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ABSTRACT Oxidative stress in skin cells can induce the formation of reactive oxygen 
species (ROS), which are critical for pathogenic processes such as immunosuppres-
sion, inflammation, and skin aging. In this study, we confirmed improvements from 
gamma-irradiated silk sericin (I-sericin) and gamma-irradiated silk fibroin (I-fibroin) 
to skin cells damaged by oxidative stress. We found that I-sericin and I-fibroin ef-
fectively attenuated oxidative stress-induced ROS generation and decreased oxida-
tive stress-induced inflammatory factors COX-2, iNOS, tumor necrosis factor-α, and 
interleukin-1β compared to the use of non-irradiated sericin or fibroin. I-sericin and I-
fibroin effects were balanced by competition with skin regenerative protein factors 
reacting to oxidative stress. Taken together, our results indicated that, compared to 
non-irradiated sericin or fibroin, I-sericin, and I-fibroin had anti-oxidation and anti-
inflammation activity and protective effects against skin cell damage from oxidative 
stress. Therefore, gamma-irradiation may be useful in the development of cosmetics 
to maintain skin health.

INTRODUCTION
Skin primarily serves as a protective barrier against the exter-

nal environment and is important for regulating moisture and 
body temperature. The skin consists largely of epidermis, dermis 
and subcutaneous tissue. Keratinocytes are the most important 
skin cell, constituting 90% to 95% of epidermal cells. Keratino-
cytes are stressed by reactive oxygen species (ROS) produced by 
external stimuli such as environmental toxins, ultraviolet radia-
tion and heat [1,2]. Oxidative stress is involved in the formation of 
ROS and plays a key role in the pathogenesis of processes such as 
immunosuppression, skin aging and inflammation [3,4].

Recent evidence indicates that silkworms have anti-oxidant, 
anti-microbial, anti-cancer, and anti-viral activities [5,6]. Silk, the 
secreted fiber of silkworms, is a continuous strand of two pro-
teins with greatly different properties, sericin and fibroin. Fibroin 
functions as a structural component and makes up 70% of the 

fiber strand weight [7,8]. Fibroin is a natural fibrous protein that 
is more biocompatible than some biological polymers such as col-
lagen [9]. The second type of silk protein, sericin, is attached to 
fibroin threads to form the small, closed structure of cocoons [10]. 
Few studies have evaluated the anti-apoptotic, anti-oxidant, and 
anti-inflammatory effects of silk sericin [11-13].

Gamma-irradiation is a useful technique for safely storing and 
controlling the hygiene of food; it does not have detrimental ef-
fects on food quality and it reduces microbial load [14]. Several 
studies have reported on the effects of irradiation processing on 
total phenolic content and anti-oxidant activity in various plants 
and foods. Studies have reported that gamma-irradiation enhanc-
es anti-oxidant activity [15,16]. Therefore, gamma-irradiation is 
widely applied to food and used in the pharmaceutical, medical 
and beauty care industries [17]. However, the effects of gamma-ir-
radiated sericin and fibroin on anti-oxidation, anti-inflammation 
and skin regeneration are not yet known.
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We investigated the anti-oxidant and anti-inflammatory effects 
of gamma-irradiated sericin and fibroin in H2O2-treated HaCaT 
skin cells. In addition, we investigated how gamma-irradiated 
sericin and fibroin changed skin regeneration proteins in these 
cells.

METHODS

Chemicals

Cell culture medium was from Hyclone (Logan, UT, USA). Pri-
mary antibodies against cyclooxygenase-2 (COX-2) and inducible 
nitric oxide synthase (iNOS) were from Cell Signaling Technol-
ogy (Danvers, MA, USA). Primary antibodies for pro-collagen 
type 1 (PCOL1) and β-actin were from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Matrix metalloprotease-1 (MMP-1) and 
elastin antibodies were from Abcam (Cambridge, MA, USA). 
Secondary antibodies (anti-rabbit, anti-goat and anti-mouse IgG 
antibody conjugated with horseradish peroxidase) were from 
Millipore (Temecula, CA, USA).

Preparation of I-sericin and I-fibroin

Based on the previous results [18], considering solubility (Table 
1) and DPPH antioxidant effect (Table 2), sericin and fibroin were 
dissolved in distilled water to a concentration of 10 mg/ml and 
then irradiated at 5 kGy in a cobalt-60 irradiator (IR-79; Nordion 
International Ltd, Ottawa, Ont, Canada). Obtained gamma irra-
diated sericin and fibroin (I-sericin and I-fibroin) was diluted in 
distilled water to a concentration of 1.0 mg/ml and then filtered 
using a 0.2 µl filter and used in all subsequent experiments.

