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Housefly larvae (HL) powder was used to cure wounds centuries ago for its good nutritional and
pharmacological values. At present, most of the medical studies are about the crude extracts of HL,
while the specific pharmacological material basis is still unclear. We ground third-instar Musca domestica
larvae into a powder, degreasing and preparing the protein extract. The protein extract was subjected to
enzymatic hydrolysis, and the enzymatic hydrolysis products were identified by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). We identified a variety of highly trusted proteins (false discovery
rate is less than or equal to 1%), including catalysis-related proteins, antioxidant proteins and
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Accepted 3rd September 2019 antimicrobial peptides, which may be closely related to the anti-tumor, anti-bacterial, anti-oxidant and
other pharmacological effects of HL. We identified the amino acid sequences of these proteins, and

DO 10.1035/c9ra03854k further confirmed HL's protective effect on APP/PS1 transgenic Alzheimer's mice. The results of this work
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1. Introduction

Insects are a large source of potentially useful compounds for
modern medicine.' The housefly (Musca domestica) belongs to
Diptera, and housefly larvae (HL) are insects with high nutritional
value. HL, also known as maggot or Wuguchong, is contained in
the fortieth volume of the worm department, Compendium of
Materia Medica.” HL has been approved by the U.S Food and Drug
Administration (FDA) to enter the market as a medical device.® It
was reported that HL is mainly composed of protein with a total
content of about 62.52%. The essential amino acid content is
47.72% of total amino acids (E%), and the ratio of essential amino
acids to non-essential amino acids is 0.91, while E%/T (constant
term = 15) is 3.18.* The analyzed essential amino acid ratios are
higher than that of the reference protein model proposed by the
Food and Agriculture Organization-World Health Organization
(FAO-WHO), indicating that HL protein is a high quality protein.®

HL has been used in medicine and as a functional food for
centuries, and the biological effects of HL have been studied
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provide material basis for further medical research on HL.

extensively. Sang et al. applied water-soluble protein enzymatic
hydrolysates and an ethanol-extracted fraction from HL to anti-
microbial research, and demonstrated its profound antibacterial
activity.® Chu et al. used the protein-enriched extracts of HL in
anti-atherosclerosis studies, and testified their anti-atherosclerotic
function in mice, which may be related to the inhibition of NF-kB
p65 expression and nuclear transfer.”® Zhu et al. showed that the
polypeptides hydrolyzed by the neutral protease of HL have
protective effects on H,0,-induced oxidative damage of HePG2
cells, and the mechanisms may have the ability to reduce intra-
cellular ROS and increase the activities of antioxidant enzymes,
such as superoxide dismutase.® Hou et al. proved that the protein
extract from the third instar larvae of the housefly possesses broad
antibacterial activity against both Gram-negative bacteria and
Gram-positive bacteria.’ Meanwhile, it was also proved to have
anti-tumor activity in vitro, in the same study.' However, the
current medical research on HL is mostly limited to its crude
extract, and the specific pharmacological material basis is unclear
to date. In order to further explore the pharmacological effects and
molecular mechanisms of HL, it is of great significance to clarify
its chemical constituents using modern science and technology.
Mass spectrometry (MS) technology has the characteristics of
high sensitivity and high precision, which can identify proteins
accurately and quickly. The advent and the development of new
ionization techniques, such as surface-assisted laser
desorption/ionization time-of-flight mass spectrometry (SALDI-
TOF-MS),"* matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF-MS),">** electrospray
ionization mass spectrometry (ESI-MS)"™*'* and LC-MS/MS,*
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provide convenient conditions for the accurate and rapid
identification of large molecules, such as proteins.

In this study, we ground third instar HL into a powder for protein
extraction, obtained its enzymatic hydrolysate, and identified the
proteins from enzymatic hydrolysates using LC-MS/MS. According
to the identified proteins and their functions, we infer that HL may
have a protective effect on Alzheimer's disease (AD), which was
preliminarily verified in this work. The results should provide
reference for further research on the medicinal functions of HL.

