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Abstract

Background: Silkworm products were first used by physicians more than 8500 years ago, in the early Neolithic period. In Persian
medicine, silkworm extract has several uses for treating and preventing neurological, cardiac, and liver diseases. Mature silkworms
(Bombyx mori) and their pupae contain a variety of growth factors and proteins that can be used in many repair processes, including
nerve regeneration.

Objectives: The study aimed to evaluate the effects of mature silkworm (Bombyx mori), and silkworm pupae extract on Schwann cell
proliferation and axon growth.

Methods: Silkworm (Bombyx mori) and silkworm pupae extracts were prepared. Then, the concentration and type of amino
acids and proteins in the extracts were evaluated by Bradford assay, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and liquid chromatograph-mass spectrometer (LC-MS/MS). Also, the regenerative potential of extracts for improving
Schwann cell proliferation and axon growth was examined by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT)
assay, electron microscopy, and NeuroFilament-200 (NF-200) immunostaining.

Results: According to the results of the Bradford test, the total protein content of pupae extract was almost twice that of mature
worm extract. Also, SDS-PAGE analysis revealed numerous proteins and growth factors, such as bombyrin and laminin, in extracts
that are involved in the repair of the nervous system. In accordance with Bradford’s results, the evaluation of extracts using LC-
MS/MS revealed that the number of amino acids in pupae extract was higher than in mature silkworm extract. It was found that
the proliferation of Schwann cells at a concentration of 0.25 mg/mL in both extracts was higher than the concentrations of 0.01and
0.05 mg/mL. When using both extracts on dorsal root ganglion (DRGs), an increase in length and number was observed in axons.
Conclusions: The findings of this study demonstrated that extracts obtained from silkworms, especially pupae, can play an effective
role in Schwann cell proliferation and axonal growth, which can be strong evidence for nerve regeneration, and, consequently,
repairing peripheral nerve damage.

Keywords: Silkworm (Bombyx mori) Extract, Pupae Extract, Dorsal Root Ganglia, Schwann Cell Proliferation, Axon Growth

1. Background hicle accidents or iatrogenic damage, peripheral nerve in-
jury occurs, while traffic and industrial accidents, natural
disasters, and war damage are the most common causes
of peripheral nerve injury (4-7). After the injury, mature
Schwann cells (SCs) can transform into repair SCs, prolifer-

Peripheral nerve injuries are the most common ner-
vous system injuries, affecting 20 million people in the
United States and over 300,000 people in Europe each year
(13). In 2 - 5% of all trauma cases, such as sports and ve-
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ate, promote the regeneration process, and finally differen-
tiate again (8-10). Schwann cells support the regeneration
of injured axons by secretion of a variety of neurotrophic
factors, such as brain-derived neurotrophic factor (BDNF),
glial cell-derived neurotrophic factor (GDNF), and cerebral
dopamine neurotrophic factor (CDNF), which enhance the
growth of regenerating axons after acute or chronic pe-
ripheral nerve injuries (11-13). Also, SCs arrange themselves
longitudinally to form Biingner bands, which serve as axon
regeneration channels (4, 14, 15). The peripheral nerve in-
juries also trigger a series of factors known as Wallerian
degeneration, a process of retrograde degeneration of the
distal end of an axon, which results in the production of
fragments of both axon and myelin (16-18). After Wallerian
degeneration, SCs, in association with macrophages, mi-
grate to the injury site and participate in phagocytosis of
myelin debris, in addition to creating myelin sheaths (8, 13,
19). However, based on clinical evidence, inherently slow
axonal regeneration (less than 1 mm/day) and prolonged
periods of denervation cause poor functional recovery af-
ter peripheral nerve injuries (20-23). Additionally, signifi-
cant SC death occurs after cell transplantation, limiting its
therapeutic efficacy (24-26). As a result, it is critical to im-
proving the regenerative potential of SCs by providing ei-
ther drugs or neurotrophic factors at the site of injury to
enhance peripheral axon regeneration.

Some silkworm (Bombyx mori) products are the old-
est natural substances known to have accompanied hu-
manity throughout history. In the early Neolithic period,
Silkworm products were first employed more than 8500
years ago (27). Silkworm pupae oil, chitin, and chitosan
have several uses in the food industry, cosmetics, agri-
culture, biomedicine, textiles, biotechnology, and wound
healing agents, etc. (28). Silk (so-called Abresham) has
been used in Persian medicine by Persian physicians (also
called Hokama), such as Rhazes (AD8th century) and Avi-
cenna (AD10th century). Its applications included treat-
ing and preventing neurological, cardiac, and liver dis-
eases. Moreover, Aghili Khorasani in the book, Makhzan-al-
Adawiyah, in AD18th century (29) and Hakim Mohammad
Momen in the book, Tahfato-al-Momenin in the AD17th cen-
tury (30) specified that silkworm dressing (Osro or Yas-
roo Zamad) is viable in repairing severed nerves and blood
vessels (31). The cocoon silk produced by the larvae of
the domestic silk moth Bombyx mori, which is made up
of two major proteins, fibroin, and sericin, was used in
the first experiments. However, because sericin has been
shown to elicit the inflammatory response in vivo, com-
plete removal of sericin, also known as degumming, is re-
quired before it can be used (32). However, purified sericin
has been shown to influence cartilaginous tissue regener-
ation, promoting cell regeneration, skin tissue regenera-

