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ABSTRACT: Silkworm pupae (Bombyx mori) is an edible insect that has been reported to contain high-quality proteins, 
lipids, minerals, and vitamins, and to possess high antioxidant activity. However, there have been no studies on the neuro-
protective effects of silkworm pupae. Therefore, we investigated a water extract of silkworm pupae with protease (WSP) 
as a functional and therapeutic candidate for neurodegenerative disorders. First, we evaluated the effect of WSP on oxida-
tive stress-induced mouse hippocampal neuronal cells (HT-22 cells). Cell viability diminished by addition of glutamate but 
was significantly recovered by WSP treatment. Furthermore, WSP significantly decreased the release of lactate dehydro-
genase and generation of intracellular reactive oxygen species in oxidative stress-induced cells. In addition, in scopolamine- 
treated mice, WSP attenuated memory impairment, as demonstrated in the Morris water maze and passive avoidance tests, 
indicating protection of neuronal cells against oxidative damage. Moreover, WSP prevented scopolamine-induced in-
creases in acetylcholinesterase activity and decreases in choline-acetyltransferase activity. Finally, treatment with WSP 
enhanced the antioxidant defense system by regulating the activities of antioxidant enzymes. Overall, this study showed 
that WSP exerted antioxidant and memory enhancing action against oxidative stress.
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INTRODUCTION

The incidence of neurodegenerative diseases in elderly 
people has gradually increased with the increase in hu-
man lifespan. Alzheimer’s disease (AD) is the most com-
mon type of neurodegenerative disease, and is caused by 
progressive loss of neuronal cells (Ross and Poirier, 2004; 
Lin and Beal, 2006). The characteristic pathological fea-
tures of the central nervous system (CNS) in AD are se-
nile plaques, neurofibrillary tangles, excessive oxidative 
stress, and neurotransmitter dysfunction (Kwon et al., 
2010). Therefore, recovery or maintenance of cholinergic 
neurotransmitter levels is a key target in AD treatment 
and prevention (Kwon et al., 2010) because neurotrans-
mitter disorders in the cholinergic nervous system are 
consistently associated with memory loss and progres-
sion of AD (Giacobini, 1990; Lee et al., 2020). The neu-
rotransmitter acetylcholine (Ach) improves cholinergic 

function in AD and its release is affected by levels of ace-
tylcholinesterase (AChE) and choline-acetyltransferase 
(ChAT) (Min et al., 2015; Shin et al., 2019; Baek et al., 
2020). Another mechanism treatment and prevention of 
AD is prevention of oxidative stress in the brain (Min et 
al., 2015; Shin et al., 2019; Baek et al., 2020; Lee et al., 
2020). An association between neuropathological proc-
esses and oxidative stress has been reported, whereby 
oxidative stress leads to neuronal damage and cell death 
since the brain is more sensitive to oxidative stress than 
other organs (Calabrese et al., 2004; Baek and Kim, 
2020). In neuronal cells of the brain, oxidative stress in-
duces accumulation of polyglutamate aggregates, protein 
misfolding, changes in intracellular mechanisms, mem-
brane damage, mitochondrial dysfunction, and pro-
grammed cell death (Lin and Beal, 2006; Li et al., 2008). 
Many studies have investigated the benefits of enhancing 
the activities of antioxidant enzymes against generation 
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of excessive oxidative stress (Min et al., 2015; Shin et al., 
2019; Baek et al., 2020; Lee et al., 2020).

Recently, edible insects have been proposed as a new 
source of food in response to rapid growth of the world’s 
population, the rising cost of animal protein, growing 
concerns over environmental issues, and the increasing 
demand for protein (Mishyna et al., 2020). The intake of 
insects has become a new trend in food science since 
around 2013 when the Food and Agriculture Organiza-
tion of the United Nations published a document enti-
tled “Edible Insects: an Alternative of Nutritional, Func-
tional and Bioactive Compounds” (da Silva Lucas et al., 
2020). Edible insects are good sources of proteins and 
lipids (Mishyna et al., 2020), the protein content varying 
among and within insect orders from 13% to 77%, with 
protein digestibility of 76% to 98% (Ramos-Elorduy et 
al., 1997; Akhtar and Isman, 2018). Moreover, insects can 
be a source of vitamins, such as riboflavin, pantothenic 
acid, and biotin and, in some cases, folic acid (Rumpold 
and Schlüter, 2013; Nowak et al., 2016). Therefore, the 
number of studies related to the use of insects as a food 
source has increased. Silkworm pupae (Bombyx mori, a 
type of edible insect part) are a typical Asian food con-
sumed since ancient times due to the high protein con-
tent (Altomare et al., 2020). In addition, many studies 
have reported that silkworm pupae oil attenuates acute 
liver injury, the protein extracts exert anticancer activity, 
and the hydrolysates possess angiotensin converting en-
zyme inhibitory and antioxidant activities (Yu et al., 2008; 
Chukiatsiri et al., 2020; Long et al., 2020). Nevertheless, 
little is known about the neuroprotective effects of silk-
worm pupae.