2. Materials and methods

2.1. Drugs and reagents

Chromatography grade pure acetonitrile, methanol, and formic
acid were obtained from Merck Co., Ltd. (USA). DTT, IAA, Tris-
HCL, urea, and ammonium bicarbonate were bought from
Sigma Co., Ltd. (USA). Trypsin was from Promega Corp. Done-
pezil was purchased from Eisai Co., Ltd. (China). Proantho-
cyanidins were purchased from Tianjin Jianfeng Natural
Products Research and Development Co., Ltd. (China). AB
antibody was obtained from CST Co., Ltd. (USA). Other reagents
were purchased from Tianjin Baishi Chemical Industry Co., Ltd.
(China) or Beyotime Biotechnology Co., Ltd. (China).

2.2. Preparation of the HL powder

HL was purchased from Yaodetang (China). After hatching, the
larvae were raised at a controlled room temperature of 25-28 °C,
with a relative humidity of 60-80%. We cleaned the third instar
larvae with distilled water and sterilized them with 70%
ethanol. Physiological saline was added in a mass-to-volume
ratio of 1:1. HL was turned into a mixture by a grinder. To
obtain the HL powder, the mixture was degreased by the Soxhlet
extractor method, which means that the fat in the sample was
removed by reflux extraction with a low-boiling organic
solvent.'® Then, it was filtered through a 100 mesh gauze, and
the filtered liquid was vacuum-dried.

2.3. LC-MS/MS analysis

The crude HL powder was subjected to protein extraction,
enzymatic hydrolysis, LC-MS/MS detection, and protein identi-
fication by using previous experimental methods,"” which are
summarized as follows. We used the acetone precipitation
method to precipitate the protein of the HL powder, and then
carried out the protein enzymatic hydrolysis by trypsin. The
mass ratio of enzyme to protein was 1 : 50, and the protein was
hydrolyzed for 16 h at 37 °C. The enzymatic peptide samples
were reconstituted with a 30 uL 0.1% formic acid/water solu-
tion. The separation parameters of high performance liquid
chromatography and the parameters used in the mass spec-
trometry method are shown in the tables below.

High performance liquid

chromatograph Thermo Scientific Easy-nLC 1000

C18,3 um, 100 A, 75 pm x 15 cm
1.5 pL

The chromatographic column
Loading volume

30546 | RSC Adv., 2019, 9, 30545-30555
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(Contd.)

High performance liquid

chromatograph Thermo Scientific Easy-nLC 1000

A: 0.1% formic acid in water
B: 0.1% formic acid in

Mobile phase

acetonitrile
Chromatographic gradient 130 min chromatographic
gradient™®
Flow velocity
Time (min) A B (nL min™1)
0 95% 5% 600
13 92% 8% 600
99 78% 22% 600
120 68% 32% 600
122 10% 90% 600
130 10% 90% 600

*130 min chromatographic gradient.

Mass spectrometer Thermo Scientific Orbitrap Fusion Lumos

Spray voltage 2.0 kv
Capillary temperature 275 °C
S-lens RF level 30
Collision energy 27% HCD
Isolation window 1.6 m/z

Resolution setting Level one: 120 000 @ m/z 200
Level two: 30 000 @ m/z 200
m/z 300-1500

Start from m/z 110

Top-speed scan mode, 3 s

Parent ion scan range
Child ion scan range
Data-dependent MS/MS

The collected raw results were searched using the Proteome
Discoverer 2.1 software; the search engine used Sequest HT. The
database was downloaded using the uniprot_muscomorph.fasta
database downloaded from the Uniprot website (Taxonomy ID:
43733, http://www.uniprot.org/), and the search results were
filtered by 1% FDR at both peptide and protein levels. The search
parameters are shown in the table below. The relative quantitative
analysis of the identified proteins was also carried out in this
experiment. The relative content is expressed by the emPAI value.®
This algorithm performs the theoretical enzymatic hydrolysis of
each protein, and then calculates the ratio of the identified
peptides to theoretical enzymatic peptides. The higher the number
of identified peptides and the ratio, the higher the emPAI value.
Gene ontology (GO) analyses were performed on the identified
proteins using Proteome Discoverer's own Protein Center software.