tion, and the healing process with low levels of the inflam-
matory response (33). Due to its outstanding biocompat-
ibility and tunable degradation qualities, silk fibroin is a
promising biomaterial for tissue engineering and regen-
erative medicine. Also, silkworms and some parts of their
cycle have many growth factors and proteins, such as gly-
coprotein, laminin, and Bombyrin. Neurons and SCs have
been successfully cultured using silk fibroin and growth
factors extracted from silkworms (34, 35). For example,
Bombyrin has roles in brain development, wound healing
in the brain, and the repair process of the brain, glycopro-
tein hasroles in development and growth (36), apolipopro-
tein has roles in regenerating nerve tissue in damaged rat
neurons and regenerating peripheral nerve of rats (36-38)
and arylphoring storage protein in reproduction (36).

2. Objectives

In the present study, we tried to investigate the effect of
mature silkworm extract and its pupae on SC proliferation
and axonal growth based on the anecdotal and historical
information available from the past to the present, espe-
cially within the area of the use of therapeutic efficacy of
silkworm Bombyx mori (B.m) harvests (31). While preparing
the extract of mature silkworm and pupae and determin-
ing the types of proteins and amino acids in them, and de-
termining their amounts in both extracts, we determined
the effective doses and, finally, the most effective dose in SC
proliferation and axon growth. These doses were explored
in this study for the first time.

3. Methods

3.1. Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal
bovine serum (FBS), and bovine pituitary extract (BPE)
were purchased from Invitrogen. Poly-D-lysin (PDL), 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT), penicillin/streptomycin and trypsin/EDTA 0.25%
were supplied from Sigma-Aldrich. Adult Bombyx mori
worms and pupae were provided by the Iran silk research
center (Gilan province). Newborn Wistar rats were bred in
an animal nest of the Pediatric Urology and Regenerative
Medicine Research Center.

3.2. Preparation of Extracts from Mature Silkworm and Silk-
worm Pupae

The digestive tract and its contents were discarded
from the mature silkworms. Then, 30 g of the remained
tissue was homogenized with liquid nitrogen in a mortar
according to the protocol described in the literature (39).
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The homogenized tissue was mixed with distilled water in
a ratio of 1to 4 (v/v, 1:4) and stirred for 20 minutes before
being placed on ice for 40 minutes. The supernatant was
centrifuged for 30 minutes at 15,000 g. Bradford assay was
then performed to determine the protein content of the ex-
tract. The same method was used to prepare the silkworm
pupae extract. Only the pupae do not need to be dissected
at first to remove the digestive tract.

3.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophore-
sis Electrophoresis Analysis

Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) electrophoresis analysis was
performed according to the protocol described in the
literature (40). First, the polyacrylamide gel, which is
prepared from two parts of stacking gel and resolving
gel, was placed in the electrophoresis tank, and the 1X
tank buffer was poured into the upper chamber. Then,
marker solution (Thermos Scientific, Cat no.26614 Page
Ruler TM Unstained Protein Ladder), mature silkworm
extract solution (containing 30 pg of extract, 14 ug of 2X
sample buffer, and 2 uL of 1X sample buffer), and silkworm
pupae extract solution (containing 30 ug of extract, 3.53
pL of 2X sample buffer and 22.94 uL of 1X sample buffer)
were transferred to the wells in non-reduction condition,
and the 1X tank buffer was poured into the lower chamber.
Finally, the samples were separated under 100 volts for 75
minutes. After electrophoresis, the gels were stained (40)
with the colloidal Coomassie blue and then scanned.

3.4. Liquid Chromatograph-Mass Spectrometer Analysis

The liquid chromatograph-mass spectrometer (LC-
MS/MS) analysis was carried out in the following order
based on theliterature (39-41). Both samples of mature silk-
worm and silkworm pupae extracts were centrifuged three
times at4000 rpm for 15 minutes and filtered usinga mem-
brane sterile syringe filter of 0.22 yum. Then, 10 L were
taken from each extractand added to the internal standard
solution (200 uL per well), vortexed for 10 minutes, and
centrifuged at 10,000 rpm for 4 minutes at 4°C. The super-
natant was transferred to the microplate (150 L) and dried
under a nitrogen stream at 45°C for 20 minutes. Afterward,
50 pl of the daily working hydrochloric acid-1-butanol so-
lution was added to each well, shaken for a minute, and
incubated for 45 minutes at 65°C. Then, 50 uL of the ace-
tonitrile solution 75% was added per well and shaken for
2 minutes, and the plate was covered eventually,and 10 uL
of the arranged supernatant was infused into LC-MS/MS for
examination.
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3.5. Schwann Cell Isolation and Expansion