In this study, we investigated whether silkworm pupae 
with protease water extracts (WSP) protect hippocampal 
neuronal cells against oxidative stress in both in vivo and 
in vitro models. We report the neuroprotective effects of 
WSP in cholinergic nervous system regulation and anti-
oxidant enzyme activation. Such effects of WSP may pro-
vide basic information for the application of edible insects 
as preventive supplements or therapeutic agents for use 
in neurodegenerative diseases.

MATERIALS AND METHODS

Chemicals
Dulbecco’s modified Eagle’s medium (DMEM), 10× 
phosphate-buffered saline, 10× Tris-buffered saline, and 
Hank’s balanced salt solution (HBSS) were purchased 
from Welgene, Inc. (Deagu, Korea). Fetal bovine serum 
(FBS), 2’,7’-dichlorodihydroflorescein diacetate 
(H2DCFDA), and 2’,7’-dichlorofluorescein were pur-
chased from Invitrogen, Inc. (Carlsbad, CA, USA). Tryp-
sin-ethylenediaminetetraacetic acid (EDTA) and antibi-

otics (penicillin and streptomycin) were obtained from 
Gibco BRL (Grand Island, NY, USA). Sodium phosphate- 
monobasic, sodium phosphate-dibasic, acetic acid, potas-
sium phosphate-monobasic, and potassium phosphate- 
dibasic were purchased from Daejung, Ltd. (Chungwon, 
Korea). 4,6-Dihydroxy-2-mercaptopyrimidine was pur-
chased from Alfa Aesar (Seoul, Korea). EDTA was pur-
chased from Junsei Chemical Co, Ltd. (Tokyo, Japan). L- 
glutamic acid, dimethyl sulfoxide, sodium dodecyl sulfate 
(SDS), -nicotinamide adenine dinucleotide 2’-phosphate 
reduced tetrasodium salt hydrate, 4,6-dihydroxy-2-mer-
captopyrimidine (DTNB), glutathione reductase (GR, type 
Ⅲ from baker’s yeast), and L-glutathione reduced (GSH) 
were purchased from Sigma-Aldrich Co. (St. Louis, MO, 
USA).

Preparation of WSP
Silkworm pupae was heated, desiccated to remove fat, 
and the dried silkworm pupae powdered. The powdered 
silkworm pupae was then hydrolyzed, heated with water 
nine times, and treated with 0.5% protease P enzyme 
(Amano Enzyme USA Co., Ltd., Elgin, IL, USA) of the 
powder. The mixture was reacted at 50oC for 5 h, and 
then inactivated at 95oC for 30 min. After enzyme de-
composition, mixture was centrifuged at 8,000 rpm for 
20 min and the supernatant was concentrated in a rotary 
evaporator (N11, Yamato Co., Tokyo, Japan) under re-
duced pressure to produce WSP. Samples were stored at 
−20oC until use. We investigated the proximate compo-
sition in WSP by following AOAC (1990). WSP was com-
posed of 12.14% carbohydrate, 0.22% crude fat, 12.15% 
crude ash, 4.73% moisture, and 70.76% crude protein.

Determination of peptide molecular weight distribution 
(MWD)
WSP (0.1 g to 1 g) was diluted with 100 mL distilled wa-
ter for 30 min by sonification and the solution was ana-
lyzed using a high-performance liquid chromatography 
(HPLC) autosampler (Agilent Technologies, Inc., Wil-
mington, DE, USA) with column (Ultrahydrogel 120, 7.8 
mm×30 m, Waters Co., Milford, MA, USA). The mobile 
phase was H2O : CAN : TFA (55:45:0.1). The injection 
volume was 10 L and the column temperature was 30 
oC. The detector was monitored to a fluorescence of 220 
nm and a flow rate of 0.5 mL/min.

Measurement of total amino acid composition
WSP (0.1 g to 1 g) was diluted with 100 mL distilled wa-
ter, derived with o-phthaldehyde reagent (Agilent Tech-
nologies, Inc.), and analyzed using an HPLC autosampler 
(Agilent Technologies, Inc.) by performing a pre-column 
and Zorbax Eclipse-AAA column (150×4.6 mm, 3.5 m, 
Agilent Technologies, Inc.) at 40oC. NaH2PO4 40 mM 
(pH 7.8) was used as mobile phase A and ACN : MeOH :
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Table 1. Mobile phase gradient conditions used to determine 
the amino acid composition in the water extract of silkworm 
pupae

Time (min) A (%) B (%)

0.00 100 0
1.9 100 0
18.1 43 57
18.6 0 100
22.3 0 100
23.2 100 0
26 100 0

H2O (45:45:10) was used as mobile phase B. Analysis of 
the conditions of the mobile phase gradient is shown in 
Table 1. Samples (10 L) were monitored in the detector 
with a fluorescence of 340 nm to 450 nm and a flow rate 
of 2.0 mL/min.

