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Abstract

This study investigated the effects of silkworm hemolymph-derived storage protein 2 (SP2) on the
whitening process in mouse B16F1 melanoma cells. After the cells were treated with various con-
centrations of SP2 (0.1 - 1.0 mg/mL), cytotoxicity, melanin contents, and differences in mRNA and
protein expression associated with melanogenesis were observed. No cytotoxicity was observed
when cells were treated with SP2, even with increased SP2 concentrations of up to 2.0 mg/mL.
When treated with various SP2 concentrations in the cells, the protein and mRNA expression of
tyrosinase were dose-dependently decreased, respectively, and inhibition of tyrosinase was fur-
ther increased by 50.0% with increasing SP2 concentration of 1.0 mg/mL. Expression mRNAs
coding tyrosinase related protein-1 and protein-2 (TRP-1 and TRP-2) was also significantly de-
creased in a dose dependent manner. When measuring the melanin content in melanoma cells,
SP2 at 1 mg/mL inhibited melanin synthesis by 73.5% compared with non-treated cells. The inhi-
bitory effect was 2.8-fold higher than that obtained using arbutin as a positive control. This study
demonstrates that SP2, as a whitening material, is capable of suppressing melanin synthesis
through the downregulation of proteins and genes in the melanin biosynthesis pathway.
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1. Introduction

Recently, the cosmetic industry has been rapidly expanding its market size with great potential due to an in-
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creasing interest in beauty. Subsequently, various bioactive materials for cosmetic ingredients have been chemi-
cally synthesized to meet growing economic and consumer demands [1]. However, it is often reported that syn-
thetic materials can be potentially harmful and result in inflammations to human skin [2]-[4]. Thus, alternative
materials have been sought and studied. Research indicates that consumers prefer cosmetics made from natural
sources, such as plants, insects and others [5] [6].

Among such natural compounds, a silkworm protein derived from domesticated Bombyx mori has been used
effectively in biological research, including an ingredient in cosmetics [7]-[10]. Specifically, silk proteins have
well-known bioactive characteristics and functions, such as anti-oxidation, UV-resistance, biocompatibility,
biodegradability, inhibitory tyrosine activity, and others [11]. Furthermore, after the effectiveness of these pro-
teins in moisturizing and preventing inflammation was revealed by several studies, research into their cosmetic
use has followed [11] [12].

There has been great interest in functional whitening cosmetics in the market because human skin is directly
exposed to various environmental stresses that cause accelerated depigmentation, freckles, and skin darkness
[13] [14]. Melanin, which is produced in skin melanosomes, not only plays an important role in protecting the
skin against UV radiation but is also responsible for skin color [11] [12]. Thus, upon exposure of skin to UV
radiation, melanogenesis is initiated through an enzyme called tyrosinase, along with tyrosinase-related proteins
(TRPs) [3]. TRPs, such as TRP-1 (5,6-dihydroxyindole-2-carboxylic acid oxidase) and TRP-2 (dopachrometau-
tomerase), are key enzymes for melanin biosynthesis [15]. After tyrosinase oxidizes tyrosine to Dopaquinone,
TRP-2 catalyses the conversion of Dopachrome to DHICA (5,6-dihydroxyindole-2-carboxylic acid) [16]. Then,
TRP-1 oxidizes DHICA to indole-5,-6-quinone carboxylic acid. Thus, overexpression of TRP-1 and TRP-2
causes the skin color darkens [17]. To obtain a whitening effect from cosmetics, the substance must thus be ca-
pable of effectively controlling melanin synthesis via mechanisms such as the inhibition of melanin formation.
The regulation of key genes or enzymes in the pathway therefore needs to be characterized for use in cosmetic
ingredients.