Experiments and animal care were provided by Tehran
University of Medical Sciences (TUMS) guidelines, and all
animal protocols were reviewed and approved by the state
animal ethical committee. The SCs were derived from sci-
atic nerves of the 2- to 3- day-old Wistar rats and purified
according to the protocol reported in the literature with
some modifications (42). In brief, the epineurium was ex-
cised from the sciatic nerves. The nerves were then sep-
arated into multiple explants, which were then placed in
PDL-covered plates filled with DMEM supplemented with
10% FBS, 1% penicillin/streptomycin, 2 ugmL™ BPE, and cul-
tured at37°Cwith 90% humidityand 5% CO,. Explants were
sub-cultured three to four times for two weeks to limit the
likelihood of fibroblast contamination. After that, the ex-
plants were digested for one hour at 37°C with 0.125% col-
lagenase. Then, an equivalent volume of the trypsin-EDTA
0.25% was added. After another 15 minutes of incubation
at37°C, the nerve segments were physically dissociated un-
til they formed a homogenous suspension. After centrifug-
ing at 1000 rpm for 5 minutes at 4°C, cell pellets were col-
lected. The cells were re-suspended in full culture media
and cultured on 35 mm PDL-coated tissue culture plates.
The amount of SC cultures was affirmed by S-100 immunos-
taining.

3.6. Schwann Cell Morphological Analysis (Scanning Electron
Microscopy)

The effect of different extracts on the morphology of
SCs was evaluated by scanning electron microscopy (SEM).
The SCs were cultured on PDL-coated coverslips for 24
hours and exposed to different extracts. After five days of
incubation, SCs were rinsed twice with PBS and fixed in
4% paraformaldehyde for 10 minutes. The cells were dehy-
drated in increasing concentrations of ethanol (30 -100 %)
before drying in the air. Then, the specimens were sputter-
coated with a 7 nm coating of gold before morphological
analysis using an SEM device (VEGA, TESCAN, Czech Repub-
lic) at 5000x and 30,000x magnifications.

3.7. Schwann Cell Proliferation Assay

The MTT was used for proliferation analysis. The SCs
were detached with trypsin-EDTA 0.125% and seeded at a
density of 10* cells per well in a final volume 0f 100 uL/well
in 96-well cell culture plates. This study was performed in
two steps. In the first step, viability was examined using
MTT assay three days after cell seeding. This step was re-
peated two times to confirm the validity of the obtained
results. Various concentrations of mature silkworm and
silkworm pupae extracts, including 0.005, 0.01, 0.05, 0.25,
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1.25, 5, and 25 pug/uL, were evaluated to obtain the effec-
tive concentration for improving SC proliferation. In the
next step, SC proliferation was studied at 3, 5, and 7 days of
exposure to the effective concentrations. The cell culture
media was aspirated correctly at each time point, and the
wells were filled with 100 L of MTT solution (0.5 mg/mL
in PBS). The plates were incubated for 3 hours at 37°C. The
reaction solution was carefully removed from each well,
and 100 pL of DMSO was added and shaken gently until the
generated dark blue formazan crystals were dissolved. Us-
ing an enzyme-linked immunosorbent assay (ELISA) reader
equipment, the absorbance was measured at wavelengths
ranging from 405 to 630 nm (EIX-800, Bio-Tek Inc.).

3.8. Dorsal Root Ganglion Culture

Dorsal root ganglion (DRGs) are frequent models for
peripheral nerve regeneration and were chosen for the re-
search because of their significance in the field and ease
of isolation and culture (43). The major sensory neurons
responsible for transducing and modifying sensory infor-
mation and transferring it to the spinal cord have their cell
bodies in the DRG. Dorsal root ganglion neurons are di-
vided into many categories based on the size of their cell
bodies and their function (39). We stimulated the DRGs us-
ing different doses of mature silkworm and pupal extracts
in the present study. Then, we investigated the effect of
these extracts on the axon outgrowth from DRGs in terms
of length and number using Image J software.

Dorsal root ganglion were harvested from 2-day-old
Wistar rats and cultured as described previously (40, 41,
44, 45) with some modifications. Briefly, DRGs were re-
moved and collected in ice-cold medium (DMEM with 1%
penicillin-streptomycin) and then placed on PDL-coated 6-
well plates (three DRGs per each well), filled with DMEM,
10% FBS, and 1% penicillin-streptomycin, and then were in-
cubated at 37°C at a 90% humidified atmosphere with 5%
CO,. After 48 h, the effective concentrations of adult silk-
worm and silkworm pupae extracts based on the MTT as-
say results (i.e., concentrations of 0.01, 0.05, 0.25 ug/uL)
were added to the plates containing DRGs. Then, they were
transferred to an incubator and monitored daily. After 12
days, DRGs were immune-stained for NeuroFilament-200
(NF-200).