HT-22 cell culture
HT-22 cells, a mouse hippocampus-derived cell line, were 
obtained from Medifron (Seoul, Korea) and maintained 
in DMEM with 10% FBS, 100 units/mL penicillin, and 
100 g/mL streptomycin at 37oC with 5% CO2.

Measurement of cell viability
Cell viability was assessed using 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kits, 
according to the manufacturer’s instructions MTT assay 
kit, USB Corporation, Cleveland, OH, USA). HT-22 cells 
were seeded into 48-well plates at a density of 1×104 
cells per well for 24 h, with each well containing 500 L 
cell culture medium. Cells were treated with glutamate 
(5 mM) in the presence or absence of WSP (10∼100 g 
/mL). After 11 h incubation, MTT solution (0.2 mg/mL) 
was added to each well, and the plates were incubated at 
37oC for 30 min. Then, the absorbance was read using an 
Emax Precision microplate reader (Molecular Devices, 
Sunnyvale, CA, USA) at 550 nm. The percentages of sur-
viving cells were determined relative to control cells.

Measurement of lactate dehydrogenase (LDH) leakage
LDH leakage was assessed using a LDH assay kit, accord-
ing to the manufacturer’s instructions (Roche Diagnos-
tics, Indianapolis, IN, USA). Briefly, HT-22 cells were 
preincubated with or without WSP (0∼100 g/mL) for 
30 min in 48-well plates before challenge with glutamate. 
Then, the medium of each well was removed and placed 
into 96-well plates, and the kit reagents was added and 
left to react for 10 min. The absorbance was then read 
using an Emax Precision microplate reader (Molecular 
Devices) at 490 nm and the percentage of surviving cells 
determined relative to control cells.

Measurement of intracellular reactive oxygen species 
(ROS) levels
The level of intracellular ROS was measured using 
DCFDA as described previously (Baek and Kim, 2020). 
Twelve hours following glutamate treatment, cells were 
stained with 10 M DCFDA in HBSS for 30 min in the 
dark, and the fluorescence was monitored using a micro-
plate reader (DTX 880 Multimode Detector, Beckman 
Coulter, Inc., Fullerton, CA, USA) with an excitation 
wavelength of 485 nm and an emission wavelength of 
525 nm.

Animals
Male 6-week-old ICR mice (Shin et al., 2019; Baek et al., 
2020; Lee et al., 2020) were purchased from Raonbio, 
Co. (Daejeon, Korea). Mice were randomly divided into 
six groups of eight mice and each maintained at a con-
stant temperature and humidity (25.0±2.0oC and 55± 
10%) with a 12-h light/dark cycle. The mice were given 
free access to food and water. Briefly, 2 mg/kg scopol-
amine was dissolved in saline and injected intraperito-
neally daily for two weeks. WSP (dissolved in saline) and 
tacrine (9-amino-1,2,3,4-tetrahydroacridine hydrochlo-
ride hydrate; dissolved in 0.9% NaCl) were administered 
orally on a daily basis 30 min after the scopolamine in-
jection for two weeks. All mouse care protocols and ex-
periments were approved by the Animal Experimental 
Care Center of Chungnam National University (Daejeon, 
Korea) and the experiments were conducted in com-
pliance with the guidelines in the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals 
(Registration No. CNU-00859).

Tissue preparation and collection
Mice were euthanized after treatment, and their brains 
were removed. The brains were homogenized with ho-
mogenization buffer (20 mM phosphate buffer containing 
0.1 M KCl, 1 mM EDTA, and 0.5% Triton X-100) and 
centrifuged at 14,000 rpm for 10 min at 4oC. The super-
natant was used for biochemical assays (AChE, ChAT, 
and antioxidant enzymes) and the homogenate was used 
for lipid peroxidation concentration assays. The super-
natants were stored as −70oC until use.

Morris water maze tests
The Morris water maze tests were conducted to evaluate 
cognitive changes arising from WSP treatment. Black cir-
cular pools (150 cm×60 cm in depth and diameter) was 
used, as described in previous studies (Morris, 1984; 
Baek et al., 2020). The pool was filled with water at 23± 
1oC and split four parts. Morris water maze tests were 
conducted on six days before the end of the experiment. 
One hour before the behavior test, the mice were orally 
administered WSP (200∼400 mg/kg, orally) before in-
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Table 2. The peptide molecular weight distribution (MWD) of 
water extract from silkworm pupae

MWD of peptide (kDa) Percentage

<200 18.63±0.61
200∼500 37.43±0.46
500∼1,000 21.72±0.29

1,000∼1,500 10.15±0.27
1,500∼2,000 5.44±0.12
2,000∼2,500 1.97±0.02
2,500∼3,000 1.35±0.02

>3,000 3.30±0.02

All data are mean±SEM.