Item Value
Enzyme Trypsin
Max missed cleavages 2

Fixed modifications
Variable modifications

Carbamidomethyl (C)
Oxidation (M), acetyl (protein N-terminus)

Peptide mass tolerance +10 ppm
Fragment mass tolerance  0.02 Da
Peptide confidence High
Peptide length =6

Database Uniprot-muscomorpha.fasta

This journal is © The Royal Society of Chemistry 2019
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2.4. Animals and drug treatment

Forty 2 month-old APPswe/PS1dE9 mice were purchased from
Nanjing Biomedical Research Institute of Nanjing University.
APPswe means that Lys and Met of 595596 loci of APP terminal
sequence were replaced by Asn and Leu, respectively. PS1dE9 is
the deletion mutation of the 9th exon dE9 of presenilin 1 gene.
The two variations were all found in familial AD. The APPswe/
PS1dE9 mice are double transgenic positive mice, a recog-
nized animal model of AD,' which develop AD at about 6 to 7
months of age.” These mice were randomly divided into four
groups, including the model control group, the HL group, the
Donepezil group (clinical positive control) and the proantho-
cyanidins group (natural antioxidant control), with 10 mice in
each group. Ten 2 month-old C57BL/6 mice were obtained from
the Guangdong Medical Laboratory Animal Center as the
normal control group. All the animals were raised under
specific pathogen-free conditions. All animal treatments were
strictly in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Ethical Committee (IEC) of
Guangdong Pharmaceutical University. 0.25 mL of the drugs
(HL: 400 mg kg ', Donepezil: 5.7 mg kg ', and proanthocya-
nidins: 400 mg kg~ ') were administered intragastrically for 180
days and the other two groups were given the same volume of
saline.

2.5. Morris water maze test

To evaluate learning and memory, the Morris water maze
test was performed for six days using the described
method.?® The test was carried out in a circular pool without
light and recorded by an automatic video analysis system.
Water was poured into a circular tank and the temperature
was kept at 25 °C. Each mouse was allowed to find the
platform for 90 s and stay on the platform for 15 s. If the
mouse did not find the platform, it was guided to the plat-
form and allowed to stay on the platform for 15 s. This
training period lasted for five consecutive days and the
platform position remained unchanged. On the sixth day,
the platform was removed, and all the mice were put into the
water from the same location. Each mouse swam freely for
90 s. During the whole experiment, the swimming track and
the number of times of crossing the platform were recorded
by a software.

2.6. Step-down test

A step-down test was performed after the Morris water maze test
to measure the retention of memory according to the method
described.”* Each mouse was placed on the platform after three
minutes of adaptation to the environment of the step-down
instrument. The power of the instrument was turned on and
the test was started. The latency period (stepping down from the
platform for the first time) and the number of errors (frequency
of jumping off the platform) within 10 minutes were recorded.
The test was repeated after 24 hours of training.

This journal is © The Royal Society of Chemistry 2019
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2.7. Immunofluorescent staining

The mice were deeply anaesthetized with 5% chloral hydrate, and
then infused with 0.9% normal saline and 4% paraformaldehyde
(PFA). Brain tissues were fixed with 4% PFA for 24 h, dehydrated
with graded ethanol and xylene, embedded in paraffin and sliced
into successive coronary sections (5 pm). Sections were incubated
with AB antibody (1 : 200) at 4 °C overnight. On the second day,
sections were incubated with goat anti-rabbit IgG antibody (Alexa
Fluor 488, 1 : 400) for 1 hour and 4,6-diamidino-2-phenylindole
(DAPI) for 5 minutes under 37 °C in dark. Images were ob-
tained with a fluorescence microscope and analyzed with Image J.

2.8. Data analysis

The data were analyzed with the Prism 5 software and expressed
as mean =+ standard deviation (SD). Statistical comparisons
between groups were evaluated by ¢-test with the Prism 5 software.
P values less than 0.05 were considered statistically significant.

3. Results

3.1. GO analysis of the total composition of protein from the
HL powder

A range of proteins have been identified via the LC-MS/MS
analysis. Fig. 1A displays the histogram of the cellular compo-
nent associated with proteins identified in the HL powder. The
proportions of cell membrane, cytoplasm and ribosome were
32.49%, 20.14% and 13.96%, respectively. The pie graph of the
biological processes is shown in Fig. 1B, among which the
metabolic process accounted for 54.43%, while transport,
regulation of biological processes, response to stimulus, cell
organization and biogenesis, and other accounted for 14.43%,
12.95%, 7.50%, 6.25%, and 4.43%, respectively. The pie graph
of the molecular functions is shown in Fig. 1C. Notably, the
catalytic activity accounted for the highest proportion of the
molecular function, which was 35.96%. Nucleic acid binding,
protein binding and iron binding come in second, with a total
proportion of 39.84%. GO analysis revealed that the identified
proteins were predominantly catalytic proteins and binding
proteins, which were mainly located in the membrane and
cytoplasm, and involved in various metabolic processes, trans-
port and regulation of biological processes.