3.9. Immunostaining Procedures for S-100 and Alpha-Smooth
Muscle Actin

The SCs were seeded on coverslips. After 24 hours, the
cells were fixed with 4% paraformaldehyde in 0.1 M PBS for
10 minutes at room temperature. The cells were then per-
meabilized for 30 minutes in PBS with 0.3% triton X-100
and washed with PBS three times. Endogenous peroxidase

activity was blocked by 3% H,O, (hydrogen peroxide) in
50% methanol for 10 min at room temperature. Cells were
then blocked using 10% horse serum (Vector Laboratories)
and then incubated overnight with primary antibodies, in-
cluding mouse anti-SMA, MAD-021195Q, 1:100 dilution and
anit-S-100 antibody, MAD-001221Q, 1:100 dilutions, master
diagnostic, at 4°C. The next day, three PBS washes were fol-
lowed by incubation for one hour at room temperature
in secondary antibody (MAD- 000237QK, master diagnos-
tic) biotinylated horse-anti-mouse IgG (1:200; Vector Lab-
oratories), and colorimetric detection was performed us-
ing ABC Vectastain Elite reagents with DAB (Vector Labo-
ratories). Sections were counterstained with hematoxylin
(Sigma-Aldrich). Images of stained cells were captured us-
ing an Olympus BX-51 microscope.

3.10. Immunofluorescent Staining for NF200

First, the cells inside the plate were fixed for 10 min-
utesatroom temperature with 4% paraformaldehydein 0.1
M PBS. The cells were then permeabilized for 30 minutes
in PBS with 0.3% triton X-100 and washed with PBS three
times. They were then immersed in the blocking solu-
tion (10% goat serum) for 45 minutes and treated with pri-
mary antibody (anti-NF200, sc-32729-santa Cruz antibody)
overnight at 4°C. The cells were then treated for one hour
in a dark place with a FITC-conjugated secondary antibody
(Goat Anti-Mouse IgG (H+L) antibody, 1:400 dilution). Also,
DAPI (D9542-Sigma) was applied to counterstain the nu-
clei. Only the secondary antibody was employed as a neg-
ative control. Fluorescent imaging (with an Olympus mi-
croscope) was then performed.

3.11. Statistical Analysis

The independent student t-test or one-way analysis of
variance (ANOVA) was used to assess the results. The mean
+ standard error (SE) from at least three consecutive exper-
iments is presented. If P-values < 0.05 or less, a statistically
significant difference is reported.

4. Results

4.1. Mature Bombyx mori and Bombyx mori Pupae Extract Anal-
ysis

The Bradford test was performed to determine the to-
tal protein content of the prepared extracts. The average
protein content determined from four samplings for ma-
ture silkworm extract was 2.412 mg/mL, and silkworm pu-
pae extract was 5.078 mg/mL. Also, one-dimensional elec-
trophoresis (SDS-PAGE) was performed to determine the
protein bands of both extracts (Figure 1). The molecu-
lar weights of the proteins of the extracts appeared in
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the range of 20 - 200 kDa, and based on the literature,
these bands can be attributed to the following proteins: fi-
broin (light & Heavy chains and P25), sericin, glycoprotein,
lipoprotein, lipophorin, ferritin (light & heavy chains),
apolipophorin-, bombyrin, laminin511-E8 (a5, 51, y1), and
arylphorin storage protein (SP1 & SP2). Also, the optical
density of proteins was calculated with Quantity One soft-
ware and listed in Table 1. In addition, the type and number
of amino acids in both extracts are summarized and com-
pared in Table 2 and Figure 2.

MW

(kDa),

200
150
120
100

85
70
60

50

40

30

25

20

Figure 1. One-dimensional electrophoresis sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). Column 1is related to mature silkworm extract, and
column 2 is related to silk pupae extract. The molecular weights of the proteins of
the extracts appeared in the range of 20 - 200 kDa.

4.2. Purity of Isolated Schwann Cells

The purity of isolated SCs was proved through im-
munocytochemical staining against S-100 and alpha-
smooth muscle actin (a-SMA), which showed SCs and
fibroblast, respectively (Figure 3). To quantify SCs purity,
the numbers of S100 and alpha-SMA positive cells were
counted, and the purity of SCs was calculated to be > 97%.

4.3. Cell Proliferation Assay

The effect of extracts on SC proliferation was evaluated
using an MTT assay. Schwann cells were seeded and treated
with mature silkworm and pupae extracts in increasing
quantities (0.005, 0.01, 0.05, 0.25,1.25, 5, and 25 ug/ul) and
compared with the control group for three days (Figure
4). No cytotoxicity was found in SCs that were treated with
concentrations ranging from 0.01 to 5, although a higher
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concentration of 25 significantly reduced cell viability by
25+ 0.003 and 37+ 0.003% for mature and pupae extracts,
respectively. Using both extracts, the percentage of cell vi-
ability in groups exposed to 0.01, 0.05, and 0.25 ug/uL was
statistically significant compared to the control group (P <
0.05).