Table 3. The amino acid composition of water extract from silk-
worm pupae

Amino acid (mg/g)

Aspartate 1.09±0.04
Glutamate 8.57±0.22
Serine 2.67±0.06
Histidine 12.00±0.04
Tyrosine 12.88±0.15
Methionine 13.86±0.15
Phenylalanine 3.26±0.06
Isoleucine 5.08±0.06
Glycine 1.91±0.06
Threonine 2.11±0.04
Arginine 14.90±0.18
Alanine 8.38±0.14
Leucine 4.94±0.06
Lysine 4.32±0.06
Proline 40.09±0.66
Total 136.06±1.08

All data are mean±SEM.

traperitoneal injection of scopolamine.

Passive avoidance tests
Passive avoidance was evaluated in a light and dark cham-
ber (Jung Bio & Plant Co., Ltd., Seoul, Korea) to investi-
gate the cognitive ability of mice, as previously reported 
(Lorenzini et al., 1997; Baek et al., 2020). WSP and ta-
crine were injected orally, followed by scopolamine 1 h 
later. Passive avoidance tests were conducted 30 min lat-
er after scopolamine administration.

Protein determination
Protein concentration was measured with Bio-Rad pro-
tein assay dye reagent (Bradford, 1976). Supernatants 
from mouse brains were mixed with 1:5 diluted dye re-
agent and incubated at room temperature for 10 min. The 
absorbances was measured by a spectrophotometer at 
595 nm. Bovine serum albumin was used to generate a 
standard curve in the range of 0.2 to 1.5 mg/mL.

Measurement of AChE and ChAT activities
AChE activity was measured by a colorimetric reaction 
with an acetylthiocholine iodide substrate, as previously 
reported (Min et al., 2015). Brain supernatants were 
mixed with 0.1 M phosphate buffer, 10 mM Ellman’s re-
agent, and 75 mM acetylthiochloride iodide. The absor-
bances of the mixtures were measured by a spectropho-
tometer at 410 nm for 5 min, at 1 min intervals. ChAT 
activity was analyzed using a kit (Elabscience, Houston, 
TX, USA), following the manufacturer’s instructions.

Measurement of lipid peroxide concentration in brain
Brain tissues were maintained in an ice box and homo-
genized with 50 mM sodium phosphate buffer using a 
tissue homogenizer with a Teflon pestle (DuPont, Wil-
mington, DE, USA), as previously reported (Min et al., 
2015; Baek et al., 2020). Briefly, homogenates (1 mL) 
were mixed with 1 mL of 8.1% SDS, 2 mL of 20% acetic 
acid, and 1 mL of 0.75% thiobarbituric acid (TBA) and 
boiled for 30 min. The absorbances of the malondialde-
hyde (MDA)-TBA adduct formed in the supernatants 
were measured at 532 nm, as previously described. The 
MDA values were compared to a standard curve that was 
prepared with tetramethoxypropane, and expressed in 
TBA values.

Measurement of antioxidant enzyme activities in brain
GSH, GR, and glutathione peroxidase (GPx) concentra-
tions in the brain homogenates were measured as previ-
ously reported (Min et al., 2015; Baek et al., 2020). GSH, 
GR, and GPx activities were measured at absorbances of 
412 nm, 340 nm, and 340 nm, respectively, using a spec-
trophotometer.

Statistical analyses
Results are expressed as mean±standard error of the 
mean (SEM). All statistical analyses were performed us-
ing SPSS version 24.0 (SPSS Inc., Chicago, IL, USA) soft-
ware. One-way analysis of variance (ANOVA) followed 
by the least significant difference (LSD) test and Dun-
can’s test were used to analyze differences between the 
groups. P<0.05 and P<0.01 were considered statistically 
significant.

RESULTS

Peptide MWD of WSP
In previous studies, it has been reported that some pep-
tides and amino acid possess antioxidant effects (She-
vyakova et al., 2009; Zhao et al., 2011; Kim et al., 2014). 
Therefore, we analyzed the peptide MWD of WSP be-
cause WSP is mostly composed of crude protein (70.76 
%). The MWD of WSP was mainly in the range of 200∼ 

500 kDa (about 37.4%) (Table 2). Peptides in range of 
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Fig. 1. Neuroprotective action of water extract from silkworm pupae (WSP) on glutamate-induced cytotoxicity in HT-22 cells. (A) 
Cell viability, (B) lactate dehydrogenase (LDH) leakage, and (C) intracellular reactive oxygen species (ROS) level in ⓐ vehicle control, 
ⓑ cells treated with glutamate 5 mM, ⓒ glutamate 5 mM + WSP 10 g/mL, ⓓ glutamate 5 mM + WSP 25 g/mL, ⓔ glutamate 
5 mM + WSP 50 g/mL, and ⓕ glutamate 5 mM + WSP 100 g/mL. HT-22 cells were seeded at 1×104 cells/well for 24 h. Then, 
the cells were treated with glutamate in the presence or absence of varying concentrations (0∼100 g/mL) of WSP for 12 h. 
Cell viability, LDH leakage and intracellular ROS levels were estimated as described in the Materials and Methods. All data are 
presented as mean±SEM. Results were calculated as a percentage of the values obtained for control cells. *P<0.05 vs vehicle 
control and #P<0.05 vs glutamate-treated group.