DPPH radical scavenging activity

The free radical-scavenging activity of sericin and fibroin af-
ter gamma-irradiation was measured as described by Furuno et 
al. [19]: 1 ml of 2 × 10-4 M DPPH solution in 99.5% ethanol was 

added to 2 ml sample (10 mg/ml) and mixed. After 30 min in the 
dark at room temperature, absorbance at 517 nm was recorded 
using a plate reader (BioTek, Winooski, VT, USA).

Cell culture

The human keratinocyte cell line HaCaT (ATCC, Rockville, 
MD, USA) was maintained in DMEM containing 10% FBS 
(Gibco, Grand Island, NY, USA) and 1% penicillin-streptomycin 
(Sigma-Aldrich, St. Louis, MO, USA) in humid conditions at 37˚C 
under 5% CO2.

Cell viability assay

Cytotoxicity was measured via  3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kits (Sigma-
Aldrich). Cells were plated at 2 × 104 cells/well on 48-well plates 
(Nunc, Rochester, NY, USA). After 24-h incubation, cells were 
treated with sericin and I-sericin (10–100 µg/ml) or fibroin and 
I-fibroin (10–100 µg/ml) for 24 h. We investigated if 1 h of pre-
treatment with sericin and I-sericin (10–100 µg/ml) or fibroin 
and I-fibroin (10–100 µg/ml) affected the viability of HaCaT cells 
treated with 1 mM H2O2 for 24 h. HaCaT cells were incubated 
with MTT for 2 h in a 37ºC, 5% CO2 incubator. Absorbance was 
determined at 540 nm using a microplate reader (PowerWave 2; 
Bio-Tek Instruments, Winooski, VT, USA).

Intracellular ROS assay

HaCaT cells were seeded in 48-well plates. We investigated if 1 
h pretreatment with sericin (100 µg/ml) and I-sericin (25–100 µg/
ml) or fibroin (100 µg/ml) and I-fibroin (25–100 µg/ml) affected 
ROS generation in cells treated with H2O2 (1 mM) for 30 min. 
After washing with PBS, cells were stained with 10 µM 2́ 7 -́di-
chlorofluorescin diacetate (DCF-DA) (Invitrogen, Carlsbad, CA, 
USA) in PBS for 30 min in the dark at 37ºC. Fluorescence was 
measured with an excitation wavelength of 490 nm and an emis-
sion wavelength of 525 nm.

Table 1. Changes in solubility of I-sericin and I-fibroin solutions un-
der various concentrations

Concentration 
(mg/ml)

Gamma-irradiation dose (kGy)

0 5 10

2.5 100/100 90.5*/98.7* 87.2*/97.9*
5 100/100 90.2*/98.8* 86.9*/98.1*
7.5 100/100 90.5*/98.5* 87.2*/97.7*
10 99.8/100 91.1*/98.4* 87.0*/97.9*
20 99.2/100 86.7*/99.1* 76.8**/98.7*

Data were expressed as I-sericin/I-fibroin (%). Asterisks mean a 
significant difference between gamma-irradiation with non-
irradiation and each group by Student’s t-test. *p < 0.05, **p < 
0.01, compared to non-gamma irradiation.

Table 2. The effect of DPPH radical scavenging of I-sericin and I-
fibroin

Silk protein
Gamma-irradiation dose (kGy)

0 5 10

I-sericin 34.5 46.5* 52.2*
I-fibroin 8.1 83.6* 79.8*

Data were expressed as %. Asterisks mean a significant difference 
between gamma-irradiation with non-irradiation and each group 
by Student’s t-test. *p < 0.05, compared to non-gamma 
irradiation.
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Anti-oxidant assay

HaCaT cells were seeded in 10-cm2dishes and cultured in a 5% 
CO2 incubator at 37ºC for 24 h. Cells were treated with sericin 
(100 µg/ml) and I-sericin (25–100 µg/ml) or fibroin (100 µg/ml) 
and I-fibroin (25–100 µg/ml) and 1 mM H2O2 for 24 h. Lysis buf-
fer was added to homogenize cells and centrifuged. Superoxide 
dismutase (SOD) and glutathione (GSH) assays were measured 
using SOD and GSH assay kits (Cayman Chemical, Ann Arbor, 
MI, USA) according to the manufacturer's instructions.