The functions of silk proteins have been widely studied. However, few studies have investigated the pro-
tein-derived silkworm hemolymph, which is a fluid in the silkworm circulatory system that plays a role in sup-
plementing nutrients and determining sex hormones during metamorphosis. Storage protein-2 (SP2) and 30K
protein, which are the most highly expressed proteins in silkworm hemolymph, are part of a group of structural-
ly related proteins [18] and are approximately 72 kDa and 30 kDa in molecular size, respectively [19]. Some
studies on these have been conducted, and they have been found to exert functions in the suppression of pro-
grammed cell death, apoptosis, and oxidative stress [20]-[23]. Although these proteins have been researched as
mentioned above, the application of these proteins as whitening agents is still not available and has not yet been
tested.

In our previous studies, we found that soluble silkworm gland hydrolysate exhibits skin whitening effects and
anti-aging activity through the inhibition of tyrosinase and elastase activities, respectively [24]. In the present
study, we isolated SP2 from silkworm hemolymph to examine its potential as a whitening agent. In an effort to
characterize SP2’s inhibitory effect and mechanisms, we investigated the influence of SP2 on the expression
level of MRNA and enzymes involved in melanin synthesis as well as its cytotoxicity and any differences in the
melanin content of B16F1 melanoma cells upon SP2 treatment.

2. Materials and Methods
2.1. Isolation of SP2 from Silkworm Hemolymph

Freeze-dried 5-instar 7 days silkworms were kindly provided by the Rural Development Administration (RDA,
Suwon, Korea). Silk glands present in freeze-dried silkworms were removed using a ball mill, and the other
parts of the silkworm were used for extraction of hemolymph. To extract water-soluble proteins, including SP2,
30 g of freeze-dried silkworm pieces were added to 1 L of 20 mM Tris-HCI buffer (pH 9.0) and stirred using a
magnetic stirrer for 30 min at room temperature. The solution was heated for 30 min to inactivate tyrosinase at
60°C then centrifuged for 30 min at 10,000 rpm, and the supernatant containing the soluble proteins was trans-
ferred to a 50 mL conical tube. Silkworm hemolymph-derived SP2 was isolated by using the AKTA FPLC sys-
tem (GE Healthcare, Pittsburgh, PA, USA). The solution was then loaded on a column that was filled with Se-
pharose Q resin (GE Healthcare, Pittsburgh, PA, USA) pre-equilibrated with 20 mM Tris-HCI buffer (pH 9.0).
After sample loaded on the column, it was eluted with 20 mM Tris-HCI (pH 9.0), and 1 M NaCl buffer at a flow
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rate of 1 mL/min. The eluent was monitored at 280 nm and each fraction was collected. Step-gradient method
was used for the protein separation. SP2 from the eluent were identified by a gel electrophoresis as described
later.

2.2. Analysis of SP2 Molecular Weight

The molecular weight of silkworm hemolymph-derived SP2 was identified using gel electrophoresis using a
12% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). The gel was then stained using Coomassie Bril-
liant Blue R-250 (Amresco Inc., Solon, OH, USA) for 1 hr, and a destaining process was conducted in destain-
ing solution (MeOH: Acetic acid: Distilled water 1:1:8) overnight. The molecular weight of SP2 was then ana-
lyzed using a broad-range pre-stained marker (ebm-1032, ELPIS bio, Daejeon, Korea).

2.3. Cell Culture

Melanoma B16F1 cells were purchased from the Korean Cell Line Bank (KCLB, Seoul, Korea). The cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, HyClone Laboratories Inc., Logan, UT, USA) sup-
plemented with 10% fetal bovine serum (FBS, HyClone Laboratories Inc., Logan, UT, USA) and 1% penicil-
lin-streptomycin (HyClone Laboratories Inc., Logan, UT, USA) in a humidified atmosphere containing 5% CO,
at 37°C. Melanoma B16F1 cells were cultured in 6-well plates, 24-well plates, and 96-well plates depending on
assay procedure. After the cells were seeded in plates, they were allowed to attach to the plate for 24 hr. Adhe-
rent cells were used in all experiments.