500∼1,000 kDa and <200 kDa accounted for approxi-
mately 21.7% and 18.6%, respectively (Table 2).

In addition, WSP contained 136.06 mg/g amino acids 
(Table 3). The highest amino acid content in WSP was 
proline (40.09 mg/g), followed by arginine (14.9 mg/g), 
methionine (13.9 mg/g), tyrosine (12.9 mg/g), and his-
tidine (12.0 mg/g).

Neuroprotective effect of WSP on glutamate-induced oxi-
dative stress in HT-22 cells
We treated HT-22 cells with glutamate to induce cytotox-
icity (Fukui et al., 2009) and investigated the effect of 
WSP on glutamate-induced cytotoxicity in hippocampal 
neuronal cells. Compared with the vehicle control, treat-
ment with glutamate reduced cell viability by about 60% 
(Fig. 1A). However, when HT-22 cells were incubated 
with WSP before glutamate treatment, WSP increased 
cell viability in a dose dependent manner. Furthermore, 
treatment with 100 g/mL WSP recovered cell viability 

to the level of the vehicle control. Next, we investigated 
LDH leakage in glutamate-induced HT-22 cells. In gluta-
mate-treated cells, LDH leakage was twice that of the ve-
hicle control. In contrast, pretreatment with WSP recov-
ered the release of LDH in glutamate-induced HT-22 
cells in a dose-dependent manner (Fig. 1B). In addition, 
treatment with glutamate increased generation of intra-
cellular ROS in HT-22 cells (Fig. 1C). However, pretreat-
ment with WSP reduced the ROS levels in glutamate- 
treated cells in a dose dependent manner. WSP at 100 
g/mL was sufficient to restore LDH and ROS levels to 
those of the control group. These results suggest that 
WSP exerts neuroprotective action by suppressing oxi-
dative stress in a hippocampal neuronal cell line.

Effect of WSP on spatial learning ability in the Morris wa-
ter maze test
Considering the in vitro results, we investigated the neu-
roprotective action of WSP in scopolamine-treated mice. 
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Fig. 2. Effect of water extract from silkworm pupae (WSP) on scopolamine-treated mice in behavior tests. Scopolamine (2 mg/kg) 
dissolved in saline was injected intraperitoneally daily for two weeks. WSP (0∼400 mg/kg) or tacrine was dissolved in saline or 
0.9% NaCl, respectively. WSP and tacrine were administered orally daily 30 min after the scopolamine injection for two weeks. 
After 1 h, mice were tested in the Morris water maze or the passive avoidance test (acquisition trial). (A) Escape latency time 
during experimental days, (B) the latency time on the last experimental day, and (C) the number of platform area crossings in 
the Morris water maze. (D) Latency time in the passive avoidance test. Con, non-treated group; Sco, scopolamine 2 mg/kg-treated 
group; Tac, scopolamine 2 mg/kg + tacrine 10 mg/kg-treated group; WSP 200, WSP 200 mg/kg-treated group; SWSP 200, scopol-
amine 2 mg/kg + WSP 200 mg/kg-treated group; SWSP 400, scopolamine 2 mg/kg + WSP 400 mg/kg-treated group. All data are 
mean±SEM. *P<0.05 and **P<0.01 vs vehicle control group. #P<0.05 and ##P<0.01 vs scopolamine-treated group.

To confirm the neuroprotective action of WSP in an in 
vivo system, mice were orally administered WSP (200 or 
400 mg/kg) before the scopolamine challenge. Scopola-
mine has been reported to induce oxidative stress in brain 
tissue (Marcus et al., 1998). Tacrine, a scopolamine and 
Ach inhibitor, was one of the first medicinal materials 
widely used to alleviate symptoms of Alzheimer’s disease 
(Saxena et al., 2008). To investigate the effect of WSP on 
spatial learning ability of scopolamine-treated mice, the 
Morris water maze test was performed sequentially for 
five days. The effects of WSP (200∼400 mg/kg) on the 
escape latency time (ELT) and the number of platform 
area crossings (NPAC) were confirmed (Fig. 2A∼2C). 
The ELT of scopolamine-alone-treated mice was signifi-
cantly longer than that of the non-treated control mice 
for five days (P<0.05) (Fig. 2A and 2B), showing suc-
cessful induction of memory impairment in the demen-
tia animal model. Oral administration of WSP signifi-

