
pro-inflammatory factors in the rats fed the HFD. Also, the
results indicated that protein hydrolysates regulate fasting
glucose, postprandial glucose, and insulin concentration
in NAFLD-induced rats. In addition, protein hydrolysates
at low concentrations stimulate autophagy gene expression
and help the liver cells to make homeostasis of the cells
and their long-term survival. Based on these results and
nutritional proprieties, protein hydrolysates extracted from
L. vannamei waste could be used as a useful nutritional
strategy in NAFLD treatment and prevention.
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