2.4. Measurement of Cell Viability

Cell viability was evaluated using the Cyto X™ cell viability assay kit (LPS solution, Daejeon, Korea). SP2 was
dissolved in distilled water prior to addition to the cell media. Melanoma cells were treated with 0, 0.1, 0.2, 0.5,
1.0, or 2.0 mg/mL of SP2 and then incubated for 24 hr in the mixture to observe cell proliferation. After incuba-
tion, cells were treated with 20 uL WST-1 per well and again incubated at 37°C in a 5% CO, incubator for 3 hr.
Sample absorbance was determined at 450 nm using an ELISA microplate reader (Epoch microplate spectro-
photometer, BioTek Inc., Winooski, VT, USA) to assess cytotoxicity with various concentrations of SP2. The
mean and standard deviation (SD) values were obtained from three independently performed experiments.

2.5. Measurement of Melanin Content

Melanoma B16F1 cells (4 x 10* cells/well) were seeded in 24-well plates. Then, fresh medium containing vari-
ous SP2 concentrations (0.1 - 1.0 mg/mL) was added to the plate and incubated at 37°C in a CO, incubator for
96 hr to observe distinct inhibition effect and color variations. Cells were harvested using a 1 mL 0.25% tryp-
sin-EDTA solution treatment. The cells were transferred to 1.5 mL microtubes and centrifuged for 5 min at 1500
rpm for harvesting. After the collected cells were disrupted using a homogenizer (PT1200 E, Kinematica, Lu-
zern, Switzerland), intracellular melanin was dissolved in 2 M NaOH at 100°C for 1 hr. To measure melanin
content, 200 pL of the melanin mixture were placed in a 96-well plate, and absorbance was measured at 405 nm
using the ELISA reader. Standard curves were prepared using synthetic melanin (Sigma-Aldrich, St. Luis MO,
USA). Arbutin (0.2 mg/mL) was used as a positive control. The inhibition rate of melanin synthesis was calcu-
lated using the following formula:

Cpeas B - ODsampIe
Inhibition rate of melanin syntheisis= | 1-——— |x100 1)

control

2.6. Measurement of DPPH Radical-Scavenging Activity

The antioxidant capacity of 30K protein and SP2 was determined according to a previous report [24], and ascor-
bic acid was used as a positive control. One-hundred sixty microliters of a 0.2 mM methanolic solution of DPPH
(2,2-diphenyl-1-picrylhydrazyl) was added to 40 uL of a 0.01, 0.1, 1, 10, 100, or 1000 pg/mL SP2 solution in
96-well plates. The mixtures were then incubated at 37°C for 30 min. The activity of the mixture was spectro-
photometrically determined at 517 nm using an ELISA reader. The percentage of DPPH scavenging activity was

calculated using the following formula:
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. .. ODsam le
Scavenging activity (%)= | 1-——""= [x100 )

control

DPPH radical scavenging activity was expressed as 1Csg.

2.7. Tyrosinase Inhibition by SP2

The tyrosinase activity assay was performed with L-DOPA as the substrate, as previously described [24]. Mela-
noma B16F1 cells were seeded at 3 x 10° cells/well in 6-well plates, and a-melanocyte stimulating hormone
(a-MSH) was added to the medium to a final concentration of 200 nM to enhance melanin production. Then, the
cells were treated with 0.1, 0.2, 0.5, or 1.0 mg/mL of SP2 and the mixtures were added to the plate. Arbutin (0.2
mg/mL) was used as a positive control. The plate was incubated at 37°C in a CO, incubator, and variations in
absorbance at 490 nm over time were measured every 10 min for 1 hr. The percentage of inhibition of tyrosinase
activity was calculated using the following formula:

s . P ODsam le
Inhibition rate of tyrosinase activity (%)= | 1- P2 |x100 (3)
control
2.8. Quantitative Real-Time PCR Analysis of the Expression of Genes Related to
Melanin Synthesis