3.2. Details of the target protein from the HL powder

More than 2000 highly reliable proteins were found in the study.
A list of the 8 meaningful proteins identified in the HL powder
are shown in Table 1. Among them, some antioxidant proteins
have a relatively high content, such as the AhpC/TSA family,
catalase and superoxide dismutase. In addition, the relative
quantitative analysis of the identified proteins was carried out
in this experiment. Finally, we have provided a list of peptide
sequences within the proteins identified in the HL powder
(Table 2) and the MS2 spectra of annotated characteristic
peptides (Fig. 2). According to the MS2 spectra of these proteins,
most of the protein sequence matching degree reached 60%,
and the identified b, y fragment ions were continuous, which
means that the identification results were highly reliable.

RSC Adv., 2019, 9, 30545-30555 | 30547
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Fig.1 GO analysis related to identified proteins from the housefly larvae powder. (A) Cellular component, (B) biological process and (C) molecular function.

3.3.
Alzheimer's transgenic mice

3.3.1 HL powder treatment simplifies the track and
reduces the number of times of crossing the platform of

30548 | RSC Adv., 2019, 9, 30545-30555

Preliminary biological effects of the HL powder on

Alzheimer's mice in the Morris water maze test. Mice in the
normal control group had a simple movement track and hardly

left the platform quadrant. Mice in the model control group had
complex movement trajectories that spanned four quadrants,

This journal is © The Royal Society of Chemistry 2019
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Table 1 List of proteins (accession number, protein name, coverage, MW, emPAl, score) identified in the HL powder

Accession number Protein name Coverage MW [kDa] emPAI Score

T1PLJ3 Ferritin OS = Musca domestica GN = 60 23.137 83 191
101898530 PE =2 SV =1

T1PF88 Cytochrome ¢ OS = Musca domestica GN 60 11.663 55 102
= 101889856 PE =2 SV =1

T1PCG9 Catalase OS = Musca domestica PE = 2 SV 63 56.734 36 442
=1

T1PEX1 AhpC/TSA family OS = Musca domestica 70 24.929 33 161
GN = 101888226 PE=2SV =1

G9B2K0 Antifungal peptide-1 (fragment) OS = 63 21.152 33 199
Musca domestica PE =2 SV =1

G3GJ67 Superoxide dismutase OS = Musca 42 24.218 6 72
domestica GN = SOD2 PE=2 SV =1

Q6SCL6 Superoxide dismutase [Cu-Zn] OS = 48 15.574 5 86
Musca domestica PE =2 SV =1

P91884 Glutathione reductase family member OS 46 53.382 2 93

= Musca domestica GN = 101893895 PE =
28v=1

and finally did not return to the quadrants where the platform
was located. Compared with the model control group, the
movement tracks of the Donepezil group, the HL group and the
proanthocyanidins group were simpler. Compared with the
Donepezil group and the proanthocyanidins group, the HL
group has significantly shorter trajectories and significantly
fewer quadrants (Fig. 3A). Compared with the control group, the
number of times of crossing the platforms of the model control
group, the Donepezil group, the HL group and the proantho-
cyanidins group was significantly reduced (P < 0.05). Compared

with the model control group, the number of times of crossing
platforms (P < 0.05) of the HL group significantly increased,
while that of the Donepezil group and the proanthocyanidins
group were not significantly different (P > 0.05, Fig. 3B).

3.3.2 HL powder treatment reduces the latency period and
the number of errors in the step-down test. As shown in Fig. 4A
and B, compared with the normal control group, the latency
period of the model control group was significantly shortened,
and the number of errors significantly increased on the first day
of training (P < 0.05). Compared with the model group, the

Table 2 List of peptide sequences found within the protein sequences identified in the HL powder

Accession number Protein name

Coverage Peptides identified

T1PLJ3 Ferritin

T1PF88 Cytochrome ¢

T1PCG9 Catalase

T1PEX1 AhpC/TSA family
G9B2K0 Antifungal peptide-1
G3GJ67 Superoxide dismutase
Q6SCL6

Superoxide dismutase [Cu-Zn]