Inflammatory cytokine analysis

Concentration of interleukin (IL)-1β and tumor necrosis fac-
tor (TNF)-α in supernatant samples were measured with ELISA 
kits (Abcam, London, UK). Cells were plated at 1 × 104 cells/well 
in 96-well plate. Cell were treated with sericin (100 µg/ml) and I-
sericin (100 µg/ml) or fibroin (100 µg/ml) and I-fibroin (100 µg/
ml) and 1 mM H2O2 for 24 h. Supernatants were used determine 
cytokines concentration according to the manufacturer’s instruc-
tions.

Western blot

Proteins in cells were subjected to SDS-polyacrylamide gel 
electrophoresis on 6%–10% gels and electrophoretically trans-
ferred to PVDF membranes (BioRad). After blocking in 5% skim 
milk in PBS and incubated overnight at 4ºC with each primary 
antibody diluted 1:1,000 in 1% skim milk in PBS. Membranes 
were incubated with secondary antibody diluted 1:10,000 at room 
temperature for 1 h. Immunoreactive bands were visualized with 
SuperSignal West Dura Extended Duration Substrate (Thermo 
Fisher Scientific, Rockford, IL, USA) on a chemiImager system 
(Alpha Innotech, San Leandro, CA, USA).

Statistical analysis

All sets of experiments were carried out in triplicate, at a mini-
mum. Comparison between among the samples were analyzed 
using one-way ANOVA and student’s t-test. Data were presented 
as mean ± SEM. p < 0.05 were considered statistically significant.

Fig. 1. Effect of sericin and I-sericin or fibroin and I-fibroin on cell viability in H2O2-induced HaCaT cells. Cell viability was measured with MTT 
assays. (A) HaCaT cells treated with indicated concentrations of sericin and I-sericin (10–100 µg/ml) or fibroin and I-fibroin (10–100 µg/ml) for 24 h. 
(B) HaCaT cells treated with indicated concentrations of H2O2 (0.1–2 mM) for 24 h. (C) HaCaT cells treated with indicated concentrations of sericin and 
I-sericin or fibroin and I-fibroin (25–100 µg/ml) and 1 mM H2O2 for 24 h. Data are mean ± SEM (n = 3). Different label means a significant difference be-
tween each group by one-way ANOVA. *p < 0.05, compared to control. **p < 0.01, compared to control. ***p < 0.001, compared to control. #p < 0.05, 
compared to H2O2-only group. ##p < 0.01, compared to H2O2-only group. ###p < 0.001, compared to H2O2-only group. $p < 0.05, compared to the sericin- 
or fibroin-treated group.

A1

B C1 C2

A2
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RESULTS

I-sericin and I-fibroin prevent H2O2-induced 
cytotoxicity

To assess the cytotoxicity and effects of I-sericin and I-fibroin 
on H2O2-treated HaCaT cells, we performed MTT assays. Cells 
treated with sericin and I-sericin or fibroin and I-fibroin did not 
exhibit significant cell death (Fig. 1A). Cell viability decreased by 
60% with H2O2 1 mM for 24 h (Fig. 1B). Therefore, 1 mM H2O2 
was used in all subsequent experiments. Pretreatment was with 
sericin and I-sericin or fibroin and I-fibroin for 1 h followed by 
incubation with 1 mM H2O2 for 24 h. I-sericin and I-fibroin at 50 
and 100 µg/ml significantly increased cell viability compared to 
H2O2 alone. In addition, cells treated with I-sericin or I-fibroin 
showed higher cell viability than cells treated with sericin or 
fibroin at the same concentration (100 µg/ml) (Fig. 1C). These 

results suggested that gamma-irradiated samples gave higher pro-
tection against cytotoxicity induced by oxidative stress than non-
gamma-irradiated samples.

I-sericin and I-fibroin inhibit H2O2-induced oxidative 
stress

To determine the anti-oxidant ability of I-sericin and I-fibroin, 
we measured ROS, SOD and GSH in HaCaT cells after treatment 
with I-sericin or I-fibroin (25, 50, and 100 µg/ml) and 1 mM 
H2O2. ROS production of H2O2-treated cells was significantly in-
creased compared to the control. I-sericin or I-fibroin treatment 
was significantly, dose-dependently attenuated compared to treat-
ment with H2O2 alone. I-sericin or I-fibroin treatment resulted in 
a significant decrease in ROS production compared to treatment 
with sericin or fibroin at the same concentration (100 µg/ml) (Fig. 
2A). SOD and GSH production after treatment with H2O2 alone 