Melanoma B16F1 cells (1 x 10° cells/well) were seeded in 6-well plates. Adherent cells were treated with 0, 0.1,
0.2, 0.5, or 1.0 mg/mL SP2. The cells were incubated for 48 hr and harvested for mRNA extraction. Total RNA
was extracted from the B16F1 cells using the easy-spin'™ total mMRNA extraction kit (iNtRON Biotech., Seong-
nam, Korea) according to the manufacturer’s instructions and was used to synthesize cDNA for analysis using
the StepOnePlus Real-Time PCR system (Applied Biosystems, Grand Island, NY, USA). Equal amounts of total
mRNA were used for each analysis and S-actin was used as a reference gene. Primer sequences are listed in Ta-
ble 1.

2.9. Statistical Analysis

Data are express as the mean + standard deviation for each experiment. Statistical analyses were performed us-
ing the t-test for pair-wise comparisons within Sigma Plot 10.0 software (Systat Software, San Jose, CA, USA).
The values of p < 0.05 were considered statistically significant.

3. Results

3.1. The Effect of SP2 on Cell Viability

The cytotoxic effect of various SP2 concentrations on melanoma B16F1 cells was investigated. Cell viability
was determined using a WST-1 assay. Figure 2 shows the effect of SP2 on cell viability and proliferation. SP2

Table 1. Primers for real-time PCR.

Genes Primers (5°-3”) Amplicon (bp)
F:5’-GAA TGG AAC AAT GTC CCA AG-3’ 49
Tyrosinase
R:5’-CCT TCG CAG CCATTG TTC-3’ 46
F:5’-TCC TTG GAA GAG TAC GAT AC-3’ 49
TRP-1
R:5’-ACG CTG CAC TGC TGG TCT-3’ 47
F:5-TTG CCA CAC TCA GCA GCC-3’ 47
TRP-2
R:5’-TTC TCT TCA GCC ACT CAT CA-3’ 49
F:5-ACC CTA AGG CCA ACC GTG-3’ 47
p-actin
R:5’-GCC TGG ATG GCT ACG TAC-3’ 47
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treatment did not result in any significant inhibition of cell growth or any toxicity in melanoma B16F1 cells with
all of the tested SP2 concentrations (ranging from 0.1 to 2.0 mg/mL).

3.2. The Effect of SP2 on Melanin Content

The inhibitory effect of SP2 on melanin biosynthesis in melanoma B16F1 cells was examined in comparison
with the effect of arbutin at 0.2 mg/mL as a positive control. a-MSH treatment at 200 nM enhanced the melanin
content in melanoma B16F1 cells by 37.5 + 1.5% compared with non-treated cells (p < 0.05), as shown in Fig-
ure 3. SP2 inhibited dose-dependently melanin formation within the cell. SP2 and arbutin at same concentration
(0.2 mg/mL) resulted in inhibition rates of 31.8 + 6.3%, and 26.5 + 5.2% in the presence of a-MSH, respectively
(p < 0.05). Moreover, when SP2 was treated at 1.0 mg/mL, melanin content was decreased up to 26.6 + 1.2%
compared with only a-MSH added group (Second column in Figure 3).

3.3. DPPH Radical Scavenging Activity

To evaluate the antioxidant capacity of SP2, DPPH radical scavenging activities were examined and compared
to ascorbic acid as a reference. As shown in Table 2, two proteins derived from silkworm hemolymph inhibited
scavenging activity, and the 1Csq values of 30K and SP2 were calculated to be 91.2 + 6.0 pg/mL and 35.8 £ 4.5
ng/mL, respectively. These ICsy values were much lower than those for ascorbic acid (0.57 £ 0.02 pg/mL).