P91884 Glutathione reductase family

This journal is © The Royal Society of Chemistry 2019

60 DEWASGAEALEDALK LIEYLTMR
VTDLITIPTVSK
CSVPNPEIPTEWIDLR

60 GITWNEDTLFEYLENPK
TGQAAGFAYTDANK
KTGQAAGFAYTDANK
VGPNLHGIFGR

63 DATMTVGPR NSLNSAP
GAVTTGAGAPIGVK NSLNSAPGAV
TTGAGAPIGVKDATMTVGPR

70 ALFIISPDHK CIDSLQLTDR
LLAHSVDQLK LSMFYPMSTGR
NVDEILR

63 DTEQLKETPVIK
TAHPGLSQEVSQQLNK
ETADKLIESAK FKETADKLIESAK

42 AIESQWK
NLRPSYVEAVWDIANWNDISK
LPYDYAALEPIVCR SLDAFK

48 GTVFFEQTDESSPVVVTGEVTGLSK
HVGDLGNIEASGDGPTK
TVVVHADPDDLGK

46 GLVDDLNLGAAGIEVK
WENLVQAVQNHIK
YPDIPGAVEYGITSDDLFSLDKEPGK
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Fig.2 MS2 spectrum of annotated characteristic peptides found within the protein sequences identified in HL powder. (A and B) Ferritin. (C and
D) Cytochrome c. (E and F) Catalase. (G and H) AhpC/TSA family. (I and J) Antifungal peptide-1. (K and L) Superoxide dismutase. (M and N)
Superoxide dismutase [Cu-Zn]. (O and P) Glutathione reductase family member.
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Fig. 3 Experimental results of the Morris water maze in each group. (A) Representative track map of finding platform on the fifth day of water
maze training for each group of mice. (B) The number of times each group of mice crossed the platform on the sixth day (NC: the normal control
group; MC: the model control group; Donepezil: the Donepezil group; HL: the HL group; PC: the proanthocyanidins group; a: P < 0.05 vs. MC; b:
P < 0.05 vs. NC).

latency periods of the other groups were not significantly proanthocyanidins group were significantly shortened (P <
different as well as the number of errors (P> 0.05). The next day, 0.05), and the number of errors increased significantly (P <
compared with the normal control group, the latency periods of ~ 0.05), while there was no significant difference between the HL
the model control group, the Donepezil group and the group and the normal control group (P > 0.05). Compared with

Day 1

Day 2 Day 2

Latency (s)

Q3
&

Fig. 4 Experimental results of the step-down test in each group. (A) Latency period in each group on day 1. (B) Number of errors in each group
on day 1. (C) Latency period in each group on day 2. (D) Number of errors in each group on day 2 (NC: the normal control group; MC: the model
control group; Donepezil: the Donepezil group; HL: the HL group; PC: the proanthocyanidins group; a: P < 0.05 vs. MC; b: P < 0.05 vs. NC).
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Donepezil

Immunofluorescent staining of AR deposition in cerebral cortex regions of mice in each group. (A) Photomicrograph of AB deposition in

each group (scale bar = 20 um). (B) The analyzed data of A deposition in each group by Image J. Data are presented as mean + SEM (NC: the
normal control group; MC: the model control group; Donepezil: the Donepezil group; HL: the HL group; PC: the proanthocyanidins group; a: P <

0.05 vs. MC; b: P < 0.05 vs. NC).

the model control group, the latency periods of the Donepezil
group, the HL group and the proanthocyanidins group were
significantly prolonged (P < 0.05), and the number of errors was
significantly reduced (P < 0.05, Fig. 4C and D).

3.3.3 HL powder treatment reduces AP deposition in the
cerebral cortex of Alzheimer's mice. In order to further verify the
protective effect of the HL powder on APP/PS1 mice, immuno-
fluorescent stain was used to detect the AB deposition in cere-
bral cortex regions. As shown in Fig. 5, there was no AB
deposition in the cortical region of the normal control group,
while there was significant AB deposition in the cortical region
of the model control group. The optical density statistics
showed that compared with the normal control group, the
fluorescence markers in the cortical areas of the model control

30552 | RSC Adv., 2019, 9, 30545-30555

group, the Donepezil group, the HL group and the proantho-
cyanidins group were significantly enhanced (P < 0.05).
Compared with the model control group, the fluorescence
labeling intensities of the cortical areas in the Donepezil group,
the HL group and the proanthocyanidins group were signifi-
cantly reduced (P < 0.05).