Fig. 2. Effects of sericin and I-sericin 
or fibroin and I-fibroin on antioxidant 
enzymes in H2O2 treated HaCaT cells. 
(A) ROS production of HaCaT cell with 
(A1) sericin or I-sericin and (A2) fibroin or 
I-fibroin pretreatment followed by H2O2; 
(B) SOD activity of HaCaT cell with (B1) 
sericin or I-sericin and (B2) fibroin or I-
fibroin pretreatment followed by H2O2; 
(C) GSH content of HaCaT cell with (C1) 
sericin or I-sericin and (C2) fibroin or I-
fibroin pretreatment followed by H2O2. 
ROS, reactive oxygen species; SOD, su-
peroxide dismutase; GSH, glutathione. 
Different label means a significant differ-
ence between each group by one-way 
ANOVA. **p < 0.01, compared to control. 
***p < 0.001, compared to control. #p 
< 0.05, ##p < 0.01 compared with H2O2-
treated only. $p < 0.05, compared to the 
sericin or fibroin-treated group.

A1

B1 B2

C1 C2

A2
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was significantly attenuated compared to controls. I-sericin or I-
fibroin treatment resulted in significant dose-dependent increases 
in production of these two enzymes compared to H2O2 alone 
treatment (Fig. 2B). Treatment with I-sericin or I-fibroin resulted 

in significantly increased GSH production compared to sericin or 
fibroin. Based on these results, 100 µg/ml I-sericin and I-fibroin 
were used in subsequent experiments. The results showed that 
gamma-irradiated proteins affected anti-oxidants in H2O2-treated 

Fig. 3. Effects of sericin and I-sericin or fibroin and I-fibroin on inflammatory markers in H2O2-treated HaCaT cells. (A) COX-2 expression of 
HaCaT cell with (A1) sericin or I-sericin and (A2) fibroin or I-fibroin pretreatment followed by H2O2; (B) iNOS expression of HaCaT cell with (B1) sericin or 
I-sericin and (B2) fibroin or I-fibroin pretreatment followed by H2O2; (C) IL-1β concentration of of HaCaT cell with (C1) sericin or I-sericin and (C2) fibroin 
or I-fibroin pretreatment followed by H2O2; (D) TNF-α concentration of HaCaT cell with (D1) sericin or I-sericin and (D2) fibroin or I-fibroin pretreatment 
followed by H2O2. COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase; IL, interleukin; TNF, tumor necrosis factor. Different label means a 
significant difference between each group by one-way ANOVA. **p < 0.01, and ***p < 0.005 compared to control. #p < 0.05, ##p < 0.01, and ###p < 0.005 
compared with H2O2-treated only. $p < 0.05, compared to the sericin or fibroin-treated group.

B1

C1

D1 D2

C2

A2

B2

A1
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HaCaT cells more than non-gamma-irradiated proteins.

I-sericin and I-fibroin suppress H2O2-induced 
inflammation

To confirm the anti-inflammation effects of I-sericin and I-
fibroin, we measured pro-inflammatory factors in HaCaT cells 
treated with I-sericin or I-fibroin (100 µg/ml) and 1 mM H2O2. 

COX-2 and iNOS expression in cells treated with H2O2 alone was 
significantly increased, whereas cells co-treated with I-sericin or 
I-fibroin and H2O2 showed significantly attenuated expression 
of COX-2 and iNOS compared to treatment with H2O2 alone. I-
sericin and I-fibroin treatment resulted in significantly attenuated 
COX-2 expression compared to sericin or fibroin (Fig. 3A, B). IL-
1β and TNF-α generation in cells treated with H2O2 alone was 
significantly increased and cells co-treated with I-sericin or I-

A1

B1

C1 C2

B2

A2

Fig. 4. Effect of of sericin and I-sericin 
or fibroin and I-fibroin on (A) procol-
lagen type (PCOL1), (B) Elastin, and (C) 
MMP1 protein expression in in H2O2-
treated HaCaT cells. (A) PCOL1 expres-
sion of HaCaT cell with (A1) sericin or 
I-sericin and (A2) fibroin or I-fibroin pre-
treatment followed by H2O2; (B) Elastin 
expression of HaCaT cell with (B1) sericin 
or I-sericin and (B2) fibroin or I-fibroin 
pretreatment followed by H2O2; (C) 
MMP1 expression of of HaCaT cell with 
(C1) sericin or I-sericin and (C2) fibroin or 
I-fibroin pretreatment followed by H2O2. 
Different label means a significant differ-
ence between each group by one-way 
ANOVA. ***p < 0.005 compared to con-
trol. #p < 0.05, ##p < 0.01, and ###p < 0.005 
compared with H2O2-treated only. $p < 
0.05, compared to the sericin or fibroin-
treated group.
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fibroin and H2O2 showed significantly decreased generation of 
IL-1β and TNF-α compared to cells treated with H2O2 alone (Fig. 
3C, D). These results suggested that gamma-irradiated proteins 
had anti-inflammation effects in H2O2-treated HaCaT cells.