In addition, the effect of higher potential concentra-
tions (i.e., 0.01, 0.05, 0.25) of both prepared extracts on SC
proliferation was compared at different exposure times,
including 3, 5, and 7 days. When SCs were treated with
varying concentrations of extracts, they proliferated more
quicker than controls. In comparison to the control, cell
viability increased after treatment with concentrations of
0.01, 0.05, and 0.25. The most effective concentration of
mature silkworm and pupae extract was 0.25, especially on
the third and fifth days, which increased SC proliferation
in all extract groups. When incubated in a medium with
0.25 pupae extract, the percentage of cell viability was the
largest (Figures 5 and 6).

4.4. Morphological Assessment of Schwann Cells

Figure 7 shows the SEM images of SCs cultivated on cov-
erslips and five days of exposure to the effective concen-
tration (0.25 p1g/uL) of mature silkworm and pupae extract
and compared with the control group.

4.5. DRGs Growth

After culturing and affecting adult silkworm and pu-
pae extracts, the DRGs were compared with the control
group. To evaluate the results and the effect of the extracts,
they were stained with NF-200 and photographed with a
fluorescent microscope. Figures 8 and 9, and Table 3 show
the significant effect of the extracts on the length and num-
ber of axons that outgrew from the DRGs relative to the
control group.

5. Discussion

Despite the evidence regarding the use of mature silk-
worm and pupae extracts for enhancing the function of
the human reproductive system, to the best of our knowl-
edge, this is the first study conducted on nerve regenera-
tion with the application of mature silkworm and pupae
extracts. Also, there are many studies discussing the influ-
ence of silkworm cocoons or their products, such as fibroin
and sericin as scaffolds for nerve regeneration (27, 31, 58-
60); however, there is a gap in knowledge about the effect
of proteins extracted from pupae and mature silkworms
on nerve regeneration and in this study, we evaluated their
effect on SC proliferation and axon growth.
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Table 1. The List of Proteins Detected in Mature Silkworm and Pupae Extract with Their Molecular Weight and Optical Density

Row Protein Molecular Optical Relative The The Role of Protein References
Weight Density Quality of Optical Relative
(kDs) Silkworm Silkworm Density of Quality of
Extract Extract Pupae Pupae
Extract Extract
1 Fibroin consisting of a 26,130,180, 0.98,0.36, 9.7,1.5,2.6, 0.82,0.44, 9.4,1.2,1.7, Regenerative medicine, Dai etal. (46);
heavy chain, a light 30 0.42,1.05 9.4 0.36,0.80 9.6 tissue engineering Dong et al. (47);
chain,and a Yonesi et al. (27)
glycoprotein, P25

2 Sericin 150 0 0 036 17 Regenerative medicine, Dai et al. (46);
tissue engineering Dong etal. (47)

3 Glycoprotein 27 1.43 7.5 137 8.6 Development Chandrasekar

and Habeeb (48);
Maenaka and
Park (36)
4 Lipoprotein, 26,29, 30, 0.98,1.05, 9.7,9.4,9.4, 0.82,0.80, 9.4,9.6,9.6, Transport of sterols and Chandrasekar
Lipophorin 31 1.05, 0.49 2.2 0.80,0.26 1.0 hormones, immunity, and Habeeb (48);
reproduction, prolonging Maenaka and
life, and inhibiting Park (36)
programmed cell death

5 Ferritin (L-type), 19,21 0,0.19 0,0.8 0,0.10 0,0.7 Growth, differentiation, Chandrasekar

(H-type) OXygen transport, storage, and Habeeb (48);
energy production, cell Maenaka and
proliferation, cell cycle, Park (36)
RNA/DNA synthesis,
immune response,
anti-oxidation, iron
homeostasis, detoxification,
development regulation,
and immunity

6 Apolipophorin-III 22 0.24 14 0.11 0.7 Facilitate lipid transport and Chandrasekar
immune responses against and Habeeb (48);
various pathogens Maenaka and

Park (36)

7 Bombyrin 27 143 7.5 137 8.6 Making contact with Chandrasekar
different molecules and Habeeb (48);
throughout the protein Maenaka and
surface, the repair processof ~ Park(36)
the brain

8 Laminin511-E8-&5, 90, 25,30 0.42,1.43, 1.5,7.5,9.4 0.73,1.37, 16.4, 8.6, Extracellular protein in the Asakura et al.

Laminin511-E8-(31, 1.05 0.80 9.6 basement membranes, (49); Maenaka
Laminin511-E8-y1 regenerative medicine, and Park (36);
human disease modeling, Tomita (50);
and drug discovery Yonesi et al. (27)
9 Arylphorin storage 82,72,76 0.42,0.81, 1.9,5.0,1.9 0.73,1.01, 16.4,181, Reproduction Maenaka and
protein (SP1) & (SP2) 0.42 0.73 16.4 Park (36)