cantly recovered the ELT extended by scopolamine in a 
dose-dependent manner. On the final day of the experi-
ment, the vehicle control mice took an average of 11.8 s 
to find the platform, whereas the scopolamine-treated 
mice took an average of 62.8 s. Oral administration of 
WSP reversed the ELT extended by scopolamine. The 
ELTs in scopolamine-induced mice administered with 
200 and 400 mg/kg WSP were 23.5 and 20.4 s, respec-
tively. In addition, the NPAC was examined by removing 
the platform to investigate spatial learning memory. The 
NPAC in the scopolamine-treated mice was two, which 
was significantly decreased compared to that in the ve-
hicle control (Fig. 2C). However, the NPAC in scopol-
amine-treated mice administered 200 or 400 mg/kg WSP 
was 3.8 and 4.5 times, respectively, demonstrating dose- 
dependent improvements. Moreover, the NPAC follow-
ing administration of 400 mg/kg WSP was similar to that 
following the administration of tacrine to scopolamine-in-
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Fig. 3. Effect of water extract from silkworm pupae (WSP) on activities of (A) choline-acetyltransferase (ChAT) and (B) acetylcholines-
terase (AChE) in whole brains of scopolamine-induced memory impaired mice. Scopolamine (2 mg/kg) dissolved in saline was 
injected intraperitoneally daily for two weeks. WSP (0∼400 mg/kg) or tacrine was dissolved in saline or 0.9% NaCl, respectively. 
WSP and tacrine were administered orally daily 30 min after the scopolamine injection for two weeks. The mice were euthanized 
after the experimental trial, and their brains were removed and homogenized. Con, non-treated group; Sco, scopolamine 2 
mg/kg-treated group; Tac, scopolamine 2 mg/kg + tacrine 10 mg/kg-treated group; WSP 200, WSP 200 mg/kg-treated group; SWSP 
200, scopolamine 2 mg/kg + WSP 200 mg/kg-treated group; SWSP 400, scopolamine 2 mg/kg + WSP 400 mg/kg-treated group. 
All data are mean±SEM. *P<0.05 and **P<0.01 vs vehicle control group. ##P<0.01 vs scopolamine-treated group.

duced memory impaired mice. Thus, WPS may improve 
scopolamine-induced memory impairment in mice.

Effect of WSP on memory ability in the passive avoidance 
test
Passive avoidance tests were carried out two days prior 
to the end of the experiment. To investigate the effect of 
WSP on memory and learning ability, acquisition trial 
times (AT), and retention trial times (RT) were evaluated 
(Fig. 2D). AT values were similar among all groups. How-
ever, RT values in scopolamine-treated mice were an 
average of 69.9 s, which was significantly lower than the 
vehicle control mice. Administration of WSP (200∼400 
mg/kg) improved memory impairment in scopolamine- 
injected mice. The findings suggest that WSP could alle-
viate memory impairment induced by scopolamine-in-
duced amnesia in mice.

Effect of WSP on activities of ChAT and AChE
Ach, an important neurotransmitter, plays a role in learn-
ing and memory formation (Min et al., 2015). ChAT and 
AChE, which synthesize and hydrolyze Ach, respectively, 
are related to neurotransmitters in the brain. Changes in 
the activities of these enzymes affect behavior tests in 
memory-impaired animals (Min et al., 2015; Baek et al., 
2020). Therefore, we measured the activities of these en-
zymes to elucidate the underlying mechanisms of WSP 
in ameliorating scopolamine-induced amnesia. The ac-
tivity of ChAT in memory impairment-induced mice de-
creased below those in the vehicle control mice (P<0.05) 
(Fig. 3A). Oral administration of WSP proved ChAT ac-
tivity in scopolamine-treated mice in a dose-dependent 
manner. In addition, AChE activity in the brains of sco-

polamine-treated mice was highest compared with the 
other groups (Fig. 3B). Treatment with WSP partially but 
significantly restored AChE activity, which was increased 
by scopolamine injection. Hence, treatment with WSP 
partially prevented memory impairment due to scopol-
amine-induced decreases in ChAT and increases in AChE. 
These results indicate that the neuroprotective action of 
WSP on scopolamine-induced cholinergic dysfunction 
may be regulated via the cholinergic nervous system.