I-sericin and I-fibroin induce skin regeneration under 
oxidative stress

Collagen, the main structural protein of the dermis, provides 
strength and elasticity to the skin. Collagen is maintained in skin 
cells by a balance of PCOL1, a synthetic enzyme and MMP-1, a 
catabolic enzyme. The imbalance of MMP-1 and PCOL1 reduces 
collagen and elastin production and reduces skin regeneration 
[20,21]. We determined skin regeneration effects of I-sericin or I-
fibroin (100 µg/ml) using MMP-1, PCOL1 and elastin proteins 
in HaCaT cells treated with 1 mM H2O2. PCOL1 and elastin 
expression in cells treated with H2O2 alone was significantly at-
tenuated. Cells co-treated with I-sericin or I-fibroin and H2O2 
showed significantly increased expression of PCOL1 and elastin 
compared to cells treated with H2O2 alone. I-sericin and I-fibroin 
treatment resulted in significantly increased PCOL1 and elastin 
expression compared to treatment with sericin or fibroin (Fig. 
4A, B). MMP-1 expression in cells treated with H2O2 alone was 
significantly increased. Cells co-treated with I-sericin or I-fibroin 
and H2O2 showed significantly decreased expression of MMP-
1 compared to cells treated with H2O2 alone. When compared to 
cells treated with sericin or fibroin, cells treated with I-sericin and 
I-fibroin showed significantly decreased MMP1 expression (Fig. 
4C). These results showed that gamma-irradiated samples had a 
higher regenerative effect on skin damage due to oxidative stress 
than non-gamma-irradiated samples.

DISCUSSION
ROS are highly active intermediates of oxygen molecules that 

diminish incompletely during breathing. ROS produced by oxi-
dative damage induce processes linked to skin aging, increasing 
wrinkle formation and decreasing skin regeneration. In addition, 
excessive accumulation of ROS is implicated in skin disease and 
inflammation [22,23].

Gamma-irradiation is important in the medical and beauty 
care industries. It is a useful technology for the safe storage of 
food and food hygiene management [17]. In addition, gamma-
irradiation reduces toxic substances such as biogenic amines and 
N-nitrosamines [24] and changes the structure and physiological 
characteristics of proteins [25]. Therefore, we investigated wheth-
er gamma-irradiation increases physiological activities such as 
anti-oxidation and anti-inflammatory effects of I-sericin and I-
fibroin and affects skin regeneration.

We assessed the effect of gamma-irradiation on the skin cell-
protective effects of I-sericin and I-fibroin by determining cell vi-

ability under oxidative stress. I-sericin and I-fibroin increased cell 
viability in H2O2-treated HaCaT cells more than non-irradiated 
sericin and fibroin (Fig. 1B, C). These results showed that gamma-
irradiation prevented cytotoxicity from oxidative stress. We ex-
amined the effects of gamma-irradiation on the anti-oxidant ac-
tivity of I-sericin and I-fibroin by measuring ROS, SOD, and GSH 
under oxidative stress. A balance between ROS production, SOD 
and GSH were maintained by I-sericin and I-fibroin competing 
against reactions to H2O2 (Fig. 2). In addition, increased COX-2, 
iNOS expression and IL-1β and TNF-α production after oxida-
tive stress were reduced by I-sericin and I-fibroin. Interestingly, 
it reduced ROS production and COX-2 expression and increased 
GSH expression more than non-irradiated sericin and fibroin (Fig. 
3). These results indicated that gamma-irradiation induced anti-
oxidation and anti-inflammatory activity.

Collagen is the most important protein in the regulation of 
aged-skin cells [26]. MMP-1, a collagenase, recognizes substrates 
through domains such as hemopexin and can degrade fibrillar 
collagen [20]. We investigated the balance between expression of 
PCOL1, elastin and MMP1 maintained by I-sericin and I-fibroin 
competing against protein factors reacting to H2O2. I-sericin and 
I-fibroin were more effective for expressing skin regeneration-
related proteins than non-irradiated sericin and fibroin (Fig. 4). 
These results indicated that gamma-irradiation promoted skin 
regeneration.

The results of this study suggested that gamma-irradiation in-
creased physiological activities such as anti-oxidation and anti-in-
flammation of silk sericin and fibroin for a skin-improving effect. 
Although further studies are needed on the molecular structure 
and physiological activity of sericin and fibroin, our results dem-
onstrated the potential of gamma-irradiation for development of 
beneficial cosmetics to enhance skin health to prevent skin aging.
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