Peripheral nerve injury is a prevalent disorder in clin-
ics that causes a partial loss of segmental motor, sensory,
and autonomic functions, as well as significant life and
financial difficulties for patients and their families. Nu-
merous researches and clinical observations have reported
that some materials, drugs, and products can improve
axon regeneration and elongation following peripheral
nerve injury. In this study, we evaluated the effect of ma-
ture silkworm extract and its pupae to improve their ef-
fectiveness on SC proliferation and axon elongation. In
the current study, we used mature silkworms and pupae
extracts, as they are two important stages in the evolu-
tionary process of silkworms because of the presence of

more proteins and growth factors in living insect forms.
The study was conducted in two directions. First, lab-
oratory tests to investigate the components of extracts,
especially amino acids and proteins, such as Bradford
tests, SDS- page, and LC-MS/MS. Then, culturing SCs and
DRGs and examining the effect of extracts on them by
performing tests, such as MTT, SEM, and immunostain-
ing assay. The average Bradford test results in pupae ex-
tract were almost twice that of mature silkworm extract
(5 vs. 2.4 mg/mL). In one-dimensional electrophoresis,
in terms of molecular weight and optical density of pro-
teins of both extracts, sericin was not detected in mature
worm extract. However, the amount of fibroin, ferritin,
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Table 2. The List of Amino Acid Values in Mature Silkworm and Pupae Extracts Detected by the Liquid Chromatograph-Mass Spectrometer Method

Row Amino Acids Pupae (M)  Silkworm (uM)  Some Roles of Amino Acids References

1 Histidine (His) 3293.63 2240.192 Protein methylation, anti-oxidation, vasodilator, regulation of =~ Wang et al. (51); Wu (52)
gut function, carrying oxygen

2 Serine (Ser) 1923.89 779.811 Gluconeogenesis and fat metabolism, protein Wu (52)
phosphorylation, made of fibroin and sericin, immune
system health, muscle growth

3 Glutamic acid (Glu) 1581.03 1246.546 Regulation of protein turnover, gene expression, immune Wu (52)
function, cell proliferation, apoptosis inhibition, cell division

4 Methionine (Met) 1439.43 225382 Synthesis of betaine, acetylcholine, phosphatidylcholine, Yoneda et al. (53)
cellular metabolism, and nutrition

5 Alanine (Ala) 1279.13 842.012 Made of fibroin, increases immunity, provides energy for McDonald and Johnston (54)
muscle tissue, brain, and CNS

(3 Glycine (Gly) 1089.27 967.39 Made of fibroin, an inhibitory neurotransmitter in the CNS McDonald and Johnston (54)

7 Lysine (Lys) 925.07 606.08 Anti-viral activity, muscle growth, and regeneration, Wu (52)
Structure, and function of collagen

8 Threonine (Thr) 764.82 598.921 Immune function, and protein phosphorylation, in the McDonald and Johnston (54)
construction of elastin, collagen, and the nervous system

9 Proline (Pro) 715.87 225.427 Collagen structure and function, neurological function, Li and Wu (55); Wang et al. (51)
killing pathogens, intestinal integrity, immunity

10 Valine (Val) 568.28 214.958 Made of fibroin, synthesis of glutamine and alanine Wu (52)

1n Leucine (Leu) 439.66 172.949 Regulation of protein turnover Wu (52)

12 Arginine (Arg) 410.32 305.282 Anti-oxidant, regulator of hormone secretion, ammonia Yoneda et al. (53)
detoxification, regulation of gene expression, immune
function

13 Tyrosine (Tyr) 185.62 1.928 Protein phosphorylation, nitrosation, and sulfation, Hausler et al. (56)
neurotransmitter, regulation of immune response, made of
fibroin

14 Isoleucine (Iso) 151.73 29.285 Diverse physiological functions such as assisting wound Li and Wu (55)
healing, detoxification of nitrogenous wastes, stimulating
immune function, and promoting secretion of several
hormones

15 Phenylalanine (Phe) 138.33 461.546 Neurological development and function Hausler et al. (56)

16 Tryptophan (Try) 69.5 38.099 Neurotransmitter, inhibition production of inflammatory Hausler et al. (56); Wu (52)
cytokines, and superoxide

17 Citrulline (Cit) 18.44 18.941 Anti-oxidant, arginine synthesis, ammonia detoxification Wu (52)

18 Ornithine (Orn) 14.62 86.573 Weightlifting supplements wound healing, and sleep quality, Wu (52)
playarole in the urea cycle

19 Asparagine (Asp) 8.15 62.182 Cell metabolism and physiology, regulation of gene Liand Wu (55)
expression, immune function, ammonia detoxification, the
function of the nerve system

20 Aspartic acid (ASA) 0 0 Purine, pyrimidine, asparagine, and arginine synthesis, Kong etal. (57)

synthesis of inositol and 3-alanine, and urea cycle

apolipoprotein, and lipoprotein in mature silkworm ex-
tract was higher, and the amount of sericin, glycoprotein,
bombyrin, laminin, and arylphorin storage protein in pu-
pae extract was higher. In most cases, the difference was
not very large and desirable in both extracts. These pro-
teins play important roles in various fields of biology, bio-
materials, biomedical, and regenerative medicine, such as
tissue and organ development, immunity, the immune re-
sponse against various pathogens, reproduction, prolon-
gation of life and inhibition of cell death, cell proliferation,

Iran ] Pharm Res. 2022; 21(1):e133552.