3.4. The Effect of SP2 on the mRNA Expression of Tyrosinase and on Tyrosinase Activity

The effect of SP2 on tyrosinase expression was investigated at the transcriptional and translational levels. Arbu-
tin was chosen as the reference whitening material for this experiment. As shown in Figure 4(a), SP2 dose-de-
pendently inhibited mMRNA expression of tyrosinase in melanoma B16F1 cells. Among the tested group, arbutin
demonstrated lowest gene expression level (Approx. 0.2) SP2 showed a potent inhibition of tyrosinase enzyme
when compared with arbutin (Figure 4(b)). When treated SP2 and arbutin at a same concentration (0.2 mg/mL),
SP2 showed 10% higher activity than arbutin. Specifically, SP2 treatment at 1.0 mg/mL resulted in a 50.0% de-
crease in tyrosinase synthesis (p < 0.05). SP2 activity was not better than arbutin when SP2 concentration was
below 0.1 mg/mL.

3.5. The Effect of SP2 on the mRNA Expression of TRP-1 and TRP-2

SP2 significantly inhibited mRNA expression of TRPs in melanoma B16F1 cells in a dose-dependent manner
(Figure 5(a) and Figure 5(b)). Specifically, 48 hr after SP2 treatment at 1.0 mg/mL, mRNA expression of
TRP-1 and TRP-2 was significantly inhibited by 32.7%, and 24.6%, respectively, compared with the non-treated
group (p < 0.05). These values were similar to that of arbutin at 0.2 mg/mL.

4. Discussion

Although there are many cosmetically active compounds derived from natural sources, each must be characte-
rized, and their activity and stability must be evaluated before they can be utilized in cosmetics [25]. In addition,
compound cytotoxicity must be evaluated to ensure skin health. In our previous studies, we exploited com-
pounds from silkworm for various biological uses. For example, we manufactured and characterized novel me-
thods for the production of water-soluble hydrolysate using silkworm glands [26]. Hydrolysate demonstrated
superior activity in enhancing the production of albumin-erythropoietin (Alb-EPO) in transgenic Chinese ham-
ster ovary (CHO) cells [27] and in preventing cell death and ROS scavenging in human dermal fibroblasts
without resulting in cytotoxicity or growth inhibition [28]. Recently, we uncovered anti-oxidant and anti-aging
activities in silkworm gland hydrolysate, which may be applicable for cosmetics [24]. Based on these studies,
we aimed to extend the potential applications of silk worm hemolymph proteins in this study by examining their
potential use as a bioactive compound for skin whitening.

Table 2. Comparison of DPPH radical-scavenging activity.

30K protein SP2 Ascorbic acid

ICs0 of DPPH assay (ug/mL) 91.2+6.0 35.8+45 0.57 £0.02
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First, we isolated an important protein referred to as “storage-protein 2” from silkworm hemolymph to cha-
racterize its whitening effect and confirmed the molecular weight of the protein using SDS-PAGE (Figure 1).
SP2 was located near the 70 kDa protein marker on a gel, as previously reported [29]. Toxicity tests of cosmetic
ingredients as a typical in vitro assay must be primarily considered and evaluated, although they have the cos-
metically high potentials in vitro [30]. To test the cytotoxicity of SP2, we used a WST-1 assay to measure the
viability of melanoma B16F1 cells, which are well-known to employ melanogenic mechanisms similar to nor-
mal human melanocytes [31]. SP2 treatment did not result in any significant cytotoxicity to the cells (Figure 2).
Furthermore, when even the SP2 dose was increased up to 2 mg/mL, the toxicity could not also found inhibitory
effects of melanoma B16F1 on cell viability and growth. The effect of SP2 on melanin formation in melanoma
B16F1 cells was investigated, and the melanin content was significantly decreased after SP2 treatment (Figure
3). In particular, SP2-treated cells showed either a higher or similar efficiency of melanin inhibition in melanona
cells depending on the presence or absence of a-MSH, respectively. These experimental results indicate a defi-
nite potential for SP2 as a candidate whitening compound, with a satisfactory functional inhibitory effect on
melanin production and without adverse effects on cell viability. It is well-known that reactive oxygen species
(ROS) are generated during melanogenesis, and considered to play an important role in proliferating melanocyte
[32]. ROS not only place the melanocytes under high grade oxidative stress but also cause skin aging [33] [34].
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Figure 3. Inhibition of melanin formation by SP2 treatment in
melanoma B16F1 cells.