4. Discussion

HL is an excellent source of high-quality protein, including
polyunsaturated fats, vitamins, minerals and other nutrients for
humans and animals.”” The crude HL extract has many phar-
macological effects, such as anti-tumor, antibacterial, hypogly-
cemic, and hypolipidemic. @~ However, the specific

This journal is © The
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pharmacological material basis is not clear. In this study, HL
was ground into powder for protein extraction and enzymatic
hydrolysis, and the proteins were identified by LC-MS/MS.
Then, the classical data-dependent acquisition technique was
used.”® The initial result of the test was peptide information.
Each protein has its own unique peptide. Only when the unique
peptide of a certain protein was identified did we consider the
protein to be identified. This method is currently recognized as
the mainstream proteomics identification technology. In order
to ensure the reliability of the results, we adopted false
discovery rate (FDR) less than or equal to 1% at the peptide level
and Q value less than or equal to 1% at the protein level as the
screening conditions. Finally, we identified more than 2000
highly reliable proteins and conducted a relative quantitative
analysis for each identified protein. The results showed that HL
contain a series of meaningful proteins, such as catalytic related
proteins, antioxidant proteins and antimicrobial peptides. The
most important proteins with high contents are ferritin, cyto-
chrome ¢, AhpC/TSA family, catalase, superoxide dismutase,
and antifungal peptide-1.

Iron is an essential nutrient for almost all organisms. It is
a cofactor for many cell life activities and plays a key role in cell
growth.”* However, an excess of free iron produces ROS and
hydroxyl radicals through the Fenton reaction.*® The most
important biological functions of ferritin are balancing iron
metabolism and storing iron in a bioavailable and non-toxic
form. Ferritin can remove excess iron to protect cells from
oxidative stress.?® In this way, ferritin can maintain the stability
of iron pool, balance the iron level in cells and organisms, and
decrease oxidative damage caused by iron toxicity.”” Moreover,
ferritin can inhibit the utilization of iron by invading patho-
genic microorganisms, and therefore, can participate in
immune responses to pathogen infection.”®* Qin et al. showed
that the housefly protein powder can effectively enhance the
humoral immune function in normal mice and has certain
preventive and therapeutic effects on the immune function
impairment caused by cyclophosphamide.* Ai et al. suggested
that the protein-enriched fraction from HL might possess the
ability to activate NK cells (natural killer cells) to improve the
immune function of the body.** Sun et al. indicated that the
peptide fraction from HL has an immunomodulatory activity
and it's in vivo anti-tumor activity might be achieved by acti-
vating Thil-based protective cell-mediated immunity.*
Although the immune regulation mechanism of HL has been
discussed with regards to different aspects, no one has explored
it from the aspects of iron metabolism and ferritin. The
immune regulation mechanism of HL can be further explored
from the perspective of iron metabolism and ferritin, which
may provide a new perspective for future relative research.

Cytochrome c is a kind of protein containing heme, which is
an electron transporter in the process of biological oxidation. In
normal physiological conditions, 98% of the mitochondria
oxygen consumption is used to make ATP, and the remaining
2% is used to produce hydrogen peroxide (H,O,). However, in
pathological conditions, the H,0, oxygen consumption will
greatly exceed the level of 2%. The cytochrome ¢ in the mito-
chondria can remove superoxide radicals (O,"") and H,O,
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through electronic by-pass leakage.**** The AhpC/TSA family
has an extensive intracellular reductive activity. Alkyl hydrogen
peroxide reductase (AhpC) can oxidize intracellular H,0,, alkyl
hydrogen peroxide and organic peroxide into corresponding
alcohols, and also has the ability to reduce intracellular perox-
ynitrite.***¢ Thiol-specific antioxidants (TSA) are an important
component of the enzyme defense system against sulfur-
containing free radicals. Therefore, the AhpC/TSA family is
a group of highly active antioxidant proteins. Catalase (CAT) is
an anti-inflammatory enzyme that converts H,0, into H,O and
oxygen.*” Superoxide dismutase (SOD) is an enzyme that cata-
lyzes the decomposition of the O, ", and is the main antioxi-
dant enzyme in the scavenging mechanism; it can also prevent
the reaction of H,0, and O, " that produces hydroxyl radical
(OH"), which causes a greater damage to the organism. The
activity of antioxidant enzymes reflects the ability of cells to
remove ROS and resist oxidative damages. The changes in the
activity of antioxidant enzymes will disrupt the balance between
the intracellular oxidation and antioxidant system, leading to
the excessive accumulation of reactive oxygen species (ROS),
oxidation of membrane phospholipids, and ultimately to
apoptosis.®*® Zhang et al. indicated that HL protein hydrolysates
display high antioxidant activities and free radical scavenging
activities.* Li et al. showed that feeding bull frogs with the HL
powder increased their total antioxidant capacity, and that the
activity of SOD and CAT increased linearly with the increase of
the HL powder inclusion level.* Ai et al. proved that the protein-
enriched fraction from HL has antioxidant and free radical
scavenging effects, which can not only significantly increase the
activity of SOD and glutathione peroxidase (GSH-Px), but also
depress the production of malondialdehyde (MDA) in liver
homogenate of mice through autooxidation and inhibit the
hepatic mitochondrial expansion induced by the Fe**-ascorbic
acid system.** He et al. demonstrated that the HL powder ach-
ieves antioxidant effects by inducing the increased expression of
SOD and CAT in the brain.'® Currently, there have been a lot of
studies on the antioxidant effects of HL, and some mechanistic
studies have been carried out, but none of them have explored
the mechanism from the perspective of these antioxidant
proteins contained in HL itself. The protein identified above
may be the material basis for the crude HL extract to exert an
antioxidant effect.