DNA/RNA synthesis, detoxification, nerve growth, and re-
generation (Figure 1and Table 1).

Based on LC-MS/MS, out of 20 types of amino acids in
nature, 19 types were detected in both extracts. Only the
amount of aspartic acid was not detectable, and its value
was zero. Of the 19 amino acids, the amount of 15 amino
acids in pupae extract was higher than that of mature silk-
worm extract. However, in four amino acids, it was the op-
posite, and the amounts in the mature silkworm extract
were higher; however, the difference was not statistically



Khosropanah MH et al.

3500 A

3000 A

2500 -

2000 -

1500 -+

1000

500 -

His
Ser
Glu
Met
Ala
Gly
Lys
Thr
Pro

B pupae extract

Silkworm extract

Val
Leu
Arg

Tyr
Phe
Trp

Cit
Orn
Asp
ASA

Lsoleu

Figure 2. Diagram of amino acid values in mature silkworm and pupae extract based on quantitative values obtained in liquid chromatograph-mass spectrometer (LC-MS/MS)

Table 3. The Length and Number of Axons in Dorsal Root Ganglion Images Using
Image ] Software After Exposure to Mature Silkworm and Pupae Extracts

DRG Groups Length of Axons (mm) Number of Axons
Control 3.8 2
Silkworm extract (0.01) 73 2
Silkworm extract (0.05 7.7 5
mg/mL)

Silkworm extract (0.25 10.9 8
mg/mL)

Pupae extract (0.01 4.8 3
mg/mL)

Pupae extract (0.05 10.8 12
mg/mL)

Pupae 0.25 273 19

Abbreviation: DRG, dorsal root ganglion.

significant. The highest level of amino acids in both ex-
tracts belonged to histidine, followed by serine, glutamic
acid, methionine, alanine, glycine, lysine, threonine, pro-
line, valine, leucine, arginine, tyrosine, isoleucine, and
tryptophan, respectively. But, the amino acids in mature
silkworms that were higher than in pupae included pheny-
lalanine, citrulline, ornithine, and asparagine. Asparagine
was the lowest amount of amino acid in both extracts, ex-
ceptasparticacid, which was not detected. The importance
of some of the above amino acids is that they play a role
in the production and synthesis of some proteins, like fi-
broin, sericin, laminin, and bombyrin, which play impor-

tant roles in areas, such as regenerative medicine, tissue
engineering of nerves, and other tissues. Some of these
roles are listed in Table 2. For example, we can mention
roles, such as immune system health, gene expression, cell
proliferation, cell division, cell metabolism and nutrition,
anti-viral activity, contraction of elastin, collagen, and pro-
moting the secretion of several hormones and neurotrans-
mitters (Figure 2 and Table 2).

In the next part of the study, the effect of differ-
ent concentrations of extracts on SC proliferation was in-
vestigated. Then, three effective concentrations of 0.01,
0.05, and 0.25 gL obtained from both extracts were re-
evaluated and compared based on the MTT assay. It was
found that the proliferation of SCs at a concentration of
0.25 pg/uL for both extracts was higher than 0.01and 0.05
gl uL. However, at concentrations of 0.01and 0.05 pug/uL,
we also found SC proliferation. The highest SC prolifera-
tion was at the concentration of 0.25 p1g/u.L of pupae on the
fifth day then on the third day. On the seventh day, we had
less cell viability. In the case of mature silkworm extract,
the highest viability was first on the third day and then on
the fifth day at a concentration of 0.25 ug/uL compared to
the control group. Accordingly, it can be concluded that
the highest viability for both extracts was at a concentra-
tion of 0.25 pg/uL on the third and fifth days based on the
MTT assay (Figures 4, 5 and 6). The effect of extracts on
SC morphology on the fifth day was also evaluated. At the
concentrations of 0.25 u1g/uL, both extracts showed an in-
crease in the SC population compared to the control group

Iran ] Pharm Res. 2022; 21(1):e133552.
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Figure 3. Schwann cells (A, B) and fibroblast (C, D) were immunocytochemically stained against S-100 and alpha-smooth muscle actin («-SMA), respectively. As can be seen in
Aand B images, the abundance of Schwann cells is noticeable, but in C and D images, the number of fibroblasts is very low.
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Figure 4. The effect of mature silkworm (silkworm extract) and silkworm pupae (pupae extract) extracts on Schwann cell viability. No cytotoxicity was found in Schwann
cells that were treated with concentrations ranging from 0.01to 5 j1g/uL, although the higher concentration (25 p1g/L) significantly reduced cell viability by 25 + 0.003 and
37+ 0.003% for mature and pupae extracts, respectively. Using both extracts, the percentage of cell viability in groups exposed to 0.01, 0.05, and 0.25 j1g//+L was statistically
significant compared to the control group. *P < 0.05 (the data were analyzed by one-way ANOVA and post hoc Tukey HSD test).