Effect of WSP on the antioxidant defense system
To further investigate the mechanism involved in pre-
venting memory impairment, the effects of WSP on lipid 
peroxide content and antioxidant enzyme (e.g., GSH, 
GPx, and GR) activities were assessed in the brains of 
mice (Min et al., 2015; Lee et al., 2020). First, lipid per-
oxidation, which is produced by ROS, was evaluated. 
Levels of MDA, a product of lipid peroxidation, was sig-
nificantly elevated in scopolamine-treated mice compared 
to vehicle control mice (P<0.05) (Fig. 4A). In contrast, 
oral administration of WSP prevented the formation of 
MDA in scopolamine-induced mice in a dose-dependent 
manner. In addition, injection of scopolamine reduced 
the levels of the antioxidative enzymes GSH, GPX, and 
GR compared with vehicle control mice, whereas pre-
treatment with WSP reversed the reduction in total GSH, 
GPX, and GR levels in a dose-dependent manner (Fig. 
4B∼4D). Moreover, the neuroprotective effect of WSP 
(400 mg/kg) was similar to that of tacrine. Therefore, 
these results suggest that WSP could protect the brain 
against scopolamine-induced oxidative stress by regulat-
ing the activities of antioxidant enzymes.
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Fig. 4. Effect of water extract from silkworm pupae (WSP) on lipid peroxide contents and antioxidant enzyme activities in whole 
brains of scopolamine-induced memory impaired mice. Scopolamine (2 mg/kg) dissolved in saline was injected intraperitoneally 
dailys for two weeks. WSP (0∼400 mg/kg) or tacrine was dissolved in saline or 0.9% NaCl, respectively. WSP and tacrine were 
administered orally daily 30 min after the scopolamine injection for two weeks. The mice were euthanized after treatment, and 
their brains were removed and homogenized. The levels of (A) malondialdehyde (MDA), (B) glutathione (GSH), (C) glutathione perox-
idase (GPx), and (D) glutamate reductase (GR) activities in mice. Con, non-treated group; Sco, scopolamine 2 mg/kg-treated group; 
Tac, scopolamine 2 mg/kg + tacrine 10 mg/kg-treated group; WSP 200, WSP 200 mg/kg-treated group; SWSP 200, scopolamine 
2 mg/kg + WSP 200 mg/kg-treated group; SWSP 400, scopolamine 2 mg/kg + WSP 400 mg/kg-treated group. All data are mean±SEM.
Different letters (a-c) above the bars are significantly different by Duncan’s multiple range test at P<0.05.

DISCUSSION

Edible insects have received much attention as sustain-
able and alternative food sources to meet future demands 
since they contain high-quality protein and long-chain 
polyunsaturated fatty acids (Yang et al., 2006; Mishyna 
et al., 2020; Pyo et al., 2020). In addition, edible insects 
are a source of vitamins, including riboflavin, pantothenic 
acid, and biotin and, in some cases, folic acid (Rumpold 
and Schlüter, 2013; Nowak et al., 2016). Silkworm, a type 
of edible insect, is very efficient at producing silk. After 
collection of silk from its cocoon, the silkworm pupae are 
discarded (Felix et al., 2020). However, in Korea, silk-
worm pupae are used as food and in traditional medicine 
because they are rich in essential amino acids, protein, 
lipids, and minerals (Pemberton, 1999; Yang et al., 2006). 
Moreover, a protein-rich fraction of the larvae of silk-
worm pupae and aqueous protein extracts from silkworm 

pupae have been shown to possess high antioxidant ac-
tivities (Takechi et al., 2014; Chatsuwan et al., 2018). 
Nevertheless, whether edible insects exert neuroprotec-
tive effects has not previously been investigated. In pre-
vious reports, we showed a connection between in vitro 
and in vivo studies, which evaluated the ability to prevent 
oxidative stress in glutamate-treated hippocampal neu-
ronal cells (HT-22 cells) and a scopolamine-treated ICR 
mouse model (Shin et al., 2019; Baek and Kim, 2020; 
Baek et al., 2020; Lee et al., 2020). Therefore, in the pres-
ent study we investigated whether a WSP can protect 
neuronal cells against oxidative stress in both in vivo and 
in vitro models.

As the incidence of neurodegenerative diseases has in-
creased in elderly people, there have been many studies 
on the abilities of neuroprotective compounds in prevent-
ing neurodegenerative diseases (Min et al., 2015; Shin et 
al., 2019; Baek et al., 2020; Lee et al., 2020). Most of 
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those studies have aimed to repress the effects of oxida-
tive stress in the brain because AD is caused by exces-
sive oxidative stress (Kwon et al., 2010). Indeed, exces-
sive accumulation of oxidative stress leads to cell dam-
age and death, such as through apoptosis and necrosis 
(Nunomura et al., 2006; Du et al., 2015). Scopolamine 
is a muscarinic cholinergic antagonist because it blocks 
muscarinic Ach receptors (Broks et al., 1988). In addi-
tion, scopolamine has been reported to induce oxidative 
stress in brain tissues, further inducing lipid peroxidation 
and decreasing levels of antioxidant enzymes (Marcus et 
al., 1998). Furthermore, the deficit in cognition caused 
by repeated administration of scopolamine was found to 
be accompanied by a reduction in hippocampal volume as 
well as increased lipid peroxidation associated with AD 
(Yamada et al., 2008). Herein, scopolamine was used to 
induce transient memory impairment and cognitive defi-
cits in the normal brains of mice (Marcus et al., 1988).