In this regard, antioxidants, such as ascorbic acid, are able to interfere with the melanin formation and melano-
somes transference. Thus, those have been widely employed as inhibitory agents of melanin biosynthesis [35].
The antioxidant capacity of SP2 was evaluated by measuring DPPH radical scavenging activity in comparison
with ascorbic acid as well as with 30K, which have been relatively well-studied for apoptotic inhibiting activity
[8]. SP2 showed a 2.6-fold higher free radical scavenging activity when compared with 30K (second and third
columns in Table 2). The ICs (33.0 + 3.2 mg/mL) of silkworm grand hydrolysate (SGH), which is a known an-
ti-oxidant, antiviral agent, and inhibitor of tyrosine activity [11], was similar to that of SP2 in our previous re-
ports [24]. Although SP2 exhibited higher anti-oxidant activity than 30K, SP2 did not show superior anti-oxi-
dant activity when compared with ascorbic acid. Thus, to clearly elucidate the depigmentation mechanism of
SP2, we conducted comparative studies of protein and mRNA analyses for various important enzymes asso-
ciated with the melanin synthesis pathway. As described in the introduction, there are numerous proteins in-
volved in melanogenesis. Among these, tyrosinase, TRP-1, and TRP-2 are essential for melanin synthesis [36].
Melanin is divided into two categories according to color: dark brown (eumelanin) and brownish-red (phaeome-
lanin) [36]. Tyrosinase is an essential factor for the synthesis of the two types of melanin, whereas TRP-1 and
TRP-2 are more deeply involved in eumelanin synthesis [36]. In other words, quantity of melanin mainly is de-
termined by tyrosinase activity at early stage of melanogenesis, and TRPs are contributed to the color of melanin.
When treating melanoma cells with SP2, there was a significant decrease in the mRNA expression of tyrosinase
and an inhibition of tyrosinase activity (Figure 4). Furthermore, as shown in Figure 5, SP2 at 1 mg/mL had an
inhibitory effect on mRNA expression of TRP-1 and TRP-2 was similar to or higher than that of arbutin at 0.2
mg/mL. These results suggest that SP2 effectively inhibits melanogenesis in melanoma B16F1 cells by sup-
pressing protein and mRNA encoding tyrosinase, the mRNAs encoding TRP-1 and TRP-2. These results also
suggest that SP2 inhibition of melanin biosynthesis by SP2 occurs through down regulation of mRNA and pro-
teins involved in process of melanogenesis, rather than through ROS scavenging. Although SP2 showed inhibi-
tory effect on TRPs synthesis at mMRNA, based on the results, it could be deduced that SP2 more effectively in-
hibit the melanin formation within the cells by regulating tyrosinase activity. In particular, Whereas SP2 did not
showed higher inhibitory effect on mRNA expression of tyrosinase than that of arbutin, suppression of tyrosi-
nase activity and decrease of melanin content by SP2 were comparable with arbutin.

5. Conclusion

In conclusion, we examined possibility of SP2 isolated from silkworm hemolymph as a whitening material. In
this study, it was demonstrated that SP2 decreased the melanin content and significantly inhibited TRPs encod-
ing MRNA levels as well as tyrosinase protein and mRNA levels in B16F1 melanoma cells. Additionally, no
significant melanoma cell cytotoxicity, which is an important consideration for a potential cosmetic ingredient,
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was observed. However, further studies, such as expression level of mRNA encoding TRPs, mass extraction
process, and in vivo tests (skin test, safety test), should be performed. This finding provides key preliminary data
supporting SP2 as a whitening reagent for the treatment of pigmentation disorders in the cosmetic industry.
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