In recent years, the incidence of fungal infections has
increased year by year due to the abuse of broad-spectrum
antimicrobial agents. Antifungal peptides are small molecular
peptides for inhibiting or killing fungi. The antifungal peptides
have high antimicrobial activity and stability. The mechanism
of antimicrobial peptides is to attack bacteria by associating
with the bacterial membrane and forming transmembrane
pores that facilitate the unrestricted transport of ions, which
can be applied to drug-resistant bacterial strains.** The devel-
opment of antifungal peptides provides a new way to solve the
problem of fungal resistance.” Studies on the antifungal
activity of HL extracts have increased year by year, wherein they
isolated and purified antifungal peptides from the extract, and
carried out a series of experiments. Zhou et al. revealed that the
antifungal peptide-1A from HL has excellent antiviral activities

RSC Adv., 2019, 9, 30545-30555 | 30553
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and antifungal activities.** The antifungal peptide-1 identified
in this study may be one of the material basis for HL to exert its
antibacterial effect. In order to carry out further in-depth
research, we published its peptide sequences (Table 2). In
addition, we have obtained quite a few other proteins, which
should not be neglected because they may make important
contributions to the pharmacological effects of HL.

AD is a degenerative disease of the central nervous system,
mainly manifested as progressive memory disorder, cognitive
dysfunction and other neuropsychiatric symptoms. The extra-
cellular senile plaques formed by amyloid beta (AB) deposition
is the main characteristic pathological change of AD. Since
oxidative stress is one of the important pathogenesis of AD, and
since the HL powder is rich in many antioxidant proteins, we
further investigated the possible protective effect of the HL
powder on Alzheimer's transgenic mice.

The results showed that the HL powder significantly
improved the memory ability of Alzheimer's mice, and reduced
the deposition of AB. It was even better than the commonly used
clinical drug Donepezil and natural antioxidant proanthocya-
nidins to some extent. We have previously reported that the HL
powder protects against memory damage in Alzheimer's trans-
genic mice through regulating JNK and P38 MAPK signaling
pathways and regulating UCP4 and CyclinD1 expression.'®
However, after the comprehensive identification of the HL
powder, we found that the protective mechanism explored was
limited. It may also be related to lipoprotein and ferritin
metabolism. We speculate that the HL powder might play
a protective role on AD from multiple perspectives. Of course,
we also believe that HL has an important application value not
only in AD, but also in other medical diseases and health care.

In this study, we identified some antioxidant proteins from
the HL powder, and preliminarily verified that HL powder has
a protective effect on AD. However, we did not explore which
proteins play a protective role, or whether several of them
combine to play this role. In the following studies, we will
conduct further research of these identified proteins.

5. Conclusion

In conclusion, we identified the protein expression profiles and
obtained the amino acid sequences of these proteins of HL in
this study, which provided a material basis for further medical
study of HL. We hope that the results of this work will give new
ideas for the researchers in further exploring the physiological
functions of these identified proteins and clarifying the specific
pharmacological material basis of the medical effect of HL.
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