(Figure 7).

In the case of DRGs and to evaluate the effect of ex-
tracts on outgrowth and the number of axons after ex-
posure to both extracts and comparison with the control
group (Figure 8), significant changes were observed. Both
adult silkworms (Figure 8) and pupal extracts (Figure 8)
increased the length and number of axons. But this in-
crease was more pronounced in DRGs that were affected
by pupae extract (Figure 9 and Table 3). Similar studies
have indicated that several herbal compounds have a ben-
eficial role in nerve regeneration. Achyranthes bidentata
could be a well-known Chinese complementary pharma-
ceutical with numerous capacities and impacts. A survey
showed that the Achyranthes bidentata polypeptides at 0.5
pg/mL for 24 h could significantly promote the prolifera-
tion of primary SCs cultured in vitro at different times (61).
The co-culture of SCs and adrenal pheochromocytoma (PC-
12) cells showed a high cell proliferation rate and axonal
expansion (62). Also, Heregulin (10 nM) for 24 h showed
a successful mitogen for human SCs (63). The effective-
ness of essential disconnected SCs with curcumin (0.25
4M) in ethanol 100% was evaluated for the alleviation of
human-related peripheral neuropathies (64). In a study,
the effect of the male silkworm extracts on the reproduc-
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tive tract of male rats was studied. Sperm counts were no-
tably greater in male rats treated with male silkworm lar-
vae extract and male silkworm pupae extract compared to
the control group (65). The animal examination showed
that alcohol dehydrogenase (ADH) activity was higher in
the liver of mice orally administered with 0.5 mg/mL of
silkworm extractand alcohol, indicating that silkworm pu-
pae extracts have alcohol detoxification activity (66).

5.1. Conclusions

Although the silk cocoons and some of their pro-
teins have been used in the past in various fields, such as
medicine, pharmacy, and textile, the results of the present
study showed that the extracts obtained from some stages
of the silkworm growth cycle were more effective in nerve
regeneration and repair. This study focused on the effect
of extracts from pupae and mature silkworms on SC pro-
liferation and axon growth. The optimized concentration
of both extracts on cell proliferation and axon growth was
determined, and it was found that at the same concentra-
tion, the pupae extract was more effective on SC prolifer-
ation and axon growth. Our findings showed that using
both extracts can be a suitable candidate for nerve regener-
ation and repair; however, further investigation is needed

Iran | Pharm Res. 2022; 21(1):e133552.
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Figure 5. The percentage of Schwann cell viability on the third (3 days), fifth (5 days), and seventh (7 days) days of exposure to mature silkworm (S) extract at the concentrations
of 0.01, 0.05, and 0.25 pg/puL compared to the control cells cultured in standard cell culture medium (Dulbecco’s Modified Eagle’s Medium (DMEM)[F12 +10% fetal bovine
serum (FBS)). * P < 0.05 (the data were analyzed by one-way ANOVA and post hoc Tukey HSD test).
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Figure 6. The percentage of Schwann cell viability on the third (3 days), fifth (5 days), and seventh (7 days) days of exposure to pupae extracts (P) at the concentrations of 0.01,
0.05, and 0.25 pgfuL compared to the control cells cultured in standard cell culture medium (Dulbecco’s Modified Eagle’s Medium (DMEM)[F12 +10% fetal bovine serum
(FBS)). *P < 0.05 (the data were analyzed by one-way ANOVA and post hoc Tukey HSD test).
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Figure 7. Scanning electron microscopy (SEM): Schwann cells after exposure to mature silkworm extract (C, D) and pupae extract (E, F) compared to the control group (Aand
B)

to reveal the effect of these extracts in a preclinical study.
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Figure 8. Dorsal root ganglions (DRGs) in the control group and exposed to different doses of mature silkworm (0.01, 0.05,and 0.25 ug/;1L) and pupae extract (0.01, 0.05,and
0.25 p1g/pL) in terms of length and number of axons under a fluorescent microscope
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Figure 9. The length and number of axons based on the results obtained by Image ] software. In this diagram, the length and number of axons under the influence of mature
silkworm (SW: 0.01, 0.05, and 0.25) and pupae (PU: 0.01, 0.05, and 0.25) extracts are compared with each other, and the control group.
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