One mechanism for the neuroprotective action of WSP 
is related to the cholinergic nervous system, a crucial 
factor in neuronal cells. Cognitive deficits and memory 
impairment in neuropsychiatric disorders, such as AD, 
have been closely related to cholinergic deficits (Marcus 
et al., 1998). These memory disorders have previously 
assessed by evaluating the activities of markers such as 
Ach, AChE, and ChAT (Gil-Bea et al., 2005; Min et al., 
2015; Baek et al., 2020). In scopolamine-treated mice, 
the cholinergic neurotransmitter is disabled, resulting in 
increased levels of AChE, an enzyme that breaks down 
Ach, and decreased levels of ChAT, an ACh-synthesizing 
enzyme (Min et al., 2015). WSP at concentrations of 200 
∼400 mg/mL improved spatial learning and memory 
ability of scopolamine-induced memory deficit-mice in 
two behavior tests. Cholinergic disorders cause dysregu-
lation of cholinergic signaling in attention, spatial memo-
ry, and cognitive processes, which play important roles in 
encoding and memory processing (Maurer and Williams, 
2017). Since the end of cholinergic transmission is af-
fected by levels of ACh, AChE-inhibiting drugs including 
tacrine, donepezil hydrochloride, and rivastigmine have 
been used to improve symptoms in dementia patients 
(Holden and Kelly, 2002). For this reason, we used ta-
crine as both an inhibitor of AChE and a positive control 
because tacrine has been used to improve cognitive dys-
function and memory impairment by reversing the activ-
ity of cholinergic enzymes in the brain (Min et al., 2015; 
Lee et al., 2019; Shin et al., 2019; Baek et al., 2020). In 
our present study, administration of WSP reversed the 
increases in AChE activity and decreases in ChAT activity 
in the brains of scopolamine-treated mice. Therefore, the 
cholinergic-regulating effect of WSP on scopolamine-in-
duced cholinergic dysfunction may be associated with 
memory and learning ability.

The other mechanism for the neuroprotective effect of 
WSP was associated with production of antioxidant en-
zymes such as GSH, GPx, and GR. GSH is the brain’s 
major antioxidant system and plays a critical role against 
oxidative stress (Dringen, 2000). GSH exists in either a 
reduced GSH form or an oxidized GSH state (GSSG); it 
is the reduced state that detoxifies ROS (Gawryluk et al., 
2011). Accumulation of oxidative stress represents an 
imbalance between the oxidant and antioxidant defense 
systems, whereby production of free radicals outweighs 
the system’s ability to detoxify reactive intermediates 
(Halliwell, 2001). Hydrogen peroxide is detoxified by GSH 
through GPx, leading to formation of GSSG, which is re-
cycled back to GSH by GR (Meister, 1988). Maintaining 
appropriate levels of GSH, GPx, and GR is essential for 
preventing oxidative damage in the brain, which causes 
AD. MDA, a marker of lipid peroxidation, is generated by 
excessive oxidative stress (Meister, 1988; Gawryluk et 
al., 2011). Thus, deficiencies in antioxidant enzymes al-
so result in oxidative stress, lipid peroxidation, and neu-
ronal cell death associated with memory impairment. 
The present study showed that scopolamine elevated lip-
id peroxidation in mouse brains, whereas it reduced the 
activities of antioxidant enzymes, including GSH, GPx, 
and GR. In contrast, administration of WSP significantly 
improved the antioxidant defense system by suppressing 
lipid peroxidation and activating antioxidant enzymes 
against scopolamine-induced oxidative stress. Consistent 
with our results, in a previous study, increases in oxida-
tive stress were related to the activities of ChAT and GPx 
(Min et al., 2015).

We also investigated the peptide MWD of WSP, as pre-
vious studies have reported that some peptides or amino 
acids contain antioxidant amino acid residues and play 
roles as antioxidants (Shevyakova et al., 2009; Zhao et al., 
2011; Kim et al., 2014). We therefore predicted that the 
effect of active compounds in WSP on neuroprotective 
and antioxidant action may be related to the contained 
peptide. In support of this suggestion, our unpublished 
data indicates that WSP at 0.1 % in distilled water in-
creases DPPH radical scavenging activity (about 66.0%).

In conclusion, the results of the present study suggest 
that WSP exert neuroprotective effects by activating both 
the cholinergic system and antioxidant enzymes. There-
fore, WSP may possess therapeutic and preventive po-
tential against neurodegenerative diseases. Nevertheless, 
further study is required to confirm the identify of and 
analyze the main biochemical peptide fragment in WSP 
and the mechanisms of action, using protein markers re-
lated to memory. Moreover, studies on other animal mod-
els should be conducted to assess the effects WSP on 
memory improvement for preventive and clinical pur-
poses.
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